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Partial Meniscus Replacement with a Collagen-Hyaluronan
Infused Three-Dimensional Printed Polymeric Scaffold

Salim A. Ghodbane, PhD,1,2 Andrzej Brzezinski, MD,1 Jay M. Patel, PhD,1,2 William H. Plaff, BS,1,2

Kristen N. Marzano,1 Charles J. Gatt, MD,1,2 and Michael G. Dunn, PhD1,2

Meniscal lesions represent one of the most common orthopedic injuries, and the standard of care, partial me-
niscectomy, often leads to long-term joint deterioration. The current meniscal replacement devices fail to recreate
the native meniscus biomechanics that may explain the uncertainty of their clinical efficacy. A biomechanically
functional, collagen-hyaluronan infused, three-dimensional printed polymeric scaffold was implanted into 18
sheep for up to 24 weeks to assess the scaffold’s fixation, cellular response, tissue generation, integration to the
host tissue, and effect on the surrounding articular cartilage. The scaffolds were assessed via gross inspection,
histology, immunofluorescence, and biochemical analysis and the articular cartilage was assessed via gross
inspection and histology. Scaffolds were ingrown with cells that generated a dense fibrocartilage-like tissue with
significant collagen and glycosaminoglycan deposition. The stability of the surgical fixation was variable,
however, with three partially displaced and five completely displaced implants at 12 weeks and three anatomic,
four partially displaced, and two completely displaced implants at 24 weeks. Those implants remaining in the
anatomic position displayed markedly improved outcomes. There was no significant degeneration observed in the
surrounding articular cartilage for any condition. This study demonstrated the scaffold induces fibrochondrocytic
tissue ingrowth, integrates robustly, and continues to mature as late as 24 weeks, and the articular cartilage is not
adversely changed. The surgical model and fixation method must be improved and longer time points need to be
investigated to further determine the scaffold’s efficacy and chondroprotective abilities.
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Impact Statement

The only FDA-approved partial meniscus scaffold, the Collagen Meniscus Implant (CMI), is not approved for reim-
bursement by government and only reimbursable by certain private insurers. Scaffolds with improved mechanical properties
and greater efficacy are needed. A previous study (Ghodbane, et al. DOI: 10.1002/jbm.b.34331) demonstrated the ability of
our novel acellular, off-the shelf scaffold to restore knee biomechanics following partial meniscectomy, which could
potentially decrease the risk of osteoarthritis following partial meniscectomy, providing the motivation for this study. This
article presents a first-in-animal feasibility study.

Introduction

The knee meniscus is a semilunar fibrocartilaginous
structure that functions in load transmission, joint sta-

bilization, and shock absorption.1,2 Meniscal lesions repre-
sent one of the most common orthopedic injuries3; however,
treatment options remain inadequate due to poor healing po-
tential in the inner, avascular body of the meniscus.4 Partial
meniscectomy provides short-term symptomatic relief but is
known to increase the risk of osteoarthritis as a result of in-
creased stresses on the articular surfaces.5,6 Allograft trans-

plantation represents a biomechanically functional alternative
but suffers from multiple disadvantages including disease
transmission, limited donor supply, size matching, and im-
mune rejection.7 More importantly, long-term outcomes are
inconsistent due to poor tissue remodeling of the dense ex-
tracellular matrix (ECM).8

Therefore, researchers have investigated the possibility
of meniscal regeneration either with biological (collagen,9

hyaluronan,10 and silk fibroin11) or synthetic materials
(polycaprolactone [PCL],10,12 polylactic acid,13 poly vinyl
alcohol,14 polyglycolic acid,15 and polyurethane16). Among
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the tissue-engineered implants available in the European
Union or undergoing clinical trials in the United States are
the collagen meniscus implant (CMI) and Actifit, a porous
polyurethane scaffold. However, the efficacy of these ho-
mogenous scaffolds remains unclear,17 and they do not re-
store the natural biomechanics of the joint or prevent the
development of osteoarthritis. To our knowledge, no other
group has developed a meniscal scaffold that mimics the
native circumferential tensile and/or axial compressive
mechanics of the meniscus.

Therefore, our lab designed and optimized a device
with the goal to match these properties. A three-
dimensional (3D)-printed polymeric partial meniscus
scaffold composed of poly(desaminotyrosyl-tyrosine do-
decyl ester dodecanoate) [p(DTD DD)] infused with a
collagen-hyaluronate sponge was developed and charac-
terized to have an instantaneous compressive modulus of
109%, a time-dependent aggregate modulus of 101.5%,
and a circumferential tensile modulus of 131.4% of the
native ovine meniscus. In addition, the scaffold was
demonstrated to improve the contact mechanics of the
knee joint relative to partial meniscectomy in in vitro
testing,18 motivating further in vivo evaluation in an ovine
model.

The purpose of this feasibility study was to evaluate this
scaffold as a partial meniscus replacement in an ovine
model. We hypothesized that a collagen-hyaluronan infused,
3D-printed polymeric partial meniscus scaffold could gen-
erate functional meniscal tissue without adversely affecting
the surrounding articular surfaces. To test this hypothesis,
we evaluated whether the scaffold could (1) support cell
infiltration, ECM production, and organized tissue deposi-
tion, (2) integrate robustly to the surrounding native me-
niscal tissue, and (3) protect the articular cartilage from
degeneration associated with partial meniscectomy.

Materials and Methods

Study design

Due to the anatomic similarity between ovine and hu-
man knees,19,20 this study was performed on 24 skeletally
mature male Dorset Finn Cross Sheep (2–3 years, 49–80 kg),
under an approved Institutional Animal Care and Use
Committee protocol (No. I13-043). Eighteen sheep received
an 80% posterior meniscectomy (assuring to maintain an
intact peripheral rim), representing a clinically relevant
defect model,21,22 followed by the implantation of the partial
meniscus scaffold (n = 9 at 12 and 24 weeks). Four sheep
acted as 80% meniscectomy controls (n = 2 per time point).
Two sheep acted as a 24-week sham control to determine
the effect of the surgical procedure alone.

The evaluation methods utilized here were adapted from
those established during the development of a total me-
niscus scaffold.13,23,24 At sacrifice, the synovium was as-
sessed grossly for synovitis and articular surfaces were
assessed grossly for damage and osteophyte formation.
Explants were analyzed grossly for size, shape, intactness,
location, and integration. Explant samples were harvested
for histology, immunofluorescence, and biochemical
analysis and the femoral articular surfaces were evaluated
histologically.

Scaffold fabrication

Eighteen meniscus scaffolds were fabricated as previously
described.18 p(DTD DD) was 3D printed at 160�C and
1.2 mm/s on a 3D Bioplotter (EnvisionTEC, Dearborn, MI) at
the New Jersey Center for Biomaterials (Department of
Chemistry, Rutgers University, Piscataway, NJ). 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, Lakewood, NJ) was swollen in the hyaluronate
solution at 20 g/L. The dispersion was infused into the void
space of the polymeric structure, frozen via ethanol-dry ice
bath for 30 min, and lyophilized. Scaffolds were cross-linked
with 10 mM, 1-ethyl-3-(3-dimethaylaminopropyl)carbodiimide
hydrochloride and 5 mM, N-hydroxysuccinimide for 6 h, sub-
jected to 3, 10-min DI H2O rinses, a 3-h 100 mM sodium
phosphate rinse, and 4, 6 h DI H2O rinses. Scaffolds were
subsequently frozen, lyophilized, and sterilized with 25 kGy of
gamma irradiation (Sterigenics, Rockaway, NJ).

Surgical procedure and sacrifice

Animals were induced with a ketamine-xylazine-midazolam
cocktail, intubated, and the right hind leg was prepared for
surgery. A modified medial parapatellar arthrotomy and epi-
condylar osteotomy were performed to provide access to the
medial compartment. The medial meniscus was exposed, and
an 80% posterior meniscectomy was performed with care ta-
ken to maintain the integrity of the peripheral rim (Fig. 1).
Using the excised tissue as a template, the scaffold was
trimmed to the correct shape, hydrated in saline, and reduced.
The scaffold was sutured with two radial 2-0 Ethibond (Ethi-
con, Somerville, NJ) vertical mattress sutures tied over the
joint capsule and two circumferential 3-0 PDS (Ethicon)
simple sutures. The meniscus was restored to the proper po-
sition and the osteotomy was fixed using a 3.5 mm cortical
screw (Synthes, Monument, CO). The capsule, fascia, and skin
were closed. Animals were recovered in cages without limi-
tations on movement. Animals were sent to a farm facility
*10 days postoperatively, and were sacrificed at 12 or 24
weeks.

Scaffold histological analysis

Immediately after dissection, the medial meniscus was
severed at the roots, the scaffold was located, and a slice
was taken through the width of the scaffold and native outer
rim. The section was fixed in 10% Carson buffered formalin,
embedded in paraffin, and cut into 8-mm cross sections. The
sections were stained with hematoxylin and eosin (H&E),
Safranin-O/Fast Green, or Picrosirius Red (AML Labora-
tory, Saint Augustine, FL). Sections were assessed for the
magnitude and type of tissue ingrowth, tissue thickness and
integrity, surface features, cell density, vascularization, and
inflammatory response.

Immunofluorescence

One mm-thick cross-sectional slices were excised from
the scaffold and the posterior region of the contralateral
meniscus. The sections were embedded in Optimal Cutting
Temperature compound (Tissue-Tek; Sakura, Torrance,
CA), chilled on ice, flash frozen in liquid nitrogen, and
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stored at -80�C. Ten mm slices were cut using a cryostat,
placed on microscope slides, and dried at room temperature.
Rabbit Type I Collagen antibody (AB745; Millipore, Bill-
erica, MA) with a 1:300 dilution and Rabbit Type II Col-
lagen antibody (AB34712; Abcam, Inc., Cambridge, MA)
with a dilution of 1:200 were applied to the tissue. The
secondary Antibody was Donkey-anti-rabbit AlexaFluor
594 Texas Red (Invitrogen) with a dilution of 1:1000.
Samples were mounted with Anti-Fade ProLong Gold with
DAPI for nucleus visualization and imaged with a Leica
fluorescent microscope with a ProgRes camera and Cap-
turePro imaging software ( Jenoptik Laser, Jena, Germany).

Biochemical composition analysis

Collagen and sulfated-glycosaminoglycans (S-GAGs)
were quantified via biochemical assays. One millimeter
cross sections were taken from the scaffold or inner margin
of native tissues at sacrifice and were fresh frozen. On the
day of testing, the samples were thawed and hydrated in
phosphate-buffed saline (PBS). The samples were superfi-
cially dried, weighed (hydrated mass), lyophilized, and
weighed (dry weight). Samples were digested in papain
solution (1 mg tissue/100 mL solution; 125 mg/mL papain,
5 mM l-cysteine-HCl, 5 mM ethylenediaminetetraacetic
acid disodium in PBS [pH = 7.4]) for 24 h at 37�C. A portion
of the sample homogenate was set aside and a portion was
diluted 1:2 in 12 M HCl at 120�C for 24 h to hydrolyze the
sample. The hydrolyzed samples were diluted 1:3 in 6 M
HCl and the homogenates were diluted 1:4 to bring the
concentrations to an appropriate range for each assay.

Water content was defined as the ratio of the hydrated
weight to dry weight. Collagen content was assessed using a
hydroxyproline assay kit (Cat. No. 6017; Chondrex, Inc.) on
the hydrolyzed samples and S-GAG content was assessed
using a glycosaminoglycan assay kit (Cat. No. 6022;
Chondrex, Inc.) on the sample homogenates, according to
the manufacturer’s instructions. For collagen content, hy-
droxyproline content was converted to collagen content
using a scale factor of 7.46.25

Cartilage histological analysis

Femoral condyles were evaluated histologically. Three
mediolateral slices were taken from the anterior, central, and
posterior regions of the surgical and contralateral joints. The
slices were fixed in 10% Carson’s buffered formalin, dec-
alcified with acid-EDTA solution, paraffin-embedded, sec-
tioned to 8 mm, and stained with Safranin O/Fast Green
(AML Laboratories). Each section was further divided into
three regions (medial, central, and lateral) to obtain nine
regions per medial femoral condyle according to the ICRS
mapping scheme.26 Sections were graded using a single-
blind modified microscopic scoring system from OARSI27

by three independent observers. The OARSI system in-
cludes weighted scoring for structure, chondrocyte density,
cell cloning, Safranin-O retention, and tidemark integrity
with a maximum score of 25.

Statistical analysis

Statistical analyses were performed with Minitab soft-
ware (v 18.1; Minitab, Inc.). A two-way analysis of variance
with a post hoc Tukey method was performed to compare
the biochemical data. Although these data were not normal,
the OARSI histological scoring data did possess equal var-
iance; therefore, a three-way analysis of variance with a post
hoc Tukey method was used after removing outliers. A p-
value of <0.05 was considered significant.

Results

Macroscopic observations

All animals returned to an unrestricted, standing position
within 4 h postoperatively and achieved normal weight
bearing by 8 weeks. The animals experienced an average of
5.6% weight gain by the conclusion of the study. One ani-
mal from the 12-week experimental group expired 4 days
postoperation due to gastrointestinal complications.

At sacrifice, some discoloration and thickening of the
synovium was observed in both experimental and sham
joints. At 12-week sacrifice, three scaffolds were completely

FIG. 1. (A) Scaffold fixation scheme.
Solid lines represent 2-0 Ethibond sutures
and dashed lines represent 3-0 PDS su-
tures. Suture knot locations are depicted
by loops. (B) Implanted scaffold after
meniscus was restored to the proper po-
sition. Color images are available online.
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displaced from the joint into the knee capsule and five had
partially displaced from the implantation site but remained
within the joint. The completely displaced scaffolds ap-
peared to have overturned, rotating about the outer meniscal
rim. The partially displaced scaffolds were extruded un-
derneath the native meniscus and, to varying extents, mi-
grated posteriorly. At 24-week sacrifice, three scaffolds had
successfully retained anatomic placement, four were par-
tially displaced, and two completely displaced (Fig. 2). We
used the three outcomes of the surgery as an opportunity to
understand the effect of the biomechanical environment on
tissue formation within the scaffolds. Therefore, from this
point forward, we analyzed the scaffolds according to the
three subgroups: anatomic, partially displaced, and com-
pletely displaced.

All anatomic and partially displaced scaffolds experi-
enced significant tissue infiltration, exhibited the texture of a
meniscus reinforced with stiff polymer when compressed,
and appeared whiter in color than the native meniscus.
There was robust tissue integration with the remaining host
tissue in the red-red and red-white zones. No decrease in
scaffold volume from time of implantation to sacrifice was
observed. At 12 weeks, two partially displaced scaffolds and
one completely displaced scaffold had fragmented into two
parts. This was not observed at 24 weeks. The completely
displaced scaffolds exhibited more signs of wear, some
tissue ingrowth, and integrated strongly to the capsule. In
the meniscectomy controls, the remaining meniscal tissue
deformed into a triangular shape with a thin, translucent tip
toward the inner margin. However, this did not correspond
to an increase in meniscal volume.

Articular surfaces from the contralateral knee exhibited
mild surface roughening without any osteophytes (Fig. 3).
The joints from the sham subjects had similar surface
roughening and mild osteophyte development. All surgical
knees demonstrated slightly increased surface roughening,
relative to the sham, with some fibrillation and fissures
observed. There was no macroscopic difference in cartilage
health between the 12 and 24-week time points. Osteophyte

formation was similar between all surgical joints, including
the 24-week sham, 12-week scaffolds, and the anatomic 24-
week scaffolds. Moderate osteophyte development was ob-
served in knees corresponding to the 24-week partially and
completely displaced scaffolds.

Scaffold histology

Histological evaluation revealed all scaffolds maintained
their original thickness, did not adversely affect adjacent
tissue, and experienced tissue ingrowth throughout without
any large pores or gaps. Anatomic and partially displaced
scaffolds exhibited dense tissue infiltration and growth at both
12 and 24 weeks with hypercellularity relative to native tissue
(Fig. 4A). In anatomic scaffolds, no obvious interface be-
tween the scaffold and the host tissue could be discerned due
to the extent of tissue ingrowth (Fig. 2). A mixed population
of elongated and round cells were observed with a larger
proportion of round cells at 24 weeks. The cells exhibited a
normal cell morphology with some instances of cell cluster-
ing that were associated with a deeper Safranin-O staining
(Fig. 4B). Vascularization was found throughout scaffolds at
12 and 24 weeks, and only in the outer margin of native
menisci. Focal clusters of lymphocytes and relatively few
multinucleated giant cells were observed at both time points
(Fig. 4A). The tissue developed large collagenous bundles
running radially with larger bundles at 24 weeks, as shown by
intense PicroSirus Red staining (Fig. 4B). Some Safranin-O
staining was observed in all scaffolds within the joint with a
slight increase observed between 12 and 24 weeks.

Immunofluorescence

Immunofluorescence staining showed COL-I was
throughout the scaffolds with a greater intensity on the
surface and surrounding large fibers (dark voids). Cell nuclei
found near COL-I staining were typically more elongated
than cells found near COL-II staining (Fig. 5). COL-I was
observed to a much greater extent in completely displaced
scaffolds. Anatomic scaffolds exhibited the least staining,

FIG. 2. Representative gross appearance from top and bottom view (inset) of meniscus. Scaffolds are circled with black
dotted line. H&E composite image (20 · ) from each outcome are below gross images. H&E, hematoxylin and eosin. Color
images are available online.
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relative to other scaffolds, but more than native controls. In
partially displaced and anatomic scaffolds, COL-I organi-
zation typically ran concentrically around the polymer fibers
and intensity decreased from 12 to 24 weeks. Native sam-
ples only exhibited minor COL-I staining at the tissue sur-
face.

COL-II was found throughout all anatomic and partially
displaced scaffolds with round cell nuclei adjacent to the
intense staining. At 24 weeks, anatomic scaffolds exhibited
higher staining intensity relative to partially displaced
scaffolds at equivalent time points. A small increase in in-
tensity was observed from 12 to 24 weeks for all scaffold
groups. Negligible staining was detected in completely
displaced scaffolds.

Biochemical composition

There were no significant differences in water content
between each condition ( p = 0.59) or time points ( p = 0.72)
(Fig. 6A). Native menisci had significantly greater collagen
and GAG content than all scaffold groups (Fig. 6B, C). The
outcome of the scaffold had a direct effect on the collagen

and GAG content of the scaffold. Anatomic scaffolds pos-
sessed nearly identical collagen content at 24 weeks as
partially displaced scaffolds, corresponding to more than a
third of the value for contralateral controls. On the other
hand, the anatomic scaffolds developed nearly 40% more
GAGs than the partially displaced scaffolds at 24 weeks.
Partially displaced scaffolds developed 15.5% – 7.7% col-
lagen content at 12 weeks and continued to increase to
22% – 0.7% at 24 weeks. The partially displaced and ana-
tomic scaffolds achieved 53% and 74% of the GAG con-
centration of contralateral menisci, respectively. For
completely displaced scaffolds, collagen content was
12.8% – 4.9% at 12 weeks and did not increase further at 24
weeks (11.4% – 0.1%). GAG content demonstrated a similar
trend with a content <40% of the contralateral control at 12
weeks with no increase from 12 to 24 weeks.

Cartilage histology

The contralateral femoral surfaces experienced minor
surface disruptions, normal Safranin-O staining, normal cell
density and cloning, and an uninterrupted tidemark (Fig. 7).

FIG. 3. Representative gross appearance of femoral condyle and tibial plateau articular surfaces from each outcome at (A)
12 weeks and (B) 24 weeks, and (C) for sham and native controls. Color images are available online.
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The sham surfaces exhibited moderate surface irregularities
and very mild cell cloning. The 12 and 24 week me-
niscectomy surfaces had severe surface irregularities, a
slight decrease in cell density, moderate cell cloning, and
normal Safranin-O staining.

The cartilage damage was least for the joints corre-
sponding to anatomic scaffolds, followed by partially dis-
placed, and completely displaced experienced the most

damage. Articular surfaces from anatomic scaffolds typi-
cally exhibited mild surface disruption, normal cell density,
Safranin-O staining, mild cell cloning, and an uninterrupted
tidemark (Fig. 7). Joints with partially displaced scaffolds
were slightly hypocellular and had mild cell cloning at both
time points but advanced from moderate to severe surface
irregularities with some fissures to the transitional zone from
12 to 24 weeks. The cartilage from joints with completely

FIG. 4. (A) H&E images of
scaffolds and contralateral controls.
Image magnification: 40 · and
100 · . Scale bars: 500 and 100mm.
(B) Safranin-O/Fast Green and Pi-
crosirus Red images of scaffolds
and contralateral controls. Image
magnification: 40 · . Scale bars:
500 mm. Color images are available
online.
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displaced scaffolds experienced severe surface irregularities
at 12 weeks and fissures down to the transitional zone at 24
weeks, in addition to a hypocellularity and mild cell cloning.

OARSI cartilage damage scores (Fig. 7) did not show large
differences between groups. The score did not significantly
increase ( p = 0.093) from 12 to 24 weeks and there was not a
significant difference in average damage between the ana-
tomic scaffolds, partial meniscectomy, sham, and contralat-
eral conditions with averages ranging from 6.2 to 7.7. The
partially and completely displaced scaffolds resulted in sig-
nificantly increased cartilage damage relative to the contra-
lateral controls with averages of 8.3 and 8.8, respectively.

Discussion

The purpose of this pilot study was to assess the feasi-
bility of using a novel 3D printed, mechanically functional,
polymeric scaffold in a short-term partial meniscus re-
placement model. We unexpectedly observed three different
outcomes for the scaffold; however, this provided a unique
insight into the performance of this device. We observed
differences in the three outcomes with regards to tissue in-
growth, type, organization, density, and biochemical com-
position. The anatomic scaffolds induced significant tissue
ingrowth, remodeled into neo-meniscal tissue, integrated
robustly to the host meniscal tissue, and did not adversely
affect the articular cartilage of the joint.

Significant tissue ingrowth was found within all scaffolds.
The original porous collagen matrix was completely re-
modeled into a dense ECM with cells exhibiting both a
fibroblastic and fibrochondrocytic morphology. Interest-
ingly, the type of tissue ingrowth was directly dependent on
the location of the scaffold. Those scaffolds that had re-
mained in place (anatomic) were presumably exposed to the
appropriate biochemical and mechanical stimuli, resulting in

fibrocartilage-like tissue; in contrast, partially displaced
scaffolds exhibited a range of fibrous to fibrocartilage-like
tissue, and completely displaced scaffolds had developed
loose, fibrous connective tissue.

The quality of tissue observed in the scaffolds was typi-
cally denser and more organized than tissue generated from
previously reported scaffolds lacking biological enhance-
ment at equivalent time points.11,12,16,28 CMI exhibited
bands of unorganized connective tissue with fibroblasts,
capillaries, and fine collagen fibers in mixed breed dogs at
12 weeks. At 24 weeks, the collagen fibers had grown in
diameter and became more organized but islands of the
cross-linked collagen scaffold material remained.28 At 12
weeks, Actifit remained relatively porous and lacked any
clear organization.16 Gruchenberg et al. observed pores up
to 10 mm in diameter that were empty or filled with amor-
phous material in a silk fibroin scaffold at 12 and 24
weeks.11 A 3D-printed PCL scaffold, when growth factors
were not added, only developed an amorphous fibrous tissue
at 12 weeks resembling the tissue quality of the completely
displaced scaffolds in this study.12 The relatively dense and
organized tissue observed in this study without the addition
of any biological factors is most like the result of the sim-
ilarity of the mechanical properties of the scaffold relative to
the native meniscal tissue.

The ability of a scaffold to integrate to the remaining
meniscal tissue is essential for the success of a partial me-
niscus scaffold and may be enhanced with ECM-derived
materials. The integration observed in this study in ana-
tomical and partially displaced scaffolds was quite robust as
early as 12 weeks with little distinguishable interface be-
tween the neo- and host tissue. Although, this integration
occurred on unexpected surfaces in partially displaced
scaffolds (i.e., the upper surface of the scaffold to the lower
surface of the meniscus). In CMI, integration does not occur

FIG. 5. Type I and II col-
lagen immunofluorescence at
100 · . Red indicates colla-
gen presence and blue indi-
cates cell nuclei. Scale bar:
100 mm. Color images are
available online.
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up to 6 weeks but is robust by 52 weeks.29 PCL-hyaluronan
scaffolds resulted in some fibrous ingrowth in two out of
three cases in a partial, segmental defect but the interface
was noticeably less dense than the rest of the generated
tissue.30 Actifit, a synthetic scaffold, integrates less reliably
with only four out of seven scaffolds well-integrated as late
as 52 weeks in one study16 and silk fibroin scaffolds left a
large gap between the scaffold and host tissue with no signs
of fibrous adhesion as late as 24 weeks.11

The scaffold demonstrated a lymphocytic response, similar
to other collagenous scaffolds.28,31 Relatively few multinu-
cleated giant cells were observed relative to other synthetic
meniscal scaffolds developed in the past,32–34 suggesting the

scaffold material was well tolerated. Clusters of cartilaginous
differentiation have been observed in PCL-hyaluronan scaf-
folds, but only when seeded with cells.33 Our scaffolds de-
veloped fibrocartilaginous tissue without cell seeding or
growth factors, suggesting the mechanical environment
influenced the cellular response, consistent with previous
in vitro35 and in vivo36 studies. Vascularization was observed
throughout the scaffold similar to our laboratory’s total me-
niscus replacement device at similar time points.23

The biochemical composition of the native meniscus
dictates its biomechanical function. The collagen provides
the tensile properties and the GAGs increase the ability of
the tissue to absorb and retain water, improving the visco-
elastic compressive properties.37 The outcome of each
scaffold had a direct effect on the biochemical development
of the scaffold with the anatomic scaffolds achieving the
best biochemical composition. The biochemical data in this
study further confirmed that the anatomic scaffolds are
maturing toward a fibrocartilaginous tissue up to 24 weeks.
The contralateral controls were consistent with previous
values from the literature of 68% water content19 and 60–
70% collagen38; however, the GAG content in this study
(3%) was greater than previous values of 1–2% GAGs,4,24

perhaps because samples were taken exclusively from the
inner margin and previously reported values were an aver-
age of the whole tissue.39

We characterized the gross and histological changes of
the articular surfaces to determine effects of the surgery
and the scaffold on the surrounding cartilage. Compared to
contralateral controls, a significant increase in the OARSI
score was found in knees with partially and completely
displaced scaffolds. There was no significant change be-
tween the contralateral, sham, meniscectomy, and ana-
tomic scaffolds and no change from 12 to 24 weeks. This
is likely the result of the partial, posterior defect model at
short time points. Although past studies performed in our
laboratory utilizing a total meniscectomy defect model
observed significant gross articular degradation as early as
16 weeks,23 a less significant damage would be expected
from a partial defect model considering it is well estab-
lished clinically that partial meniscectomies result in
better outcomes than total menisectomies.6 This is con-
sistent with findings in the literature that used similar
defect models.11,16 Gruchenberg et al. found, when ex-
cluding outliers, there was little change in the macroscopic
area of cartilage damage and the mechanics of the carti-
lage did not change in the region underneath a silk fibroin
scaffold.11 However, they did observe some degenera-
tive changes via histology including some fibrillation, a
reduction in Safranin-O staining, and cell cloning in the
experimental joints. Maher et al. also did not observe
adverse changes in cartilage histological scoring between
12 and 24 weeks.16

The geometry of our defect and surgical fixation proved
to be shortcomings of this pilot study, with the majority of
the scaffolds displaced. In an effort for a highly reproducible
defect model, we chose a model with right angles and pre-
defined dimensions; however, this may have resulted in the
remaining native meniscal tissue deforming due to stress
concentrations. We recommend changing the size and shape
of the meniscal defect in future studies to avoid these
problems.

FIG. 6. Biochemical composition of scaffolds and contra-
lateral controls. (A) Water content, (B) collagen content, and
(C) sulfated-GAGs. Collagen and sulfated-GAGs expressed
as a percentage of dry weight tissue. Values indicated are
mean – SD. Asterisk denotes statistically significant differ-
ences ( p < 0.05). GAGs, glycosaminoglycans; SD, standard
deviation.
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The animal model simulates a worst-case scenario with
regards to the rehabilitation protocol. The animals were
standing 4 h postoperatively, potentially leading to early
displacement of the scaffold. In humans, a strict toe-touch
weight bearing protocol would be in place for 4 weeks be-
fore returning to weight bearing. This allows for early tissue
infiltration and integration to occur before subjecting the
scaffold to significant loads. Considering our small number
in each group and the observation that all anatomic scaffolds
were harvested at the longer time point suggests there is a
critical early time frame during which the scaffold must
remain in place for long-term success.

We hypothesize the fixation failure begins with the
failure of the anterior circumferential suture from the shear
force as a result flexion/extension, causing a tendency to
separate the scaffold from the anterior portion of the me-
niscus. This allows the scaffold to move more freely in the
joint resulting in either the extrusion of the scaffold un-
derneath the host tissue (as in the case of the partially
displaced scaffolds) or rotation of the entire scaffold over
the meniscal rim and into the knee capsule (completely
displaced scaffolds). The circumferential sutures were PDS
to minimize the cartilage damage caused by the presence
of a knot within the joint. The fixation can be improved by
placing exclusively radial sutures that are not susceptible
to the same phenomenon and can be knotted outside of the
joint capsule.

This was a first in-animal, feasibility study that suffered
from a few limitations. First, this study was performed with a

relatively small sample size in efforts to reduce the use of
animals. Additionally, the time points were too short to assess
the chondroprotective abilities of our scaffold. Finally, no
biomechanical testing was performed as the amount of tissue
available per animal was extremely limited.

This study demonstrated a collagen-hyaluronan infused
3D-printed polymeric scaffold could induce significant fi-
brochondrocytic tissue ingrowth, integrate robustly, and
continue to mature as late as 24 weeks without adversely
affecting the articular cartilage of the joint. However,
surgical fixation of the scaffold to the remaining native
meniscal rim was inconsistent. Future work will explore a
modified fixation method for longer time points to assess
the continued remodeling of the tissue and the scaffold’s
ability to protect the underlying articular cartilage.
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FIG. 7. Representative cartilage histology and OARSI scores. Femoral condyle cartilage stained with Safranin-O/Fast
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