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Scaffold—cartilage integration is critical for the clinical success of a scaffold used for the repair of a focal cartilage
defect. In this study, a macroporous polyvinyl alcohol (PVA) scaffold was found to facilitate chondrocyte
infiltration and interfacial matrix formation in a juvenile bovine in vitro cartilage defect model. These results
were found to depend on the press-fit between the scaffold and the cartilage, pretreatment of the cartilage with
collagenase prior to scaffold insertion, and chondrocyte preseeding of the scaffold. Infiltrated and preseeded
chondrocytes in the scaffold survived for 6 weeks in culture and resulted in sufficient matrix at the interface to
significantly increase the interface shear strength 30-fold that compared favorably with the interface shear
strength of cartilage—cartilage constructs. The ability of this macroporous PVA scaffold to form a stable interface
with articular cartilage demonstrates the potential use of this scaffold design for focal cartilage defect repair.

Introduction

OCALIZED ARTICULAR CARTILAGE DEFECTS can arise from
mechanical trauma' or pathology, such as osteochondritis
dissecans.” The degree of damage can range from superficial
abrasion to deep fissures that extend to the underlying bone.
Even small defects can progressively increase in size as a
function of time and may be a key instigating factor for the
onset of osteoarthritis.* Epidemiological studies estimate that
16% of all adults in the United States have a focal cartilage
defect in the knee, with a threefold increase in athletes.” The
prevalence of existing and latent disease and the impact on
quality of life is substantial, with associated healthcare costs
of up to $185 billion annually.® Current surgical treatments
for focal cartilage defects include microfracture,” mosaic-
plasty,® and autologous chondrocyte implantation (ACI).”
While all of these techniques can minimize pain and restore
joint motion in the short term (<2 years postoperatively),
new studies have revealed deteriorating clinical outcomes at
longer follow-up times (>5 years postoperatively) for all
techniques.'”'* The unsatisfactory long-term performance of
currently used surgical techniques has motivated the research
into and development of engineered scaffolds as another
potential treatment for the treatment of focal cartilage defects.
The presence of a focal cartilage defect alters the me-
chanical properties of the tissue thus impairing its ability to
distribute joint loads and provide normal joint lubrication

during activities of daily living."* Given the substantial me-
chanical forces that occur during simple activities such as
walking,'*'® any construct intended to fill a cartilage defect
should have the ability to carry mechanical loads similar to
the native tissue and to elicit a beneficial host response. To
achieve these goals we developed a nonbiodegradable po-
rous hydrogel (polyvinyl alcohol [PVA]) scaffold, the com-
position of which is stable over time and whose mechanical
properties can be varied by changing the PVA polymer
content.'®!” The use of a nonbiodegradable porous hydrogel
scaffold for cartilage repair may provide initial properties
similar to the native cartilage extracellular matrix (ECM)
while allowing for tissue ingrowth to facilitate long-term
stability, function, and integration. In orthopedic applica-
tions, this concept is embodied in the use of porous metal
scaffolds for bone repair.ls'19 However, this concept has not
been successfully applied in the area of cartilage repair. Our
porous nondegradable hydrogel scaffold was designed to
function as a cell-free device that would be press-fit into a
debrided cartilage defect site, providing initial fill and rein-
forcement in vivo. We hypothesized that the scaffold would
be infiltrated by host cells for eventual de novo matrix gen-
eration and integration with surrounding cartilage. We have
previously reported that this type of scaffold facilitated
cell seeding and that seeded chondrocytes can survive and
proliferate.'® However, there remained the question of
whether chondrocytes would migrate into the scaffold from
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surrounding cartilage and synthesize ECM at the scaffold—
cartilage interface, thereby creating a mechanically strong
scaffold—cartilage integration.

The objective of this study was to optimize and measure
the mechanical strength of the integration between articular
cartilage and a macroporous PVA scaffold. Using an in vitro
cartilage defect model, we tested the following hypotheses:
(1) increased press-fit of the scaffold would increase chon-
drocyte migration and scaffold—cartilage interface strength,
(2) partial digestion of articular cartilage would increase
chondrocyte migration and resulting interfacial strength, and
(3) preseeding the scaffold with chondrocytes would in-
crease the matrix generated at the interface and the result-
ing scaffold-interface strength. We found that increasing the
press-fit, digesting the cartilage, and preseeding the scaffold
significantly increased the interface shear strength to levels
similar to the interface shear strength of cartilage-cartilage
implants. These results will help to advance the design goals
of this and similar type scaffolds as a treatment for cartilage
lesions.

Materials and Methods
Overview of experimental design

There are two studies presented here (schematically out-
lined in Fig. 1). In Study 1, to study the effect of increasing
press-fit on scaffold—cartilage integration, macroporous PVA
scaffolds of three different diameters (4.0, 5.0, and 6.0 mm)
were fabricated and placed into @3.5-mm cylindrical defects
in calf, middle-zone cartilage disks and cultured in vitro. In
Study 2, the optimal scaffold size was used from Study 1 to
determine the effects of collagenase treatment to the cartilage
tissue as well as cell seeding on the scaffold-cartilage inter-
face formation.
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Manufacture of macroporous PVA scaffolds’®

Surgical gelatin sponges (Ethicon-Johnson & Johnson,
Somerville, NJ) were saturated with deionized water and
incubated in PVA (Sigma Aldrich, St. Louis, MO) solutions
(1% and 5%) in deionized water with a final incubation at the
desired concentration of 10% PVA. The PVA-soaked sponges
were frozen to —20°C for 20h and then thawed at 25°C for
4 h, with this freeze-thaw process repeated 5 additional times
(6 total freeze-thaw cycles). Cylinders were cored out of the
sponges while still frozen and the cylinders were digested for
14 h with 500 units/mL of collagenase (type II; Worthington
Biochemical Corp., Lakewood, NJ) at 37°C to completely
degrade the gelatin sponge. The resulting macroporous PVA
scaffolds were washed 3 times in deionized water, and
transferred to 70% ethanol for 20 min and then 100% ethanol
for 20 min. Scaffolds were incubated at 37°C under vacuum
for 30 min and then left under a laminar flow hood to com-
pletely dry. It was noted that upon rehydrating, the disin-
fected and dried scaffolds decreased in overall height and
diameter ~10%. To compensate, the scaffold cylinders prior
to disinfection and dehydration were cut slightly taller and
larger in diameter than the desired final size (e.g., using a
@5.5-mm biopsy punch for final @5-mm scaffold). This loss
in size may be due to the formation of additional physical
cross-links that is the hypothesized mechanism of PVA
hydrogel formation.?

Study 1: effect of press-fit

Cartilage explants (J10x2.5mm) were cored out of the
trochlear groove and femoral condyles of calf knee joints
(n=6 joints; Max Insel Cohen, Livingston, NJ) with the su-
perficial and deep zones removed via sharp dissection to
create uniform, middle-zone-only cartilage disks. Defects

FIG.1. Schematic of study designs. Study 1
sought to optimize the scaffold diameter for
press-fit implantation in an in vitro cartilage
defect model. After determining the opti-
mized scaffold size, Study 2 sought to
determine the effects of cell seeding and
collagenase treatment on the scaffold—
cartilage interface over time in culture. Color
images available online at www
Jiebertonline.com/tea
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(93.5mm) were created using a sterile biopsy punch. Scaf-
folds (final size ©@4.0, 5.0, or 6.0 mm x2.0 mm) were manu-
factured, disinfected, and completely dried as described
previously. As the scaffold diameter is larger than the defect
diameter, the scaffolds were cut shorter than the thickness of
the cartilage disk axially to compensate for extrusion based
on Poisson’s ratio calculations'® (i.e., @5.0x 2.0 mm scaffold
—@3.5x2.5mm defect).

Cartilage annuli were briefly tamped dry onto sterile
gauze and placed into 12-well tissue culture plates. The dried
scaffolds were placed into the defects of the cartilage disks
and were rehydrated by pipetting 400uL of advanced
Dulbecco’s modified Eagle’s medium (DMEM)/F12 culture
media (Invitrogen, Carlsbad, CA) along the bottom of the
well, allowing for capillary action to rehydrate the scaffold,
creating a press-fit between the scaffold and cartilage ring.
After absorption of the culture media, an additional 2mL of
media was pipetted to completely cover the scaffold—cartilage
construct and the samples were incubated for 30 min at 37°C
and 5% CO,. Scaffold—cartilage constructs were cultured in
30mL Advanced DMEM (ADMEM)/F12 with 100nM dexa-
methasone, 50 ig/mL ascorbate-2-phosphate, and antibiotics
(Sigma Aldrich) for 46 days. On days 0 and 46 the maximum
interface strength was determined for scaffold—cartilage
constructs (n=4 per diameter group) via a push-out test,
followed by biochemical analysis (see “Outcome measures”
section). Intact scaffold—cartilage constructs that did not un-
dergo push-out testing (n=3 per group) were also removed at
these time points for histological analysis (see below).

Study 2: effect of cell seeding and
collagenase treatment

Middle-zone-only cartilage disks (J10x2.5mm) were pre-
pared as stated earlier from calf knee cartilage. Additional
cartilage from the same knee joints was digested overnight in
500 U/mL of collagenase type II (Worthington Biochemical Co.,
Lakewood, NJ) in DMEM (Invitrogen) with 5% fetal bovine
serum (FBS; Atlanta Biologicals, Lawrenceville, GA) and anti-
biotics to obtain a mixed population of primary chondrocytes.
The resulting solution was then filtered into 50mL conical
tubes using cell strainers (BD Falcon, Bedford, MA) to remove
any undigested cartilage, centrifuged and washed in DMEM
with 10% FBS to neutralize any remaining collagenase, and
then resuspended at 20 x 10° cells/mL in ADMEM/F12 media.

Defects (3.5 mm) were created in the middle-zone carti-
lage disks using a sterile biopsy punch and cartilage rings
were left untreated or fully immersed in 10 U/mL collage-
nase solution in ADMEM/F12*"** for 15min at 37°C fol-
lowed by 3 washes of ADMEM/F12. Controls were kept in
culture media without collagenase for this length of time.
Defects were then filled with disinfected and completely
dried 10% PVA scaffolds (& 5.0 x 2.0 mm, based on Study 1).
Four hundred microliters of ADMEM/F12 media with or
without chondrocytes (20 x 10°/mL) was pipetted directly to
the dehydrated scaffold to rehydrate the scaffold into a
press-fit as described previously. An additional 2mL of ei-
ther cell suspension or cell-free media was pipetted to com-
pletely cover the scaffold—cartilage construct and the samples
were incubated for 30min at 37°C and 5% CO,. Scaffold—
cartilage constructs were cultured in 30mL ADMEM/F12
with 100nM dexamethasone, 50 pug/mL ascorbate-2-phos-
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phate, and antibiotics (Sigma Aldrich). This created the fol-
lowing groups: cell-free + untreated cartilage (“cell - /col-"),
cell-free + collagenase-treated cartilage (“cell—/col+"”),
cell-seeded + untreated cartilage (“cell+ /col—"), and cell-
seeded + collagenase-treated cartilage (“cell +col+").

On days 0, 21, and 42, constructs (1 =5-6 per group) were
removed for push-out testing followed by biochemical
analysis. In addition, intact constructs that did not undergo
push-out testing were removed for histological analysis (n=3

per group).

Outcome measures

Push-out test and biochemical analysis. Scaffold—carti-
lage interface strength was determined via push-out test
using a J2.75-mm stainless steel indenter that was advanced
at 10 pm/s.?*> An indenter smaller than the defect was used
due to limitations in the alignment needed for the mechan-
ical test—any misalignment would result in indenter—carti-
lage contact that would skew the test results. The maximum
load was recorded and normalized to the interfacial surface
area for each sample to compute the maximum stress. The
tested scaffolds and cartilage rings were frozen and stored at
—20°C for biochemical testing for glycosaminoglycan (GAG)
content via the DMMB assay23 and DNA content via the
Picogreen assay (Invitrogen).

Histological analysis. Untested scaffold—cartilage con-
structs were fixed in neutral buffered formalin + 0.5% ce-
tylpyridinium chloride for 4 h at room temperature, washed
briefly in phosphate-buffered saline (PBS) to remove residue
formalin, cryoprotected in a 30% sucrose solution at 4°C
overnight, incubated for 2h in 5% gelatin + 5% sucrose
embedding medium, and then embedded in the gelatin-
sucrose medium.** Blocks were cryotomed for histological
analysis of cell infiltration via hematoxylin and Picrosirius
Red histological stains (8 um sections). Maximum cell mi-
gration distance for cell-free scaffolds was determined by
drawing a circular perimeter from the edge of the scaffold
and then extending a radius from the circle to the cell that
was judged to have infiltrated the furthest. These measure-
ments were averaged from 5 sections per sample.

For Study 2, type II collagen immunohistochemistry was
performed as follows: sections were digested with 1mg/mL
pepsin in 0.2N HCI at 37°C for 10 min, rinsed with PBS,
blocked with DAKO Dual Enzyme Block (DAKO, Carpin-
teria, CA) to remove endogenous peroxidases, rinsed again
with PBS + 0.05% TWEEN (Sigma), blocked with DAKO
blocking buffer, and then labeled with a 1:500 dilution of
monoclonal primary antibody for type II collagen (CIIC1;
Developmental Studies Hybridoma Bank, Iowa City, IA).
Secondary labeling and DAB staining reaction was per-
formed using the anti-mouse Vectastain ABC kit (Vector
Laboratories, Burlingame, CA). Samples were counterstained
with hematoxylin.

Statistics

Two-way analysis of variance was performed with maxi-
mum push-out stress, GAG content, and DNA content as the
dependent variables, and culture time and experimental
group (diameter for Study 1, cell/collagenase treatment for
Study 2) as the independent variables. Scheffe post hoc
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analyses were performed with o=0.05 to determine signifi-
cance between groups.

Results
In vitro cartilage defect Study 1: effect of press-fit

Scaffolds recovered from push-out testing were found to
expand to their original size after testing and rehydration for
all testing time points (not shown). On day 0, the larger &6.0-
mm scaffold group possessed the highest interface strength
(1.39+0.17 kPa) compared with @4.0-mm (0.16 +0.03 kPa) and
@5.0-mm (0.63+0.13kPa) scaffolds (Table 1, p<0.05). On day
21, no significant change was observed in the J4.0- or 6.0-mm
group compared with their day 0 values. However, at this time
point, the push-out stress of the J5.0-mm scaffold—cartilage
constructs had increased to be statistically comparable to the
©@6.0-mm group value (Table 1). After 46 days in culture,
however, only the @5.0-mm scaffold resulted in a significant
increase in interfacial strength (10.40+1.54kPa) compared
with all tested other scaffold sizes (p<0.05). Similar trends
were observed in GAG content and DNA content (Table 1),
with 4.0- and @6.0-mm scaffolds demonstrating no increases
in biochemical content, whereas J5.0-mm scaffolds increased
significantly to GAG content of 0.035% +0.012%ww and DNA
content of 0.00037% +0.00011%ww. Analysis of cartilage rings
that held the @6.0-mm scaffolds showed decreased GAG on
day 21 and DNA content on day 46 relative to starting day 0
values, with no changes with time noted for the other scaffold
groups (Table 1).

Histological analysis showed that all scaffolds were empty
when inserted on day 0 (not shown). Defect creation leads to
matrix loss along the cut surface for some specimens, con-
sistent with previous cartilage defect models reported in the
literature.” On day 46, clusters of chondrocytes with a col-
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lagen-rich matrix were present in the &5.0-mm scaffolds
up to ~400pm deep from the scaffold-cartilage interface
(Fig. 2). Cells did not migrate into the ©@4.0- or @6.0-mm
scaffold groups. It was also noted that the cartilage rings
containing the @6.0-mm scaffold exhibited greater matrix
loss at the defect edge after time in culture compared with
those with @J4.0-mm or J5.0-mm scaffold.

In vitro cartilage defect Study 2: effect of cell
seeding and collagenase treatment

For cell-free scaffolds, collagenase treatment led to a sig-
nificant increase in the maximum push-out stress on day 21
compared with nontreated controls (3.77+0.38 vs. 0.95%
0.44kPa, p<0.05). After 42 days in culture, the interfacial
strength of both control (11.40+3.32kPa) and collagenase-
treated (13.96+1.63kPa) scaffolds increased significantly
compared with day 0 and day 21 values (p<0.05), but no
statistical difference was detected between the groups at this
time point (Fig. 3). Similarly, GAG content and DNA content
were not significantly different on day 21, but did signifi-
cantly increase after 42 days in culture with no differences
between the cell-free scaffold groups (Fig. 4A, B).

For cell-seeded scaffolds, collagenase treatment signifi-
cantly enhanced the interface strength on day 21 compared
with noncollagenase-treated scaffolds (6.72+1.20 vs.
3.12+0.61kPa, p<0.05) and both cell-free scaffold groups at
this time point (Fig. 3). After 42 days in culture, collagenase-
treated cell-seeded scaffolds attained the highest interface
strength (27.88+2.44kPa) of all groups, with both cell-
seeded scaffold groups exhibiting significantly higher inter-
facial strength compared with their cell-free counterparts at
this time (Fig. 3). GAG content of cell-seeded scaffolds sig-
nificantly increased on day 42, with the highest values
reached by collagenase-treated, cell-seeded scaffold (Fig. 4A;

TABLE 1. INTERFACE STRENGTH AND BroCHEMICAL COMPOSITION FOR STUDY 1

GAG%ww DNA%ww Maximum push-out stress (kPa)

Cartilage doo 5.875+0.570 0.03000+0.01470 N/A

d21 4.0mm 5.641+0.271 0.03147+0.01497 N/A

d21 5.0mm 5.747 +0.347 0.03083+0.01287 N/A

d21 6.0mm 4.011+0.314%° 0.02442+0.00611 N/A

d46 4.0mm 5.784+0.625 0.03335+0.00235 N/A

d46 5.0mm 5.738+0.360 0.02949 +0.00884 N/A

d46 6.0mm 3.214+0.441*° 0.01700 £ 0.00702%® N/A
Scaffold d00 4.0 mm 0.000£0.000 0.00000 £ 0.00000 0.16+0.03

d00 5.0 mm 0.000£0.000 0.00000 £ 0.00000 0.63+0.13

d00 6.0 mm 0.000£0.000 0.00000 £ 0.00000 1.39+0.17°

d21 4.0mm 0.005+0.017 0.00003 +£0.00015 0.25+0.37°

d21 5.0mm 0.017+0.021 0.00011 +0.00024 1.25+0.15%

d21 6.0mm 0.001£0.015 0.00004 +0.00018 1.29+0.25

d46 4.0 mm 0.001+0.011 0.00001 +0.00010 0.15+0.05

d46 5.0mm 0.035+0.012% 0.00037 +0.000112 10.40+1.54*

d46 6.0 mm 0.001+0.018 0.00001 +0.00008 1.48+0.50

?p<0.05 versus day 0 values.
p<0.05 versus other groups of the same time point.
‘p<0.05 versus previous time points.

Implanted 6.0-mm scaffolds had the highest value for maximum push-out stress, but this value did not change over time. By day 46,
implanted scaffolds of diameter 5.0 mm had significant increases in maximum push-out stress and biochemical composition compared with
4.0- and 6.0-mm scaffolds. The cartilage ring of 6.0-mm scaffolds had significant decreases in GAG by day 21 and in DNA after 46 days in

culture.
GAG, glycosaminoglycan; NA, not applicable.
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FIG. 2. Representative day 46 histology for Study 1. Consistent with the quantitative data, implanted 4.0-mm-diameter
scaffolds showed no cellular infiltration or matrix formation (A). Implanted 5.0-mm scaffolds showed numerous matrix-rich
chondrocyte clusters (B). For the 6.0-mm scaffolds, no chondrocytes were found in the scaffold but also the cartilage showed
collagen degradation at the interface region (C). Scale bar =200 um. Color images available online at www liebertonline.com/tea

1.13%+0.08%ww, p<0.05). DNA values of cell-seeded scaf-
folds significantly increased on day 42 for only the collage-
nase-treated group (p <0.05; Fig. 4B).

Histological staining revealed the presence of chon-
drocytes infiltrating into cell-free scaffolds and forming a
collagen-rich matrix by day 21, with a greater number of
chondrocytes and matrix staining observed in the collage-
nase-treated groups, similar to the quantitative biochemistry
(Fig. 5, arrows). Chondrocyte migration distance was in-
creased with collagenase treatment on day 21 (324+51 vs.
505+42 um, p<0.05). This trend was maintained through
day 42, though no significant changes in migration distance
were noted at that time. Cell-seeded scaffolds remained
cellular throughout the experimental time and formed a
collagen-rich matrix that appeared more dense than the cell-
free scaffolds on day 42.
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FIG. 3. Maximum push-out stress for Study 2 experimental
groups. On day 21, collagenase treatment significantly in-
creased the maximum push-out stress (representative of in-
terface strength) for both cell-free and cell-seeded scaffolds.
On day 42, cell-seeded scaffolds in collagenase-treated car-
tilage (cell+/col+) had the highest values for interface
strength. *p <0.05 versus cell-/col- group of same time point;
Ap<0.05 versus both cell-free (cell-) groups of same time
point; #p<0.05 versus all other groups of the same time
point; Tp <0.05 versus respective day 0 group; *p <0.05 versus
respective day 0 and day 21 groups.

Immunohistochemistry (Fig. 6, only day 42 shown) indi-
cated that, as expected, the cartilage explants possessed ex-
tensive type II collagen. Interestingly, collagenase-treated
cartilage rings showed reduced staining at the treated edges
(dotted lines), suggesting the explants have not fully recov-
ered their type II collagen matrix after 42 days in culture. The
ECM formed by the chondrocytes in the scaffold (either
migrated in or preseeded) was composed of type II collagen,
indicating a hyaline chondrocyte phenotype (arrows).

Discussion

Scaffold-tissue integration and the creation of a me-
chanically strong interface is a critical aspect of the success or
failure of scaffolds for focal cartilage repair. We have pre-
sented a novel nonbiodegradable PVA-based scaffold that is
capable of facilitating inward chondrocyte migration from
surrounding articular cartilage tissue. Results were sensitive
to the degree of press-fit between the scaffold and the car-
tilage, pretreatment of the cartilage with collagenase, and
whether or not the scaffold was preseeded with cells.
Chondrocytes in the scaffold (both migrated and preseeded)
survived for a 6-week culture period and generated sufficient
matrix to impart a significant increase in interface strength as
a function of time. The combination of chondrocyte pre-
seeding and collagenase treatment yielded the highest scaf-
fold—cartilage interface strength, with a 30-fold increase in
maximum push-out stress over time in culture (from ~1kPa
to ~30kPa). The scaffold construct compares favorably to
the interface strength of calf cartilage—cartilage constructs
(~25kPa) that were cultured in vitro for similar times and
using similar push-out testing configurations.*® In addition,
this value was superior to the interface strength between a
chondrocyte-seeded agarose hydrogel and cartilage (~2kPa
after 21 days) in in vitro culture.”” This latter scaffold pos-
sessed 3 times as many cells and similar matrix content as
our presented PVA scaffolds. Taking our results in light of
the literature demonstrates that our porous PVA scaffold
appears to be well-suited for cartilage integration and war-
rants continued research and development.

While previous research has demonstrated that biological
glues or gels (e.g., Puramatrix)*®?° can be used to improve
the interface of scaffold—cartilage and cartilage—cartilage
constructs, we sought to create an initially stable interface
with a simpler press-fit approach that could be reinforced
with time through the inward migration of chondrocytes and
de novo matrix to span the interface. For our porous,
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FIG. 4. Biochemical composition for Study 2 scaffold—cartilage constructs. For all culture times, cell-seeded scaffolds pos-
sessed significantly higher glycosaminoglycans (GAG, left) and DNA (right) values than cell-free scaffolds. On day 42, cell-
free scaffolds for both cartilage groups had significantly higher GAG and DNA values than day 0. For cell-seeded scaffolds,
GAG values for both groups significantly increased on day 42 but only the collagenase-treated group (cell+/col+) had a
significant increase in DNA content. Ap <0.05 versus both cell-free (cell-) groups of same time point; *p <0.05 versus all other
groups of the same time point; 'p <0.05 versus respective day 0 group; *p<0.05 versus respective day 0 and day 21 groups.

relatively soft scaffold, the degree of press-fit required to zero, the 4.0-mm scaffold had the lowest initial interfacial
achieve an initially stable interface was unclear. To explore strength and exhibited no changes in interface strength or
this question, an in vitro defect model was created by creat-  cellularity over time. This is likely due to poor contact with
ing a @3.5-mm hole in a @10-mm cartilage disk and scaffolds the cartilage as indicated by the extremely low interface
ranging in diameter from 4 to 6 mm were implanted. At time  strength. In contrast, the largest scaffold diameter tested led

FIG. 5. Representative day
42 histology for Study 2.
Consistent with the quantita-
tive data, day 42 cell-free
scaffolds in either untreated
(A) or collagenase-treated (B)
cartilage rings (*) showed
chondrocyte infiltration and
collagen-rich matrix. For both
cell-seeded scaffolds (un-
treated cartilage, C; collage-
nase treated, D), chondrocytes
in the scaffold were found to
form dense collagen-rich clus-
ters (arrows). Scale bar=200
um. Color images available
online at www liebertonline
.com/tea
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FIG. 6. Representative day 42 type II collagen immunohistochemistry for Study 2. The cartilage explants (*) showed positive
staining for type II collagen. For the collagenase-treated samples (cells-/col+ and cells +/col+), the edge of the cartilage
rings had decreased staining (dotted lines), indicating that type II collagen had not recovered after enzymatic treatment. Cells
that had migrated in or were preseeded (arrows) formed clusters that were rich in type II collagen, indicating a hyaline
chondrocyte phenotype. Scale bar=200 pm. Color images available online at www liebertonline.com/tea

to the highest initial interface strength, but also led to cell
death and matrix loss in the surrounding cartilage and a lack
of chondrocyte migration into the scaffold. Though it is not
clear as to whether the inhibition of chondrocyte migration
precedes or follows chondrocyte death in the ©6.0-mm
scaffold—cartilage construct, given the slow rate of migration
observed in the &5.0-mm scaffold group, it is likely that cell
death is the dominant mechanism. This is likely due to ex-
cessive static compression of the cartilage tissue in the
transverse direction leading to chondrocyte death.** The
progression and rate of chondrocyte death can be studied in
the future using TUNEL staining and will be a concern in
determining the proper scaffold size for different defect sizes.
The ©@5.0-mm scaffold demonstrated an interfacial strength
that was in between that of the 4- and 6-mm-diameter scaf-
folds at time zero, but the interface was reinforced with time
due to the inward migration of chondrocytes that resulted in
a 10-fold increase in interface strength after 42+ days. This
result was surprising given that there were no chemoat-
tractant or chemotactic factors in the culture media or in the
scaffold. It has been previously demonstrated that cells do
not strongly attach to PVA without some initial adsorption of
matrix proteins on the PVA surface.*"** This may have ham-
pered chondrocyte initial migration of cells into the scaffold
and is a target for future research, but our data nonetheless
suggest that robust migration occurred with time in culture.
In cell-free scaffolds, collagenase treatment was found to
increase scaffold—cartilage interface strength, biochemical
content, and penetration of chondrocytes into the scaffold by
day 21. Though no significant difference was detected at day
42, it could be that collagenase treatment increased the speed
at which the scaffold—cartilage interface attained that final
value between the day 21 and day 42 time points. The likely
mechanism of these results is in the combined increased cell
migration and proliferation from the articular cartilage sur-
face due to the cutting of the cartilage to prepare the annuli
model®® combined with the collagenase treatment.*® The
stimulation of cell proliferation may be clinically beneficial
given the lower number of chondrocytes in adult cartilage.**
In comparison, cell-seeded scaffolds exhibited continued

matrix elaboration over time in culture and cell proliferation
by day 42, indicating that chondrocytes can survive and
thrive within the scaffold environment. The cell-seeded
scaffolds with collagenase-treated cartilage resulted in the
highest GAG content and interface strength. These results
combined indicate that cells can migrate into the scaffold and
that they can survive over extended culture times to elabo-
rate matrix that can bridge the gap. As the chondrocytes
continued to synthesize type II collagen, the chondrocytes in
the scaffold appear to maintain their proper phenotype.

We encountered several technical challenges in analyzing
the cartilage-scaffold constructs used in this study. The pres-
ence of dissolved PVA in the sample digests for biochemical
analysis resulted in high background values in the standard
colorometric, orthohydroxyproline assay for total collagen
quanﬁfication.35 Therefore, we had to rely on histology for the
detection of collagen in our scaffold for this presented work.
To preserve the cartilage-scaffold interface for histology, we
found that we could not use standard paraffin or resin em-
bedding due to differences in the dehydration rates between
the highly porous scaffold and cartilage tissue. Therefore, we
had to pursue cryosectioning of our specimens using special-
ized gelatin embedding®* as opposed to the typical optical
cutting temperature compound (OCT) embedding that re-
sulted in poor adhesion of the PVA scaffold to microscope
slides. Our laboratory is currently working on removing the
dissolved PVA from the sample digests to allow for collagen
assessment via the orthohydroxyproline (OHP) assay and
more type-specific enzyme-linked immunosorbent assays.

In translating this polymer scaffold from the bench to the
bedside, our promising in vitro results need to be tempered
with the limitations of our experimental model. In deciding
on the culture conditions, we decided to use a relatively
simple, but established, static culture system with a well-
defined culture media.*® Though this media maintain chon-
drocyte phenotype and cartilage tissue properties, the lack of
growth factors is not representative of a physiologic condi-
tion. Studies in the literature have demonstrated that al-
though in vitro cartilage—cartilage interface strength is low,
the interface strength can increase 10-fold in vivo in the
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presence of cytokines and growth factors.”>?” In addition,
dynamic mechanical loading that is present in articulating
joints in vivo will likely impact scaffold—cartilage integration.

In both our experimental model and in clinical debride-
ment of cartilage defects, the act of cutting articular cartilage
leads to some cell death and matrix loss at the cut edges,25
though the cells at the margins maintain their normal phe-
notype.®® In our experimental model, however, as the su-
perficial and deep zones were also cut, these top and bottom
surfaces represent additional areas for chondrocyte migration
out of the tissue and into the scaffold. Though an optimal
scaffold size was found for this particular defect size, it is not
clear whether it is the ratio of the scaffold-to-defect diameter
or whether it is the stress and resulting friction at the scaf-
fold—cartilage interface that would be the major determining
component of our results. Future experiments are planned to
hold the scaffold-to-defect diameter ratio constant and vary
the stress on the cartilage by changing the PVA concentration
(and therefore the mechanical properties) of the scaffold.

Implantation of a cell-seeded scaffold resulted in the best
integration results for our in vitro model. To adopt this in a
clinical setting would require 2 surgeries—first to harvest
cells for expansion and second to implant the cell-seeded
scaffold—similar to ACL® Given the associated increased
medical costs and risk of complication, an optimized 1-step,
cell-free procedure that could invite host cell recruitment
would be more ideal (senior orthopedic surgeon opinion).
Finally, though collagenase treatment was used in this study
to promote cell migration and proliferation, it is known that
adult human cartilage composition may be different and a
different enzymatic digestion procedure, such as combined
hyaluronidase/collagenase, may be necessary.”' The immu-
nohistochemistry indicated that for our model, the loss of
type II collagen in the cartilage explant that is induced by the
collagenase treatment was not recovered after 42 days in
culture. Though this may be due to the lack of anabolic
growth factors in the culture medium as discussed previ-
ously, this finding does highlight a potential pitfall that
might be magnified if used in patients with degenerative
cartilage pathology.

In conclusion, our macroporous PVA scaffold shows great
potential as a clinical treatment for focal cartilage repair. In a
well-controlled laboratory setting, it facilitates chondrocyte
infiltration and matrix formation that results in a significant
increase in interfacial strength over a period of 42 days. In
translating this device toward clinical use, future laboratory
studies will improve our analysis techniques, study the ef-
fects of growth factors on tissue formation in the scaffold,
and explore methods to improve the PVA surface for cellu-
lar/tissue attachment.
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