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Abstract

Objective: This study investigates the combination of platelet-rich plasma (PRP) or concentrated bone marrow aspirate
(CBMA) with a biphasic collagen/glycosaminoglycan (GAG) osteochondral scaffold for the treatment of osteochondral
defects in sheep. Design: Acute osteochondral defects were created in the medial femoral condyle (MFC) and the lateral
trochlea sulcus (LTS) of 24 sheep (n = 6). Defects were left empty or filled with a 6 x 6-mm scaffold, either on its own or
in combination with PRP or CBMA. Outcome measures at 6 months included mechanical testing, International Cartilage
Repair Society (ICRS) repair score, modified O’Driscoll histology score, qualitative histology, and immunohistochemistry
for type |, Il, and VI collagen. Results: No differences in mechanical properties, ICRS repair score, or modified O’Driscoll
score were detected between the 4 groups. However, qualitative assessments of the histological architecture, Safranin O
content, and collagen immunohistochemistry indicated that in the PRP/scaffold groups, there was a more hyaline cartilage—
like tissue repair. In addition, the addition of CBMA and PRP to the scaffold reduced cyst formation in the subchondral
bone of healed lesions. Conclusion: There was more hyaline cartilage—like tissue formed in the PRP/scaffold group and less
subchondral cystic lesion formation in the CBMA and PRP/scaffold groups, although there were no quantitative differences
in the repair tissue formed.
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and osteochondral repair.” The aims of using such scaffolds
are to mimic the 3-dimensional environment of the extra-
cellular matrix (ECM), provide structural support to the
regenerated and surrounding tissues, and provide an
increased surface area to volume ratio for cellular infiltrate

Introduction

Articular cartilage has a limited ability to regenerate fol-
lowing injury. Many different surgical procedures are in
routine use worldwide in order to promote cartilage and
subchondral bone healing,1 such as microfracture,2 autolo-
gous chondrocyte transplantation,” and mosaicplasty.*
However, while these techniques are widely used in clinical
practice, research continues into other improved repair
methods.” Recently, a greater emphasis has been placed on
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the role of the subchondral bone and its influence on clini-
cal presentation and disease progression,6 and as a result,
many new repair techniques incorporate regeneration of the
osteochondral unit.

Recent advances in biomaterials have led to the production
of a number of biosynthetic scaffolds for use in chondral
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and colonization. In osteochondral defects, it has been pro-
posed that multiphasic scaffolds are required for optimal
tissue repair as the cartilage and bone have different require-
ments for optimal healing.®

ChondroMimetic (TiGenix, Cambridge, UK) is a novel,
biological biphasic osteochondral scaffold licensed for
osteochondral repair in Europe. It is based upon the collagen/
glycosaminoglycan (collagen-GAG) platform technology
developed over 30 years ago.”'" It is comprised of an
unmineralized bovine type I collagen/GAG (chondroitin-
6-sulfate) “chondral” layer coupled to a bovine type
I collagen/GAG “osseous” layer, mineralized with calcium
phosphate in its brushite phase. A preliminary caprine in
vivo study has indicated that this scaffold can support osteo-
chondral healing and cartilage regeneration when used
alone, which have led to it being licensed for use in clinical
practice."!

The physical properties of biosynthetic scaffolds often
permit them to be used as carrier vehicles for the delivery of
biological factors into the osteochondral defect site, which
may affect tissue healing. Many biological factors have
been reported to promote osteochondral tissue repair and
regeneration. Clinically, the use of autologous products,
such as bone marrow aspirate or platelet-rich plasma (PRP),
rather than commercially available recombinant proteins,
has many advantages including the lack of an antigenic
response, the ease of availability of the source material, and
the relative low costs. One of the most commonly used
autologous cellular products in tissue engineering is the
bone marrow—derived mesenchymal stem cell (BMSC),'"
which is found in concentrated bone marrow aspirate
(CBMA). BMSCs are multipotent cells that differentiate
into chondrocytes under certain culture conditions, includ-
ing the application of growth factors such as fibroblast
growth factor 2 (FGF-2) and transforming growth factor
beta 1 and 3 (TGE-B1/TGF-B3)."* BMSCs have been used
in a number of in vivo osteochondral repair models'*'* and
have been shown to have beneficial effects on tissue repair.

PRP is another autologous product that has generated sig-
nificant interest for tissue repair.'® Platelets are a rich source
of a number of growth factors including platelet-derived
growth factor (PDGF), TGF-1, and FGF-2."” A number of
studies have shown that platelet concentrates affect pro-
cesses involved in both bone repair (including osteoblast
differentiation, angiogenesis, and bone marrow cell recruit-
ment)'®'"” and chondrocyte metabolism and behavior
(including enhancing chondrocyte proliferation and matrix
protein synthesis).”**' These results suggest a possible role
for PRP in osteochondral repair. Recent work done in our
group has demonstrated the ability of the collagen-GAG
biphasic scaffold to support significant growth factor release
from the PRP,* making its use in combination with the col-
lagen-GAG scaffold a possible route by which to deliver
autologous growth factor into the repair site.

The purpose of this study was to investigate whether the
addition of CBMA (a source of BMSC) or PRP to a collagen-
GAG scaffold at the point of service, that is, the operating
theater, would have a positive impact on tissue repair in an
acute ovine osteochondral defect model.

Materials and Methods

This study received approval from both the local research
ethics committee and the Home Office.

Animals

A total of 24 skeletally mature Welsh Mountain sheep
(mean age = 4.3 years) were included in the study. Each
treatment group contained 6 sheep.

Experimental Design

For all animals, full-thickness osteochondral defects, 5.8-mm
wide by 6-mm deep, were created in the proximal lateral
trochlea sulcus (LTS) and in the medial femoral condyle
(MFC) of the right stifle joint using custom-made instru-
mentation. Four treatment groups were created. The first
group (n = 6) had no scaffold placed into the defects
(empty), and the second group (n = 6) was filled with scaf-
fold alone (scaffold only). The third group (n = 6) of ani-
mals had the defects filled with scaffold plus CBMA
(scaffold + CBMA) and the fourth group (n = 6) with scaf-
fold plus PRP (scaffold + PRP).

Animal Anesthesia,
Preparation, and Surgical Technique

Prior to surgery, animals were selected at random and iden-
tification ear tags applied. All animals had food and water
removed 24 hours before surgery. General anesthesia was
induced with an injection of thiopentone (3 mg/kg) into the
external jugular vein. Maintenance was achieved via inha-
lational anesthetic of a mixture of isofluorane, nitrous
oxide, and oxygen. Perioperative analgesia was provided
by preoperative intramuscular carprofen (1.5 mg/mL), and
antibiotic prophylaxis was also given via intramuscular
procaine penicillin (10 mg/mL).

The basic surgical procedure was identical for all sub-
jects and performed under strict asepsis by a single surgeon.
Each stifle was physically examined for any abnormalities
while anesthetized. If any gross instability or pathology was
found, the animal was excluded from participation within
the study.

The animal was placed in a dorsal recumbent position
and, following surgical preparation, the right stifle joint
opened via a lateral parapatellar approach. Following patel-
lar subluxation, the LTS defect was made 10 mm distal to
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Table 1. Cell Counts in Whole Blood (WB) and Platelet-Rich Plasma (PRP) (x 103/L), with the Corresponding Concentration Factor (X)

Sheep ID  Platelet WB  Platelet PRP X WBCWB  WBC PRP X MonocyteWB ~ Monocyte PRP X

BI9 39.9 1353 339 5.58 37.6 6.7 0.13 1.43 11.0
B20 394 742 18.8 7.08 93.4 132 0.256 16.6 64.8
B22 53.5 210 3.9 16.6 16.2 1.0 0.715 0.741 1.0
B26 214 1158 5.4 4.63 84.4 18.2 0.041 1.58 385
B34 205 937 4.6 5.01 47.5 9.5 0.541 0.427 0.8
B35 144 3634 252 7.47 924 12.4 0.115 3.69 32.1

Note: WBC = white blood cell.

the top of the lateral trochlear ridge aligned with the middle
of the lateral trochlear groove. The MFC defect was made
10 mm distal to the condyle groove junction and aligned
with the medial crest of the trochlear groove. A 5.8-mm-
wide x 6-mm-deep circular defect was created and the scaf-
fold plus appropriate test substance placed into the defect.
The joint was then cycled through a range of motion to
ensure a satisfactory rim fixation of the plug. The joint was
closed in a standard fashion. No splints, casts, or immobili-
zation techniques were used in any animal.
Postoperatively, animals were allowed to fully bear
weight but kept in small pens for 48 hours to reduce ambu-
lation. All animals were housed indoors for the remaining
study period in large pens, which allowed a moderate degree
of ambulation. Regular checks were made for any animal
displaying signs of postoperative discomfort, with addi-
tional postoperative analgesia given if required. All further
treatments were recorded as appropriate. The surgical pro-
cedures and recovery from surgery were uneventful.

PRP Preparation

Following anesthesia, 60 mL of peripheral blood was aspi-
rated from the external jugular vein into 6 mL of acid-
citrate-dextrose anticoagulant and PRP prepared using the
SmartPReP 2 system (Harvest Technologies, Plymouth,
MA). A modified protocol to that recommended by the
manufacturers for human blood was established during
preliminary experiments. This consisted of adding an extra
220-second spin cycle centrifugation step to the protocol to
allow maximal separation of the ovine erythrocytes and
platelets, which was validated prior to beginning the exper-
iment. Platelet, white blood cell (WBC), and monocyte
numbers were measured in all of the PRP constructs pro-
duced. Platelets were concentrated between 3.9 and 33.9
times, WBCs were concentrated between 1 and 18.2 times,
and monocytes were concentrated between 0.8 and 38.5
times (Table 1).

CBMA

Bone marrow aspirates were taken from the posterior iliac
crests via 11-gauge Jamshidi bone marrow harvest needles

Table 2. Cell Counts of Bone Marrow Aspirate Following
Density Centrifugation (x 109/L)

Sheep ID Total nucleated cell Mononuclear cell
B23 0.25 0.1

B24 3.55 1.7

B25 2.15 0.8

B27 433 222

B28 6.87 1.8

B30 6.65 345

following induction of general anesthesia and prior to
defect production. A maximum of 20 mL of bone marrow
was aspirated from each iliac crest into 1,000 U of heparin.
A bone marrow concentrate was then produced using den-
sity gradient centrifugation. The bone marrow sample was
diluted with 20 mL of sterile phosphate buffered saline and
the mixture layered onto equal volumes of Lymphoprep
(Axis-Shield, Oslo, Norway) density gradient medium and
centrifuged at 900g for 20 minutes. The buffy layer incor-
porating the mononuclear cells was then removed and a cell
pellet produced via further centrifugation at 750g for 10
minutes. The resulting cell pellet was reconstituted with
500 uL of DMEM/F12 medium. A volume of 200 pL was
added to each scaffold and the rest of the suspension used
to obtain a cell number and percentage of viability using
trypan blue. The bone marrow cell counts, which included
all nucleated cells, were measured for all animals and
ranged from 0.25 to 6.87 x 10°/L (Table 2). All were found
to have cell viabilities greater than 95% following density
centrifugation.

Necropsy

Animals were humanely sacrificed at 26 weeks postopera-
tively using a lethal dose of sodium pentobarbital.

Gross Morphology

The joints were opened and photographed and the surface
of the osteochondral defect sites blindly scored (F.H.) using
the International Cartilage Repair Society (ICRS) score
(Table 3). Two animals, both in the empty defect control
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Table 3. Scoring Criteria Using the International Cartilage
Repair Society Score to Assess the Integration of the Scaffold
into the Joint

Characteristic Grading Score

Degree of
defect repair

Level with surrounding cartilage 4
75% repair of defect depth
50% repair of defect depth
25% repair of defect depth
0% repair of defect depth

A O — DN W

Integration to Complete integration with border
border zone zone
Demarcating border <| mm
% of graft integrated, /4 with 2
notable border > mm |
2 of graft integrated with
surrounding cartilage, /2 with a
notable border > mm
From no contact to /th of graft 0
integrated with surrounding
cartilage
Intact smooth surface 4
Fibrillated surface
Small, scattered fissures or cracks
Several small or few but large
fissures
Total degeneration of grafted area

w

Macroscopic
appearance

N O — DN Ww

Total |

group, were excluded from the study at postmortem, one
due to a small fracture of the lateral trochlear ridge
extending into the defect and the second due to a chroni-
cally subluxed patella, which would have caused altered
biomechanics of the affected stifle joint. Both were
deemed to influence the resultant tissue repair, hence their
exclusion.

Mechanical Testing

After the gross morphological observations were made,
each implant site underwent nondestructive mechanical
testing to determine changes to the cartilage surface sur-
rounding the implant or empty defect. Stiffness measure-
ments were taken in duplicate from the center of the
osteochondral defect and at a distance of 1 mm from the
original edge of the created osteochondral defect at the 12-,
3-, 6-, and 9-o’clock positions and 1 mm from the edge in
the perilesional cartilage, using a handheld digital durom-
eter (Shore S1, M scale, Instron, Norwood, MA). A number
between 0 and 100 would be given with a built-in calibrated
error of £5. These measurements were then repeated in the
contralateral limb in the same anatomic sites. The stiffness
of the reparative tissue was then expressed as a percentage

of stiffness relative to the control cartilage of the contralateral
limb and the perilesional cartilage of the ipsilateral limb.

Histology

Following stiffness measurements, the specimens were
decalcified in formic acid/sodium citrate over 2 weeks.
Following complete decalcification, the specimens were
dehydrated through a series of ethanol exchanges of
increasing concentrations and then embedded in paraffin
wax. Sections of 10-um thickness were made through the
central portion of the defect. Sections were stained with
Safranin O/Fast Green. The histology sections were
blindly scored by one investigator (F.H.), using a modi-
fied O’Driscoll score (Table 4).%

Correction of O’Driscoll
Scores for PRP and CBMA Values

Given the wide range of CBMA and platelet concentrations
within each experimental group, further analysis of the
histological data was performed. Correlations between the
O’Driscoll scores and the cell concentrations and total cell
numbers were evaluated.

Immunohistochemistry

Immunohistochemistry was performed as described previ-
ously.* The following primary antibodies were used in this
study: monoclonal mouse anti-human type I collagen
(1:200 dilution, MP Biomedicals, Solon, OH), monoclonal
mouse anti-human type II collagen (1:100 dilution, MP
Biomedicals), and monoclonal mouse anti-rabbit type VI
collagen (1:500 dilution, Abcam, Cambridge, UK).
Horseradish peroxidase—conjugated secondary anti-rabbit
and mouse immunoglobulins were used as appropriate and
the color reaction developed with 0.1% 3',3-diaminobenzidine
tetrachloride (DAB)/0.01% hydrogen peroxide. Normal
species-specific serum was used as a control in all experiments.

The degree of positive staining for type I, II, and VI col-
lagens was evaluated by semiquantitative scoring on a
scale of 1 to 4 for intensity, that is, inconspicuous (1), mild
(2), moderate (3), and strong (4).* In addition, the location
of type VI immunoreactivity was noted, that is, pericellular
or territorial.

Statistical Analysis

Statistical significance between groups and within groups
for each end point was determined using a 1-way analysis
of variance (ANOV A) and Bonferroni post hoc test. Where
data sets within groups were not found to be normally dis-
tributed, a nonparametric Kruskal-Wallis test was instead
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Table 4. Modified O’Driscoll Histology Score

Characteristic Grading Score
I. Hyaline cartilage 80%-100% 8
60%-80% 6
40%-60% 4
20%-40% 2
0%-20% 0
Il. Structural
characteristics
A. Surface Smooth and intact 2
irregularity Fissures I
Severe disruption, fibrillation 0
B. Structural Normal 2
integrity Slight disruption, including |
cysts
Severe lack of integration 0
C. Thickness 100% of normal adjacent 2
cartilage
50%-100% or thicker than |
normal
0%-50% 0
D. Bonding to Bonded at both ends of 2
adjacent graft
cartilage Bonded at one end/partially |
both ends
Not bonded 0
lll. Freedom from Normal cellularity, no 2
cellular changes clusters
of degeneration Slight hypocellularity, <25% |
chondrocyte clusters
Moderate hypocellularity, 0
>25% clusters
IV. Freedom from Normal cellularity, no 3
degenerate clusters, normal staining
changes in Normal cellularity, mild 2
adjacent clusters, moderate staining
cartilage Mild or moderate |
hypocellularity, slight
staining
Severe hypocellularity, slight 0
staining
V. Reconstitution Complete reconstitution 2
of subchondral >50% reconstitution |
bone <50% reconstitution 0
VI. Bonding of Complete and 2
repair cartilage uninterrupted
to de novo <100% but >50% I
subchondral reconstitution
bone <50% complete 0
VI Safranin O >80% homogenous positive 2
staining stain
40%-80% homogenous |
positive stain
<40% homogenous positive 0
stain
Total score Max. 27

used, with a post hoc Dunn multiple comparison test. A
level of P < 0.05 was accepted as significant in all analyses.
Correlation coefficients were calculated by plotting con-
centration factors against histology scores and a best-fit line
produced with corresponding R? value. GraphPad Prism 5
statistical software package (GraphPad Software Inc., La
Jolla, CA) was used for data analysis.

Results
Gross Morphology

The quality of repair at the site of the defect was assessed
using the ICRS scale. Figure 1 shows the distribution of
mean scores between experimental groups. A trend towards
an increase in ICRS score is seen with the scaffold + PRP
and scaffold + CBMA groups compared to the empty
defects and scaffold alone, but no statistically significant
difference existed between groups (P = 0.619).

Mechanical Testing (Tables 5 and 6)

All treatment groups in the MFC and LTS were found to
have similar mean stiffness measurements compared to the
contralateral limb and perilesional cartilage (P > 0.05).
However, there was a trend toward increasing stiffness seen
in the empty defects in both the LTS and MFC.

Quantitative Histology

Modified O’Driscoll histology scores (Fig. 2). A trend towards
an increased O’Driscoll score was noted in the scaffold +
PRP group compared to the other 3 treatment groups, par-
ticularly in the MFC, but this was not statistically signifi-
cant (P =0.097).

A negative correlation was found between the PRP
platelet concentration factor and resultant O’Driscoll histol-
ogy score in the LTS (R* = 0.74). No other correlation was
found between total white cell concentration, monocyte
concentration, or CBMA cell count versus O’Driscoll score.

Qualitative Cartilage Histology

Tissue fill (Figs. 3 and 4). In the empty defect, scaffold
only, and scaffold + CBMA defects, the thickness of the
cartilage repair tissue was less than the thickness of the nor-
mal adjacent cartilage. In the scaffold + PRP defects, the
cartilage thickness was restored to nearly normal.

Residual scaffold and the formation of cystic lesions
were noted in the tissue filling the subchondral bone region
at both anatomic sites. However, there were clear differ-
ences in the detection of residual scaffold and the appear-
ance of cysts between the treatment groups. At both sites,
there was a reduction in the appearance of residual scaffold
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Figure I. Mean ICRS scores for empty osteochondral defects (Empty), osteochondral defects filled with ChondroMimetic scaffold
(Scaffold), osteochondral defects filled with ChondroMimetic scaffold loaded with concentrated bone marrow aspirate cells (CBMA),
and osteochondral defects filled with ChondroMimetic scaffold loaded with platelet-rich plasma (PRP). Data are presented for defects
in both the medial femoral condyle (MFC) and the lateral trochlea sulcus (LTS). In neither the MFC or the LTS is there a statistically
significant difference between the 4 treatment groups.

Table 5. Summary Data for the Mechanical Stiffness of the Repair Cartilage Expressed as a Percentage of the Contralateral Limb
Cartilage

Empty defect Scaffold only CBMA PRP
MFC LTS MFC LTS MFC LTS MFC LTS
Mean 126.4 85.4 97.2 79.3 97.6 8l.1 102.1 82.5
Standard deviation 66.8 13.8 13.8 8.1 25.6 17.7 17.2 1.4
Standard error 29.9 6.2 5.6 33 10.5 7.2 7.0 4.7
Lower 95% CI 435 68.3 82.7 70.9 70.7 62.5 84.0 70.5
Upper 95% Cl 209.3 102.5 1.7 87.8 124.4 99.7 120.2 94.4

P <0.05

Note: CBMA = concentrated bone marrow aspirate; PRP = platelet-rich plasma; MFC = medial femoral condyle; LTS = lateral trochlea sulcus; Cl =
confidence interval.

Table 6. Summary Data for the Mechanical Stiffness of the Repair Cartilage Expressed as a Percentage of the Perilesional Cartilage

Empty defect Scaffold only CBMA PRP
MFC LTS MFC LTS MFC LTS MFC LTS
Mean 104.9 92.0 97.3 87.3 111.9 86.1 98.0 86.7
Standard deviation 16.9 49 11.4 12.2 30.3 21.0 10.9 1.7
Standard error 7.6 2.2 4.6 5.0 12.4 8.6 4.4 4.8
Lower 95% CI 83.8 85.9 85.3 74.6 80.1 64.1 86.6 74.5
Upper 95% CI 125.9 98.0 109.2 100.1 143.6 108.2 109.4 99.0

P <0.05

Note: CBMA = concentrated bone marrow aspirate; PRP = platelet-rich plasma; MFC = medial femoral condyle; LTS = lateral trochlea sulcus; Cl =
confidence interval.

in the scaffold + CBMA group compared to the other Safranin O staining (Fig. 3). In the empty defects, positive
groups, and cysts were only detected in the control and  Safranin O staining was seen in the repair tissue in all MFC
control + scaffold groups; 22% of sections from the empty empty defects, with relatively poor staining in the LTS
or scaffold only groups had cysts compared to none in the ~ empty defects. In the defects that had been filled with
scaffold + PRP or scaffold + CBMA groups. scaffold only and scaffold + CBMA, there was moderate
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Figure 2. Modified O’Driscoll histology scores for empty osteochondral defects (Empty), osteochondral defects filled with ChondroMimetic
scaffold (Scaffold), osteochondral defects filled with ChondroMimetic scaffold loaded with concentrated bone marrow aspirate cells
(CBMA), and osteochondral defects filled with ChondroMimetic scaffold loaded with platelet-rich plasma (PRP). Data are presented
for defects in both the medial femoral condyle (MFC) and the lateral trochlea sulcus (LTS). In neither the MFC or the LTS is there a
statistically significant difference between the 4 treatment groups, although there is a strong trend towards an increased score in the

scaffold/PRP defects compared to the empty defects.

staining in all sections. In the scaffold + PRP sections, there
was strong Safranin O staining, indicating high proteogly-
can content within the repair tissue.

Cellular organization (Fig. 3). In empty defects, there was
little evidence of organized repair tissue; however, in scaf-
fold-filled defects, there was some evidence of more orga-
nized tissue being produced. In the MFC of scaffold only
defects, chondrocytes were seen in lacunae arranged in col-
umns in the deep zone, with more flattened chondrocytes in
the superficial zone. This was seen mostly in the lateral
margins, with more disorganized tissue often found cen-
trally. In the CBMA group, disorganized cellular organiza-
tion was seen, particularly centrally. In contrast, in the
scaffold + PRP defects, there were rounded cells orientated
in a columnar fashion, within lacunae, in the deep and mid-
dle zones, becoming more flattened closer to the superficial
layer.

Collagen immunohistochemistry (Figs. 5 and 6). All empty
defect repair tissue showed positive type I collagen staining
with no pericellular type VI collagen staining and little type
I collagen staining, indicating a fibrocartilage tissue fill. In
defects filled with scaffold only, the repair tissue demon-
strated both type I and II collagen staining with pericellular
type VI staining in the lateral margins of the repair tissue,
indicating a mixed hyaline/fibrocartilage repair. In the scaf-
fold + CBMA group, both LTS and MFC defects showed
good type II collagen staining and reduced type I collagen
staining compared to the scaffold only treatments, with
pericellular type VI collagen present at the margins of the
MFC defect. In the scaffold + PRP defects, there was strong
type II collagen staining with mild type I staining. In the
MFC defect, pericellular type VI collagen was detected
throughout the repair zone. These results, combined with

the Safranin O staining and cellular organization, would
suggest that scaffold + PRP produce repair tissue with more
characteristics of hyaline cartilage.

Discussion

Autologous products such as CBMA and PRP are readily
available biological factors, which can easily be delivered
into osteochondral defects carried by biosynthetic scaf-
folds. Both CBMA and PRP are currently “fashionable”
treatments and are being used to treat many orthopedic
conditions. In this pilot study, we have examined the effect
of the addition of CBMA and PRP to a biphasic scaffold in
the treatment of an acute ovine osteochondral injury model
but have shown no statistically significant improvement in
any of the quantitative end points studied. There was no
significant difference noted in the gross cartilage repair
score, the mechanical stiffness of the defects between
groups, or the quantitative histology score of the repairing
cartilage. Qualitative assessment of the repair tissue with
Safranin O, assessment of the architecture of the cartilage
produced, and immunohistochemistry staining suggested
that repair tissue with more features of hyaline cartilage
was produced in the scaffold + PRP group over the other
treatment groups. This was assessed by observing an
increase in type II collagen and reduction in type I collagen
immunohistochemical staining in these sections, with peri-
cellular type VI collagen staining of the cells throughout
the chondral repair tissue, which has been proposed to
indicate a mature chondrocyte phenotype.”® These findings,
in combination with the strong positive Safranin O staining
indicating proteoglycan deposition within the ECM, and
rounded chondrocytes with zonal organization, would be
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Figure 3. Histology sections stained with Safranin O/Fast Green, representing the median modified O’Driscoll scores of the MFC of
treatment groups. (A and E) Empty defects, (B and F) scaffold only, (C and G) PRP + scaffold, and (D and H) scaffold + CBMA. (A-D)
Ix magnification, and (E-H) 10x magnification. The edge of the defect is marked with a black line. Good lateral integration is seen in all
the scaffold-filled defects. The thickness of the cartilage layer in the PRP group is nearly normal (C); however, a central cleft is noted.
Strong Safranin O staining is noted within the PRP + scaffold ECM, with some evidence of organized tissue being produced.

suggestive of repair tissue with more characteristics of hya-
line cartilage when PRP is loaded onto the biphasic scaffold
prior to implantation into an osteochondral defect.

In addition to these effects on cartilage repair, the pres-
ence of autologous factors on the scaffold had an effect on

scaffold retention and cyst formation within subchondral
bone. The presence of CBMA on the biphasic scaffold
markedly reduced the amount of residual scaffold present in
the lesion; that is, most of the scaffold had been resorbed at
the 26-week time point. A further interesting finding was
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Figure 4. Residual scaffold and cyst formation in empty osteochondral defects (Empty), osteochondral defects filled with ChondroMimetic
scaffold (Scaffold), osteochondral defects filled with ChondroMimetic scaffold loaded with concentrated bone marrow aspirate cells
(CBMA), and osteochondral defects filled with ChondroMimetic scaffold loaded with platelet-rich plasma (PRP). Data are presented for
defects in both the medial femoral condyle (MFC) and the lateral trochlea sulcus (LTS).

that, in the absence of a scaffold or with the scaffold alone,
22% of the lesions had a large cyst in the subchondral bone
region compared to no cysts being detected in the presence
of PRP or CBMA on the scaffold. Subchondral bone cysts
are often detected in osteochondral repair models; in a simi-
lar caprine study, cysts were detected in 17% of scaffold
only defects,'' whereas in a sheep osteochondral autograft
model, 60% of the operated defects developed cysts.26 The
mechanism by which cysts form is not fully known; how-
ever, it has been suggested that cyst formation in the osteo-
chondral repair is secondary to synovial fluid pressure on
the subchondral bone. It may be that the addition of CBMA
or PRP may promote tissue fill in the cartilage defect area
more quickly than occurs in empty defects or those filled
with porous scaffold alone, effectively sealing off the sub-
chondral bone from the synovial fluid more rapidly and
decreasing cyst formation.

The mechanism by which PRP may be exerting an effect
on cartilage repair tissue is not fully proven. Previous
work in our group has demonstrated release of TGF-B1,
PDGF-AB, and FGF-2 from the biphasic scaffold used in
this study.” It is hypothesized that the effects of these
growth factors may contribute to the formation of a more
hyaline cartilage-like phenotype in the repair tissue
observed in this study when PRP is included with the scaf-
fold to assist repair of the osteochondral lesions. However,
the effect of PRP upon osteochondral healing is clearly not
fully understood, with limited studies being performed in
large animal models. Kon et al. noted that the addition of
PRP to a triphasic hydroxyapatite-collagen scaffold had a
negative effect on osteochondral lesion repair in an ovine
model?’; PRP induced a highly amorphous cartilage repair
tissue with poorly organized subchondral bone. In a caprine

model, the use of PRP as an adjunct to autologous chondro-
cyte transplantation did not lead to improved results.”®
However, in an ovine microfracture model, adjunctive use
of PRP produced repair tissue that was more histologically
differentiated,” while in a small animal (rabbit) model,
PRP has been shown to have a positive effect on osteochon-
dral repair in combination with a polyglycolic scaffold.*

One of the limits of using PRP at the current time is that
the method of production and the product obtained are not
standardized.**' In this study, both CBMA and PRP were
prepared from the individual animal prior to scaffold load-
ing and implantation, and marked individual variability in
the product applied to the scaffold was noted. The range of
cells present within the CBMA was between 0.25 to 6.87 x
10°/L, while the range of platelet numbers in PRP was
between 210 and 3,634 x 10°/L with a concentration range
of between 3.0 and 33.9 times. As other authors have done,
we performed a preliminary study prior to this pilot study to
optimize the centrifugation required to provide a standard
concentration of platelets; however, this was poorly achieved,
despite this initial work. It has been suggested that the opti-
mum platelet concentration required for maximum healing
efficacy is 1 million platelets/uL and that greater than this
amount may lead to an inhibitory effect.’? There was some
evidence that an inhibition effect may be occurring in the
study reported here, with a negative correlation found
between the platelet concentration factor and the O’Driscoll
score in the LTS samples. However, despite concerns being
raised in the literature as to the effect of leucocytes in the
PRP preparations obtained from the currently available
commercial preparatory systems,”?* no correlation was
found between leucocyte concentration and the osteochon-
dral repair observed in this study.
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Figure 5. Immunolocalization in the MFC of collagen types | (A-D), Il (E-H), and VI (I-L) for empty defects (A, E, and 1), scaffold only (B,
F, and J), PRP + scaffold (C, G, and K), and CBMA + scaffold (D, H, and L) (10x magnification). Positive staining is signified by the brown
color. Positive type | staining is seen in the empty defect (A) and scaffold only (B) with limited type Il staining (E and F, respectively).
Improved type Il staining is observed in the PRP group (G) with pericellular type VI staining (K, denoted by black arrowhead).

This pilot study does have some limitations in addition
to the variability in the PRP obtained for application onto
the scaffold. Firstly, healing within the empty defects was
noted. In many cases, good defect fill with fibrocartilage-
nous repair tissue was seen, often with similar properties to
the treatment groups. This observation does question
whether the 5.8-mm osteochondral defects are of critical
size. Jackson et al. have shown that a 6-mm defect is of
critical size in the MFC of Spanish goats.*® Osteochondral
defects were made in the weightbearing portion of the MFC,

which did not spontaneously heal by 12 months after cre-
ation. These animals are of similar size and weight to the
Welsh Mountain sheep used in this study, hence why an
approximately 6-mm defect was chosen for this study. The
width of the femoral condyle is a major determinant of the
size of defect that can be made. If a larger defect than 6 mm
were created, a significant alteration in topographic anat-
omy would be made to the condyle, and a likely marked
change in tibiofemoral contact pressures would be estab-
lished.*® We therefore suggest that increasing the size of the
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Figure 6. Photomicrographs demonstrating type VI collagen immunohistochemistry in repair tissue. (A) Type VI collagen staining
in normal cartilage, adjacent to an osteochondral defect. Type VI collagen is seen as a pericellular halo around all the chondrocytes
in the section. (B) Fibrocartilage repair within an osteochondral defect: there is no pericellular type VI collagen present, indicating a
lack of maturity of the chondrocytes in the repair tissue. (C) A mixed hyaline/fibrocartilage repair within an osteochondral defect. In
this section, there is strong pericellular type VI collagen staining associated with the chondrocytes in the deep zone, adjacent to the
subchondral bone (dark stained cells), indicating that these cells are mature hyaline chondrocytes. In the overlying, more poorly organized

tissue, there is no pericellular staining, indicating a lack of maturity in these chondrocytes.

defect could not only be detrimental to the repair tissue but
also the perilesional cartilage as well. However, even if this
5.8-mm defect is considered as below the critical size for an
osteochondral defect at this site, the observation that neither
PRP nor CBMA applied to a biphasic scaffold could assist
with the healing, as measured by a number of quantitative
assessments, is even stronger evidence that these factors are
not beneficial in tissue healing at this site, even in lesions
that are small enough to require no healing assistance.

A second limitation of this study was that the quality of the
repair was only assessed at 26 weeks, when the lesions were
not fully healed. It may be hypothesized that healing would
be more advanced at a later time point and that a more accu-
rate comparison between treatment groups could be made.

In conclusion, the results of this pilot study suggest that
the addition of CBMA combined with a collagen-GAG

biphasic scaffold shows no benefit over an empty 5.8-mm
osteochondral defect or a defect filled with the scaffold
alone apart from a reduction in subchondral cyst formation.
The addition of PRP/scaffold to the defect did not improve
tissue repair, as measured by quantitative assessment, but
showed evidence of a more hyaline-like cartilage repair tis-
sue in the defect and a reduction in subchondral cyst forma-
tion. Given that PRP is a cheap, readily available biologic,
we would suggest that it merits further investigation in a
larger large animal trial, possibly with an extended period
of study of up to 52 weeks.
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