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Abstract

Purpose

BoneMarrow Stimulation BMS) improves knee joint function but elicits incomplete repair.
Liquid chitosan (CSplycerol phosphate/blood clots have been shown to im@Bd&-based
cartilage repair. Plateleich-plasma (PRP) a rich source of growth factors and cytokines
improves ecruitment and chondrogenic potential of subchondral mesenchymal stem cells. We
hypothesizd that repair response in a rabbit chronic defect madeimprove when freeze

dried chitosar?RP is used to augmeBMS.

Methods

Bilateral trochlear defectseatedn New Zealand White rabbitgere allowed to progress to a

chronic stage over 4 weeks. Chronic defects were debrided and tre&b®tSby second

surgery then augmentedith PRP(BMS+PRP)or chitosarPRP implantsgMS+CS/PRP).The

guality of 8 weekrepair tissue was assessed by macroscopic, histological and@i@oalysis.

Results

ICRS macroscopic scor@dicatedfibrocartilaginous or fibrous repair in control defetttat

wereimproved intheBMS+CSPRPgroup An overall improverant in repaiin BMS+CS/PRP
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groupwas furt her confir med b3y amdi%goHievalue@ More i sc ol |

CT analysis of subchondral bone indicateegomg remodeling with repair still underway.

Conclusion

Quality and quantity of cartilagepair wasimproved when chitosdRRP implants were used to

augmenBMS in a chronic defect model.
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Introduction

Bone marrow stimulatiorBMS) is a purely surgical process which initiates cartilage
repair by fracturing or drilling into subchondraire.BMS proceduresnitiate theformation of a
blood clotaround fracturé bonefollowed bymigration of subchondral progenitor cells which
differentiate into a chondrogenic phenotype to form a repair tissue with variable amounts of
hyaline and fibrous cartilagd]. Therepair tissue is typically characterizedlbw quality and

compromised durability, and larger lesions in older patients are even more challenging to treat.

One possible reason for the poor performand@\s is that the blood clot rapidly shrinks
to a fraction of its initial size due to plateleediated clot retraction, resulting in lackdsfect
filling and possible detachment from the tissue surface. One way to prevent clot retraction is to
add chitosarfCS), a polymer of glucosamine andddetyl glucosamine units, to the blo&j.
Liquid CS-glycerol phosphate (GP)/blood implactn beapplied oveiBMS-treatedcartilage
defects where they coagulatesituand inhibit plateletediated clot retraction leadingttoe
formation of a voluminous, adherent and physically stable clot with access to underlying marrow
[3]. When used in conjution with BMS proceduresCS-GP/bloodimplants promote cell
recruitmenttransient vascularizaticendsubchondral bone remodelitegading tointegrated
repair and increased hyaline character of the repair i2shie These implarg were tested
clinically [6, 7] and have now been approved in severahtiwes to treat cartilage lesions (BST
CarGeN, Smith and Nephew, USADne drawback of this technology is that liquid CS

solutions have limited stability during storage due to acid hydrolysis of CS and loss of viscosity
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[8]. A freezédried form of CS would not only overcome this limitation by increasing stability

and shelf life but also permit easier sterilization.

A microenvironment stimulating chondrogenic differentiation of mardanived
mesenchymadtem cells BMSCs) may be achieved by addition of plateleh-plasma (PRP) to
the defect milieu. PRP is prepared by sequential centrifugation of whole blood and is a rich
source of growth factors and cytokines such as PDGF, VEGF, IGF, EGF etc whiem play
important role in inflammatory and wound repair phenonj@rl]. Earlier studies have shown
that PRP can induce a significant improveme®NMSC recruitment, angiogenegis?, 13],
expression of cartilage matrjk4], proliferation and viability of abndrocytes an8MSCs[15-
16] as well astimulate migration and chondrogenic potential of subcho®BMS8Cs[17].

Using an ovine chronic defect model, Milagial showed that when used as an adjun&Nts,
PRP enhanced the repair response veB8lS alone [18]. Although the application of PRP
improved the macroscopic and mechanical outcome, the hyaline nathegeair tissue was
still lacking. Theefficacy of PRP in improving cartilage repair has been questioned due to
multiple studies reporting less positive results in animal mgiiel22]. We believe that inferior
outcome with PRP could arise from the poor stability of PRP tlotsyo, which s even more
pronounced than blood cldi83]. Combination of PRP with CS may help in overcoming this

limitation thereby increasing residency and bioactivity of PRP.

Progression to advancethges of osteoarthritis (OA) may be prevented by early diagnosis

and treatment. However, in cartilage lesions that are asymptomatic for longeji2dn2ss

BMS may have more severe limitations and therefore be less effective in treating older, chronic
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ard extensive lesions. Chronic defects may alter joint homeostasis resulting in less favourable
clinical outcome$26-28]. To better represent this clinical situation, we developed-alimieal
model to simulate degenerated chronic defects and examipetthgial ofBMS combined with
CSPRP in improvement of cartilage regeneration in chronic defects that are more challenging
than acute lesions. It is already known that osteochondral defects smaller than 3 mm in young
rabbits possess the potential for spontaneous regendjamd seeral studies have reported

a period of apprarately 1 month to be adequate for development of chronic defect model in
small animalg30,3]. Accordingly, we used skeletally mature rabbits with a defect size of 4 x 4
mm developedo chronicityover a perid of four weeks. With these aspects in mind we carried
out this study to test the hypothesis that augmentati&Ws with freezedried CSPRP

implants would improve repair response in a rabbit chronic defect model comp&td& to

augmented with recalciftePRP
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Materials and Methods

Preparation of freezedried chitosan formulation and PRP isolation

Freezedried CScakes consisted of®6% (w/vol)CSwith 1% (w/vol) trehalose and 42.2
mM calcium chlorideTo prepare0.056 gCS (Number average molar mask 36.6 kDA and
80.2% DDA, produceth-houseand characterizedith NMR spectroscopj32] and size
exclusion chromatography/mutingle laser light scatterirj@3]) was mixed with 7.69 water
and 156ul of 1 N HCI. Following overnight mixing, 1.56 nof 3% (w/w)CaCb and 666 plof
15% (w/v) trehalossolutions were added and the final solution was sterilized by filtration.
Finally, 300yl aliquots were prepared in 2 sterileglass vials and freezgried usinghe
following conditions:1) Ramped freezing t@l0°C in 1 hour then isothermal 2 hours4°C, 2)
-40°C for 48 hours at 100 millitorrs and 3) Ramped heating € 39 12 hours then isothermal 6

hours at 36C, at 100 millitorrs.

Autologous PRP was generateddggiuential centrifugation of citratsmticoagulated
whole blood Approximately9 ml of autologous blood was extracted from rabbit and mixed with
1 ml of 3.8% (w/vol) sodium citrate before further processing. The whole blood was centrifuged
at 160gfor 10 minutes. Following collection of the supernatant in addition to aqpmprately the
first 1-2 mm of erythrocytes, a second centrifugation was carried d@0gtfor 10 minutes.
Bottom 1.5 ml fraction containing PRP was isolatedmplete blood counts revedlthat, on
average, the ratio of platelets, leukocytes and erythrocytes in isolated PRP versus whole blood

was 3X, 1X and 0.1X, respectively, which makes this a leukeoshePRP.
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Experimental design and rabbit surgical model for cartilage repair in chranic lesions

Canadian Council on Animal Cageidelinesvere observed and research protocol was
approved by an institutional ethics committee for animal research. Using skeletally mature
femaleNew Zealand White rabbits, the chronic defect model wasviilgtated in a pilot study
utilizing a small number of animals (BFand short duratior(weeksdevelopment tehronicity
followed by3 weekgepai. The objective was to assess the feasibility of development of the
model as well as compare fresh chrahédects (n=Xnees) tachronic defectafter 4 weeks
development (n=2 knees) argpair responses inducadchronic defectby BMS alone(n=1
knee)andBMS augmented with 1%w/v) CSPRP implantgn=1 knee) PRP controls were not
includedin this pilot sudy since the aim was to validate the chronic model rather than study the

effect of treatments.

A larger group1§=8) of skeletally mature (8 months old) female New Zealand White
rabbitswere then used in a bilateral model that limits the influendetefanimal variation via a
contralateral control. Two surgeries were performed to assess the development and repair of
chronic cartilage defects. Following induction with xylazketamine, animals were maintained
under general anaesthesia using isolineoxygen. Bilateral, parapatellar arthrotomies were
performed to expose the synovial joint. Rillickness chondral lesions measuring 4 x 4 mm
were created in the trochlear central groove by scraping withnti®.75 mm flat surgical
blades taking caneot to remove calcified cartilage. Knees were closed in sutured layers. A

second surgery was performed four weeks later and the original lesion identified. Calcified
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cartilage (CC) and repair tissues (when present) were completely debrided fleirndade to

expose the underlying subchondral bone, without damaging the subchondral bone plate. Using a
high speed microdrill, four subchondral perforations measuring 0.9 mm diameter and 6 mm deep
were made on each trochlear defect in both kreeslar to whawas done previously by our

group in acute mode[84,39. Constant coolingrigation was applied for removal of loose bone
debris and prevention of heat necrd8i§. The defect on one knee received treatment with one
drop of CSYPRP mixtureImmediately before implantation, ti&S cake (30QuL) was

solubilized with 300 pL autologous PRP. One drogCc&PRP was applied to the drilled

trochlear defect using a 1 ml syringe d@&auge needle. The contralateral defect was treated

with one drop of PRP recalcified with 42.2 mM calcium chloride. In both cksess were

closed five minutes post application. The treatments were alternated between right and left knees
[Fig. 1]. The patella was repositioned and knee was closed in sutured layers. No perioperative
antibiotics were administered after either surdmriyanimals received extended analgesia with a
fentanyl transdermal patch. Knees were allowed unrestricted motion and constantly monitored
for infections and other complications following both surgeries. Animals were sacrificed eight
weeks later and kneegere harvested for comparison of marrow stimulated repair response in
presence o€SYPRP BMS+CS/PRP group, n=8 knees) and recalcified PRRI+PRP group,

n=8 knees).

10
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Fig. 1: Procedure of surgical manipulation to create and treat chronic defects using

BMS+CS/PRP implants (left panels) BMS+PRP (right panels). a,b: Creation of 4 x 4 mm
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defects by debriding all necalcified cartilage from trochlea; c,d: Appearance of chrdefects

four weeks after creation at the time of second surgery; e,f: Treatment of defects by debriding

spontaneous repair tissue (when present) and calcified cartilage and drilling 4 holes measuring

0.9 mm in width and 6 mm deep; g: Application of CS/RRplant at defect site; h: Application

of recalcified PRP at defect site.

Characterization of repair

paraformaldehyde /1%glutaraldehyde /0.1M Sodium cacodylat& @kH.ow magnification

images of fixedepair tissuesvere obtained with a dissection microscope equipped with digital

Animals were sacrificed by overdose of pentobarbital and femoral ends were f#d in

camera to determine their gross structure and appearance using Northern Eclipse software

(Empix Imaging). Images okpair tissuesverescored by two independent, blinded readers

using the ICRS macroscopic scoring systeanging from O, for severely abnormal to 12, for

normal)[37]. Scores from two readers were averaged and used as an indicator of gross pathology

of repar tissues

Samples were decalcified in EDTA with trace paraformaldehye mheédded in OCT and

transverseections were obtained from three levéigm themiddle of theproximal and distal

holes androm between holes. Sections were stained with Safranin O/Fast Green and scanned

using a Nanozoomer RS system (Hamamatsu, Japeapair tissuevas defined as all nen

mineralized tissue abotbe subchondraboneplate. Digital SafO stained sections were score

by

t

W O

i ndependent ,

bl

nded

observers

us

12

ng
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scoring methodranging from 0, for worst tissue quality to 27, for best tissue quatibgified
to assess subchondral bone health by an additional 3 poinfShl&ach SafO stained section
was assessed for 10 critefi@. 6¢) to evaluate quality afepair tissuen addition to health of
adjacentartilageand subchondral bone repdihe scoresbtainedrom threesectionsvere
averagedor both readers and useal fassessment of quality of fill in defe¢t€C of 0.86 for

total OO6Driscoll. score for both readers)

Sections collected from each defect were also used to determineC/s®alf %oColll in
the chondratepair tissuaising a previously described metH@®]. Briefly, softrepair tissues
were cropped by identifyingrojectedarticular surface and tidemark with the help of flanking
articular cartilage andccounting for the curvature tifetrochlear groove. Only the so#pair
tissueabove the tidemark was used to determinedaterationvalue threshold limits for S&®
andColl-1l. %SatO and %Colll positive region ofepair tissuesvere measured ugirin-house

Matlab routine software.

MicroCT analysis of subchondral bone repair

Micro CT scanning of fixed femur ends was done to characterize subchondral bone repair
and remodelling (Skyscarnray microtomography 1172, Kontich, Belgium). Femurs were
scanned with an aluminium filter at 14.1 uM pixel size resolution with-aayXsoure voltage
of 56 kV, 1180BMSec exposure, 0.45 rotation steps and 3 averaging frames. Trochlear micro
CT image stacks were first reconstructed WtRecon software 1.6.11sing the following

parameters: Smoothing of 2, Ring artifact reduction of 10, Beam hardening correction of 40%.

13
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Datasets were repositioned wibataViewer software 1.4.8nd region of interest were applied
followed by 3D micro CT analysis. The regionsrmterest were of the rectangle adapted surface
type[39] and measured @m X 3 mm X 2 mm [Fig.1S. Bone morphometric parameters were
calculatedmcluding bone surface density (BS/TV), bone surface (BS), bone volume (BV),
porosity, connectivity density and number and thickness of trabeculae, by using the global

thresholding procedure in CTAN software (version 1.9.3.0, Skyscan, Kontich, Belgium).

Statistical Analysis

Statistical analyses were performed using SAS Enterprise Guide 7.1 and SAS 9.4. Since
several setionswere collected from both legs of each rabbit, a mixed model was used to account
for the influence of donor. Fixed effects wéreatmentsBMS+PRP, n=8 knees and
BMS+CSPRP, n=8 kneesyvhile donorwas a random effect. Data in figures are presented as
mean (diamond); median (line); Box:'28nd 7% percentile; Whiskers: Box to the most

extreme point within 1.5 interquartile ramgo<0.05vasconsidered statistically significant.

14
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Results

Freeze dried chitosaPRP implants induced inflammatory and wound bloom repair

responsein chronic cartilage defects

Althoughdebridement appeared to have preserveddlwfied cartilagentact due to
absence of any punctuate bleeding at the timeitodl surgery{Fig. 1a,b] the histological
examination of SaO stained transverse sections of fresh defects showechthdited cartilage
had been partly debrided [Fige,i]. Chronic defects were noticeably distinct from the
surrounding healthy tissue after 4 weeks [Fig. 1@ddl esidualcalcified cartilage along with
spontaneous repair response arising from the bone was occasionally olpSeyvat]j].
Completedebridement down to subchondral bone was perforonied to BMS [Fig. 1e,fland

application ofeither CS/PRP [Fig. 1gjr recaldfied PRP [Fig. 1h]

Defect treated wit BMS+CS/PRP showed incomplete repair at 3 wégElg 2c] and
histological examinationf SatO stained transverse sectdaken through holes revealed
depressedepair tissues anehlarged remodeling drill hol¢Big. 2g,k], reminiscent of a wound
bloom repair respong@3]. Drill holes were devoid of subchondral cartilagel mostly filled
with apolymorphonuclear celiich granulation tissyevhere neutrophils colocalized wi@S
[Fig. 2g,k]. Contralateradlefecs treated withBMS alonealsodemonstrated incomplete repatr
3 weeks [Fig2d] and Istological examination showed fibrocartilaginarsdendochondral
ossificationrepairresponsg associated with chondrocyte hypertrophy and vascular invasion

[Fig. 2h,1].

15
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Saf-O/Fast Green

Macroscopic appearance

Fresh
defect

Chronic
defect

Chronic defect
treated
with BMS+CS/PRP

Chronic defect
treated
with BMS

SR

Fig. 2: Macroscopic and histopathological assessment of fresh defect (amiicadefect after
4 weeks development (b,f,j), chronic defect treated BNIE+CS/PRP implant (c,g,k) and

chronic defect treated witBMS alone (d,h,l). (e,i): Debridement was not homogenous and

254  varying levels of calcified cartilage (CC) and debrided bone (DB) were seen in freshly debrided

255 defects. (f,)): After 4 weeks, chronic defects showed evidence of partial spontaneous repair (SR)
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in some areas along with tufts of calcified cartilage (CC). (g,k): Granulation tissue formation
(GT) and enlarged drill holes were seen in presence of CS/PRP implants. (h,):
Fibrocartilagenous repair and endochondral ossificati@) (ffocess were seen in pesce of
BMS alone, associated with chondrocyte hypertrophy (HT) and vascular invasion (VI). Red
dotted lines in & h represent original drill holefiole enlargement and wound bloom effect is

apparent in defect treated wBMS+CS/PRP (g). Scale bar-fg:1 mm, (i): 100 pm.

Chitosan/PRP implants solidified quickly in situ and improved the macroscopiaepair

appearance in chronic defects

Clear differences in the solidification and stability of implants were observed at the time of
surgery. On average, CS/PRP implants solidifresitu within 30-60 seconds. In contrast, in
most cases, recalcified PRP implants did not coagulate even after passage of 5 minutes.
general, asessment of 8 week repair outcome was found to be germoaljFig. 3], most
likely due to the chronic nature tife current defectsncomplete filland poorepair tissue
integrationto adjacent cartilage tissue were observed in both gf{figps3]. Defect surfaces
were significantly depressed with irregular surfiieig. 3]. Appearance afepair tissusvaried
from dense white, glossy to reddish, spongy or tiiy. 3]. Although higher foBMS+CSPRP
group Mean scorel. 75+ 2.25 compared tBMS+PRP group (Mean scoB25+ 2.05),
macroscopic ICRScores did not show a significant difference between treasnjen0.16)

[Fig. 3e].
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Bone Marrow Stimulation ~ Bone Marrow Stimulation

CS+PRP (BMS+CS/PRP) PRP (BMS+PRP)

Best Score

ICRS Score
()]

D
f

) L

Worst Score BMS+CS/PRP BMS+PRP

Fig. 3: Best (a,b) and worst (c,d) repair response in defects treate@MB+CS/PRP (a,c) and
BMS+PRP (b,d). Scale bar=1 mm. (éylean macroscopic ICRS score was higher {non

significant) in defects treated wiBMS+CS/PRP versus defects treated VBMIS+PRP.

However,the BMS+CS/PRP group had the only instance akarly normalgrade 1)
repair response and ortlyo severely abnormab¢ade I\) repair outcomeswhile the
BMS+PRP group had 4 instances eachlmfiormal (grade Ill) and severely abnorntabfie 1\)

outcomes [Table 1].
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Table 1: Number of defects in each repair category for both treatments. Macroscopic repair

scored according to the ICRS system.

Grade of repair BMS+CS/PRP BMS+PRP
| (12-Normal) 0 0
Il (8-11 Nearly Normal) 1 0
[l (4-7 Abnormal) 5 4
IV (1-3 Severely Abnormal) 2 4

Histological assessment showed superior repair in defects treated withitosanPRP

implants

Higher expression of GAGs and type Il collagen was observed in defecthalitbst
histological scores [Fig.4 a,b,i,j,e,f,m,n], compared to defects with lowest scores [Fig.4
c,d,k,1,g,h,0,p]. Where present, repair tissues showed good integration ttyingdsone,

although bonding with adjacent cartilage was poor in both groups [Fig.4].

19



301

302

303

304

305

306

307

308

309

310

Fig. 4. Comparison of histopathological assessment of best and worst repair tissues generated by
BMS+CS/PRP an@MS+PRP.(a-h): SafO staining for best (a,b,e,f) and worst (c,d,g,h) repair
outcomes(i-p): Coll-Il immunostaining for best (i,j,m,n) and worst (k,l,0,p) repair outcomes;

Scale bars 2.5mm{@&& i-I) and 500 pum (éh & m-p).

Restoration of surface, structural integi@ind thickness were all improved by
BMS+CS/PRP treatmeifp=0.05, p=0.0001 and p=0.002, respectivff§g.5 a,b,c,d] and [Fig.6

b]. Hypocellulartissuewasless frequentlpbserved iBBMS+CS/PRP groupnd incidence of
20



