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RESUME

Les maladies musculo-squelettiques constituent un probléme important dans la pratique
orthopédique. Les pathologies méniscales font partie des blessures les plus fréquentes au genou de
I'articulation fémorotibiale, ce qui pose un défi unique aux chirurgiens orthopédistes et constitue
une source majeure d'invalidité dans le monde. Le ménisque est un tissu complexe
fibrocartilagineux qui absorbe les chocs lorsque les forces sont transmises au compartiment
articulaire. Le taux et la réussite de guérison sont limités par les caractéristiques des déchirures,
I'état chronique ou aigu, le profil du patient et la stabilité des articulations. Les techniques et
traitements actuels de guérison ne sont efficaces que pour les lésions des zones vasculaires externes
du meénisque, tandis que la guérison des lésions dans les zones avasculaires internes du ménisque
demeure difficile, en particulier dans les cas de déchirures complexes ou traumatiques et
dégénératives. La méniscectomie arthroscopique est la chirurgie du genou la couramment
effectuée. Elle genére souvent une instabilité fonctionnelle a long terme et finit par évoluer vers
une arthrose précoce du genou. La guérison du ménisque et les allogreffes constituent un traitement
alternatif a la méniscectomie. Le fardeau clinique et financier important de I'arthrose pousse les
scientifiques a étudier des stratégies d'augmentation et de régénération pour stimuler la réponse
tissulaire du ménisque. Tout le processus de développement du produit, I’innocuité et l'efficacité
des implants médicaux doivent étre testés sur des modéles animaux précliniques avant I'application
en clinique. Déterminer le modele animal le plus approprié pour étudier les mécanismes et les
processus de guérison du ménisque est essentiel. Ainsi, les grands modéles animaux qui
reproduisent la fonction biomécanique, lI'anatomie et la composition du ménisque humain sont
intéressants et pertinents. Les ovins sont I’'un des modéles bien établis d’évaluation préclinique des
outils de remplacement et de guérison du ménisque. Mon objectif initial était d’effectuer une revue
de la littérature portant sur les traitements actuels pour les lésions du ménisque, ainsi que les
stratégies d'augmentation les plus courantes pour augmenter le taux de guérison du ménisque telles
que la tréphination, I’abrasion synoviale, I’injection de plasma-riche en plaquettes (PRP) et
I’enrobage a 1’aide de matériaux de matrice extracellulaire. J'ai également discuté pourquoi des
implants de chitosane et de composés sanguins autologues seraient en mesure d’améliorer la
guérison du ménisque. Cette revue couvrant les algorithmes de traitement des Iésions du ménisque
m'a guidée vers une meilleure conception de mes recherches expérimentales au cours de mon

doctorat. L'utilisation de PRP autologue a été proposee pour des applications cliniques potentielles,
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en raison de sa simplicité d'isolation et de sa disponibilité. Le chitosane possede des effets
thérapeutiques bénéfiques dans le contexte de pathologies orthopédiques. Des essais comparatifs
randomisés et controlés sont nécessaires dans le domaine de la guérison du ménisque pour
améliorer les symptdémes chez les patients, la fonction articulaire et la qualité de vie. Il a été
démontré que les formulations lyophilisées de chitosane (CS) pouvant étre solubilisées dans du
PRP améliorent la guérison du cartilage et de la coiffe des rotateurs dans des modeles animaux
précliniques. Ces études m'ont motivé et m'ont amené a évaluer les mécanismes d'action et le
processus de guerison induits par le chitosane-PRP dans un contexte de guérison des ménisques.
Nos études in vivo nous ont permis d’affiner le modéle de mouton afin de se rapprocher de 1’état
pathologique de la maladie articulaire chez I’homme. Nous avons découvert qu’augmenter la
guérison du ménisque en utilisant des implants hybrides chitosan-PRP en combinaison avec des
sutures, la tréphination et 1’abrasion est bénéfique et sans danger pour les traitements des anomalies
méniscales complexes, ce qui pourrait prévenir 1’apparition précoce de 1’arthrose a long terme.
Cependant, des travaux futurs sont nécessaires pour améliorer davantage les propriétés
régénératrices, comprendre les mécanismes en jeu et évaluer I'effet des implants a long terme. Nous
avons effectué une observation clinique, évalué la rétention des implants, une évaluation
microscopique et macroscopique du ménisque, de la membrane synoviale et du cartilage et avons
effectué une cartographie électromécanique des surfaces du cartilage articulaire, a 3 semaines, 6
semaines et 3 mois apres la chirurgie. Nos hypotheses de départ pour ces études pilotes de
faisabilité étaient les suivantes : 1) La réparation du ménisque serait améliorée par lI'application de
CS-PRP aux lésions, mais pas par I'application de PRP uniquement ; 2) Que la guérison seraient
améliorés en utilisant des implants CS-PRP en conjonction avec la technique d'enrobage par
rapport aux implants CS-PRP injectés dans le site de la lésion ou en enrobant seulement. Nous
avons constaté que le modéle de Iésion unilatérale permettait aux animaux de protéger le genou
traité contre la mise en charge postopératoire et d'améliorer le taux de réussite de 25 a 50% par
rapport au modele bilatéral. Les brebis boitaient de fagon intermittente quelques semaines aprés le
traitement, peu importe lequel. Les implants de chitosane-PRP residaient en partie dans les lesions
et les canaux de tréphination un jour aprés la chirurgie. Les lésions étaient visibles
macroscopiquement au moment de la nécropsie a 1 jour, 3, 6 semaines et 3 mois et les bords des
lésions étaient généralement bien apposés. Un tissu de guérison rougeatre et des signes de

néovascularisation étaient visibles dans les genoux traités au chitosane-PRP a 6 semaines et a 3
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mois et les hybrides induisaient le recrutement cellulaire de la périphérie vascularisée du ménisque
vers les canaux de tréphination. Une intégration partielle et totale entre le tissu de guérison et le
tissu méniscal d'origine a été réalisée dans ces genoux traités. De plus, les implants CS-PRP ont
été bien tolerés dans I'environnement du genou et aucune preuve d'effet indésirable n'a été observée
pendant la période de suivi. L'ajout d'une technique d'enrobage utilisant la matrice de membrane
de collagene Chondro-Gide en conjonction avec des implants CS-PRP ou avec du PRP seul n'a pas
amélioré la guérison. En résumé, nos données suggeérent que les implants de chitosane-PRP
pourraient a eux seuls résoudre efficacement les limitations actuelles de la guérison du ménisque
et posséderaient un potentiel plus grand que le PRP seul pour améliorer les résultats de la guérison
et restaurer la fonction du ménisque. Notre troisieme objectif était d'évaluer 1) La compatibilité
des formulations de chitosane lyophilisées avec différents types de systemes PRP commercialises,
et 2) De définir une gamme de degrés de désacétylation du chitosan (DDA) et le poids moléculaire
moyen en nombre (Mn) qui produiraient des formulations lyophilisées avec des caractéristiques de
performance satisfaisantes pour applications orthopédiques. Nos hypothéses de départ étaient les
suivantes : 1) Les formulations de chitosan devraient étre facilement solubles dans les PRPs du
commerce, présenter des propriétés visqueuses et coaguler en temps voulu pour produire des
caillots de chitosan-PRP hybrides homogeénes qui résistent a la rétraction et sont forts
mécaniquement, et 2). Bien que les différents systemes de préparation de PRP produiraient des
PRP ayant des propriétés variables, toutes les préparations de PRP seraient compatibles avec cette
technologie. Des formulations contenant 1% m/v de CS, 1% m/v de tréhalose (lyoprotecteur), 42,2
mM de CaCl. (activateur de la coagulation) ont été préparées avec cing chitosanes différents. Sept
préparations différentes de PRP ont été utilisées pour solubiliser les formulations, notamment : 1)
Arthrex Angel fixé a 2% d'hématocrite, 2) Arthrex Angel fixé a 7% d'hématocrite, 3) Harvest
SmartPrep 2, 4) RegenLab RegenKit-BCT, 5) RegenLab RegenKit- THT, 6) systéme de double
seringue Arthrex ACP, et 7) systeme ACE EZ-PRP. La performance des formulations de chitosane-
PRP ont éte évaluées via la solubilité, le pH et I'osmolalité, les propriétés de coagulation avec la
thromboélastographie, les propriétés de coagulation avec une méthode Lee-White modifiée, la
viscosité, I'expression des liquides, la résistance mécanique du caillot et I'homogénéité du caillot.
L’évaluation macroscopique des formulations lyophilisées a montré qu’elles étaient toutes
blanches, homogénes et Iégerement rétractées des parois de la fiole aprés la lyophilisation. Les
formulations lyophilisées ont facilement pQ étre solubilisées avec toutes les préparations de PRP.
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Les formulations de CS-PRP étaient plus visqueuses que leurs controles de PRP, ce qui est attrayant
pour une une injection in vivo. Dans le test de coagulation statique, tous les controles PRP
coagulaient, exprimaient du sérum, se rétractaient et perdaient leur masse de maniére significative,
tandis que les caillots CS-PRP résistaient a la rétraction du caillot induite par les plaquettes. Les
résultats histologiques ont révélé que la dispersion de CS était homogéne dans les caillots de CS-
PRP. Notre quatrieme objectif était d'optimiser et de réduire de 3 a 1 ou 2 jours le cycle de
lyophilisation (FD) traditionnellement utilisé dans notre laboratoire, et d'évaluer les performances
du produit avec du PRP humain et du plasma commercial. Nos hypothéses de départ étaient les
suivantes : 1) Le cycle de lyophilisation des formulations CS peut étre optimisé pour minimiser le
temps de lyophilisation global de 3 & 1-2 jours afin de produire des formulations lyophilisées
stables, 2) Les formulations lyophilisées préparés avec le cycle de lyophylisation plus court seraient
solubles dans le PRP humain, seraient visqueuses et coaguleraient rapidement pour produire des
caillots hybrides homogenes forts mécaniquement. 3) Du plasma citraté commercial peut étre
utilisé pour évaluer les performances de la formulation. Des formulations contenant 1% m/v de
chitosane DDA 82-84% Mn 45-55 kDa avec 1% m/v de tréhalose et 42,2 mM de CaCl; ont été
préparées pour lyophilisation. La méme méthodologie que celle décrite ci-dessus a été utilisée pour
évaluer la performance des formulstions lyophilisés. Les formulations lyophilisées ont été
solubilisés soit dans du PRP humain citraté soit dans du plasma commercial pour évaluer
différentes caractéristiques. Les formulations de CS-PRP étaient plus visqueuses que leurs
contr6les de PRP et de plasma. La thromboélastographie a révélé que le temps de réaction du caillot
était plus court pour les formulations de chitosane-PRP. De plus, les formulations de chitosane-
PRP ont résisté a la rétraction du caillot induite par les plaquettes, tandis que les contr6les PRP ont
perdu jusqu'a 80% de leur masse d'origine apres coagulation. Les résultats histologiques ont montré
que le chitosane était dispersé de maniere homogéne dans les caillots de CS-PRP. En résumé, nos
études pilotes de faisabilité chez le mouton ont montré des résultats prometteurs pour la guérison
des lésions complexes par injection de chitosan-PRP, qui pourraient potentiellement étre utilisé
chez I'nomme dans l'avenir. Nous avons raffiné le modele animal et montré que les animaux
pouvaient supporter les implants pendant toute la durée de I'étude sans effet délétére sur le
compartiment articulaire, ce qui suggére une innocuité. De plus, les formulations lyophilisées de
chitosane se sont révélées compatibles avec plusieurs PRP isolés avec des systemes commerciaux.

Enfin, l'optimisation du cycle de lyophilisation de 3 a 1 jour a éte réalisée avec succes et les
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formulations se sont comportées comme prévu lorsqu'elles étaient solubilisées dans du PRP ou du

plasma.
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ABSTRACT

Musculoskeletal diseases are a significant problem in orthopedic practice. Meniscal pathologies
conditions are among the most frequent knee injuries of the femorotibial joint posing a unique set
of challenges for orthopedic surgeons and are a leading source of disability worldwide. The
meniscus is a fibrocartilage complex tissue that acts as shock absorbent for forces transmitted over
the joint compartment. The rate of healing and success of current surgical meniscus repair are
limited by the tear properties, chronic or acute state, patient profile, and joint stability. Current
repair techniques and treatments are only effective for defects in outer vascular zones of meniscus
while healing of the lesion in the inner avascular zones of menisci remains a significant and present
challenge, especially in cases of complex or traumatic and degenerative tears. Arthroscopic
meniscectomy is the most common knee surgery which often leads to long-term functional
instability and eventually progresses to early knee osteoarthritis (OA). Meniscus repair and
allografts have been gaining attention as alternatives to meniscectomy. The significant clinical and
financial burden of OA drives scientists to investigate augmentation and regenerative strategies for
stimulation of menisci tissue response.

All the product development process, safety, and efficacy of medical implants need to be tested
in preclinical animal models before the application for clinical translation. Determining of the most
suitable animal proxy for investigation of mechanisms and process of meniscus healing to the
human joint is a necessity. Thereby, large animal models which duplicate human meniscus
biomechanical function, anatomy, and composition are more translatable to clinical practice. Ovine
is one of the well-established models for preclinical assessment of meniscus replacement and repair
tools.

My initial objective was to review the literature and discuss the current clinical management
guidelines for primary meniscus repair techniques as well as the most current augmentation
strategies to enhance the rate of meniscus healing by using trephination, synovial rasping, abrasion,
blood clot placement, platelet-rich plasma (PRP) injections, and wrapping with extracellular matrix
materials. | also discussed the rationale for using chitosan polymer and autologous blood
component implants to improve meniscus repair. Performing such a review covering treatment
algorithms of meniscus lesions guided me to better design my experimental research using

polymer-autologous blood component implants to improve meniscus repair during my Ph.D.
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Autologous PRP is widely used as a source of growth factors in different medical fields. Chitosan
(CS) has documented beneficial therapeutic effects in context of orthopedics pathologies. Further
randomized and controlled comparative trials are necessary in the field of meniscus and cartilage
repair for improving symptoms in patients, joint function, and quality of life. Freeze-dried
formulations of CS that can be solubilized in PRP have been shown to improve repair of cartilage
and rotator cuff in preclinical small and large animal models. This motivated and drove me to
assess mechanisms of action and repair process by using of chitosan-PRP in the context of
fibrocartilage menisci repair in sheep as a relevant large animal model.

Our in vivo studies allowed us to refine the sheep model in order to be relevant to the pathological
condition of joint disease found in the humans. We discovered that augmenting meniscus repair by
using chitosan-PRP hybrid implants in combination with sutures, trephination, and rasping is
beneficial and safe for treatments of complex menisci defects which could have the potential to
prevent early onset of OA in the long-term. However, future work is necessary to further enhance
regenerative properties, understand the mechanisms involved, and evaluate the effect of the
implants in the long-term. We performed clinical observation, assessed implant retention,
microscopic and macroscopic evaluation of meniscus, synovium and cartilage and
electromechanical mapping of articular cartilage surfaces, at 3 weeks, 6 weeks, and 3 months post-
surgery. Our original hypotheses for these feasibility pilot studies were that 1. Meniscus repair
would be improved by the application of CS-PRP to the tears, but not by application of PRP alone,
and Il. That repair outcomes would be improved by using CS-PRP implants in conjunction with
the wrapping technique over CS-PRP implants injected in the tear site alone or wrapping alone.
We found that the unilateral tear model allowed the animals to protect the treated knee from weight-
bearing post-operative and improved success rate from 25 to 50% compared to the bilateral model.
The sheep had some intermittent lameness for the a few weeks post- treatment which was not
specific to any treatment. The chitosan-PRP implants were partly resident in the tears and
trephination channels at 1-day post-surgery. The tears were macroscopically visible at the time of
necropsy at 1 day, 3, 6 weeks and 3 months and the edges of the tears were usually well apposed.
A reddish repair tissue and signs of neo-vascularization were visible in chitosan-PRP treated knee
at 6 weeks and 3 months and hybrids induced cell recruitment from the vascularized periphery of
the menisci towards the trephination channels. Partial and total integration between the repair tissue
and the original meniscal tissue was achieved in these treated knees. In addition, CS-PRP implants
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were well-tolerated in the knee environment and evidences of adverse effect did not observe during
the follow-up period. Addition of wrapping technique by using of collagen membrane matrix of
Chondro-Gide in conjunction with CS-PRP implants or PRP alone did not improve repair. In
summary, our data suggest that chitosan-PRP implants by themselves could be efficient in
overcoming the current limitations of meniscus repair and have several regenerative features that
reveal a greater potential than PRP alone to improve repair outcomes and restore meniscus
function.

Our third aim was to assess |. The compatibility of freeze-dried chitosan formulations with
different types of commercially marketed PRP systems, and 11. Define a range of chitosan degree
of deacetylation (DDA) and the number average molecular weight (Mn) that would yield freeze-
dried formulations with satisfactory performance characteristics for clinical orthopedic conditions.
Our starting hypothesis was that 1. Chitosan formulations should be soluble and easily reconstituted
in commercial PRPs, have paste-like properties and coagulate in a timely fashion to produce
homogenous hybrid chitosan-PRP clots that resist retraction and are mechanically strong, and II.
Although the different PRP preparation systems would yield PRPs with varying properties, all PRP
preparations would be compatible with this technology. Formulations containing 1% w/v CS, 1%
w/v trehalose as lyoprotectant, and 42.2 mM CaCl: as a clot activator were prepared with five
different chitosan, encompassing the low, mid, and high range of DDA and Mn product
specifications were freeze-dried. Seven different PRP preparations were used to solubilize the
formulations in vitro. Performance characteristics of chitosan-PRP formulations for clotting
properties, runniness, liquid expression, paste-like properties, clot mechanical strength, and clot
homogeneity were assessed. Also, solubility, pH, and osmolality of all the formulations were
measured. Macroscopic assessment of cakes showed all the cakes were white, homogenous, and
were slightly retracted from the vial walls following lyophilization. We found that freeze-dried
formulations were solubilized with all PRP preparations. CS-PRP formulations were less runny
than their corresponding PRP controls demonstrating its paste-like properties for in vivo injection.
Assessment by thromboelastography revealed that all CS-PRP formulations had a clot reaction
time below 9 minutes. In the static clotting assay, all PRP controls clotted, expressed serum,
retracted, and lost their mass significantly, while the CS-PRP clots resisted platelet-mediated clot

retraction. Histological results revealed that CS dispersion was homogeneous within CS-PRP clots.
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Our fourth objective was to optimize and reduce the freeze-drying (FD) cycle which has been
historically used in our lab from 3 days to 1 or 2 days and to assess performance of the product
with benchtop human PRP and human commercial plasma. Our starting hypotheses were that 1.
Freeze-drying cycle of CS formulations can be optimized to minimize overall freeze-drying time
from 3 days to 1-2 days to produce cakes that will not collapse, Il. FD cakes prepared with the
shorter freeze-drying cycles would be soluble in benchtop human PRP to yield chitosan-PRP
formulations which are paste-like, coagulate rapidly, and produce mechanically strong
homogenous hybrid clots, and 111. Commercial citrated plasma can be used instead of PRP to assess
formulation performance. Formulations containing 1% w/v chitosan DDA 82-84% Mn 45-55 kDa
with 1% w/v trehalose and 42.2 mM CaCl, were prepared for freeze-drying. The same methodology
was used as described above to assess performance characteristics of the freeze-dried cakes. The
cakes that were non-collapsed were solubilized either in citrated pooled normal plasma or benchtop
human PRP to assess different performance characteristics. CS-PRP formulations were less runny
than their PRP controls and citrated pooled normal plasma. Data from thromboelastography
machine revealed clot reaction time was shorter for chitosan-PRP formulation. Also, chitosan-PRP
formulations resisted platelet-mediated clot retraction while PRP controls lost up to 80 % of their
original mass in the glass tubes. Histological findings showed that chitosan was homogeneously
dispersed within CS-PRP clots.

In summary, our feasibility pilot studies in sheep showed promising results in terms of repair of
complex defects by injection of chitosan-PRP that could be potentially translated to humans in the
future. We refined the animal model and showed that animals could withstand implants for the
duration of study with no deleterious effect to the other joint compartment, which suggests high
safety. In addition, the chitosan formulations were shown to be compatible with several PRPs
isolated with commercial systems. Lastly, optimization of freeze-drying cycles from 3 day to 1 day
was successfully performed and formulations behaved as expected when solubilised in PRP or

plasma.
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Figure 3.1 Gross anatomy of the knee joint. The menisci are two pads of fibrocartilage situated
within the knee joint between the tibia and femur. Ligaments stabilize menisci within the joint.
An anterior view (A) superior view (B), and the ligaments of the knee joint (28). ............... 10

Figure 3.2 A frontal section of the vascularity of meniscus. Radial vessels from the perimeniscal
capillary plexus (PCP) are penetrating the peripheral border of the medial meniscus via 3
zones: |. Red-red (R-R) zone is fully vascularized, 11. White-red (R-W), and I1l. White-white

(W-W) is within the avascular area of the meniscus. F: femur; T: tibia (27). ...cc.ccceevvvenenn. 11

Figure 3.3 Schematic pattern of orientation of collagen fibers of the meniscus which can be
categorized into 3 layers: I. Superficial network, Il. Lamellar layer, and Ill. Circumferential
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Figure 3.4 Schematic diagram of cell types in the meniscus. Cells of the superficial zone are
fusiform; the cells in the outer periphery are mainly elongated fibroblasts with the process;

moving toward the inner portion of the meniscus, the cells rounded and chondrocyte-like
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Figure 3.5 Drawing of common types of MenisCi tears (52)........ccccvvrieriirieieieni e 17
Figure 3.6 Chemical structure of chitin (A) and chitosan (B) (20). ......c.cccoceviiineieniniiiecee, 31
Figure 3.7 Simplified flowchart of preparation of chitosan from chitin (20, 96)............c.cccocue..... 36
Figure 5.1 Treatment algorithm of meniscus lesions (Adapted from Mordecai et al, 2014). ....... 55

Figure 6.1 A) Schematic representation of the bilateral surgical model. 10-mm long incisions were
created bilaterally in the anterior portion of the medial menisci in 7 sheep (black in A). Freeze-
dried chitosan formulations were solubilized in autologous PRP and 0.5 mL of chitosan-PRP
was injected into the meniscal tear through two trephination channels created with 18-gauge
needles (in green in A). The tears were sutured in a horizontal mattress pattern (in red in A).
B) Schematic representation of the surgically induced defect model. C) Picture of a meniscus
treated with CS-PRP. D) Seven ewes (2-6 years old) were included in the study and treated
with either chitosan-PRP only (n = 2 knees at 1 day, n = 4 knees at 3 weeks & 3 months) or

PRP only (n = 2 knees at 3 weeks & 3 months). E&F). A rhodamine-chitosan tracer was added
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to the freeze-dried formulations to allow detection of the implants with epifluorescent
microscopy (E&F). The chitosan-PRP implants were partly resident in the tears and
trephination channels at 1-day post-surgery (E&F). Safranin O/fast green stained sections
showed that chitosan-PRP implants induced cell recruitment from the vascularized periphery

of the menisci towards the trephination channels (G&H). The rectangles in panel E&G
indicate the regions where the higher magnification images F&H were acquired. ............... 89

Figure 6.2 A) Schematic representation of the unilateral surgical model. A bone block with medial
collateral ligament attached was detached to increase access to the meniscus. A 10-mm
longitudinal tear with a horizontal component was created towards the anterior portion of the
medial meniscus (in black in A). Two 20-gauge needles were used to create trephination
channels from the capsular border of the meniscus to the tear (in green in A). 0.5 mL chitosan-
PRP implant was injected into the tear through the trephination channels and the tear was
stabilized with three sutures tightened in a vertical pattern (in red in A). A piece of collagen
membrane (12.5 mm X 25 mm) was wrapped around the meniscus (in blue in A) and sutured
first at the capsular border, and then with two vertical sutures placed through the meniscal
tissue. 0.5 mL chitosan-PRP implant was then injected under the membrane. The contralateral
knee was left intact. B) Schematic representation of the surgically induced defect model. C)
Picture of a meniscus treated with wrapping + CS-PRP. D) Six ewes (2-6 years old) were
included in the study and treated with either chitosan-PRP only (n = 2 knees), chitosan-PRP
+wrap (n = 2 knees) or wrap only (n = 2 knees). The contralateral knees were left intact (n =
B KINEES). ettt bbbttt 90

Figure 6.3 The tears were macroscopically visible at the time of necropsy 3 weeks, 6 weeks and 3
months after surgery and the edges of the tears were usually well apposed (A to G). A reddish
repair tissue and signs of neo-vascularization were visible in two chitosan-PRP treated tears
at 6 weeks (E) and at 3 months (B) post-surgery (white arrowheads). Sutures were apparent
in all treatment groups. Aside from the surgically-induced tears, no other sign of macroscopic

meniscal degeneration Was ODSEIVE. ...........cooiiiiiiiiii e 91

Figure 6.4 Histological sections of the repaired tissue stained with safranin O/fast green were used
to evaluate tissue repair in the bilateral model. A highly cellular repair tissue was seen in one

chitosan-PRP treated tear at 3 weeks post-surgery (A&B). Partial integration between the
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repair tissue and the original meniscal tissue was achieved in this treated tear (B). Complete
healing with a highly vascularized repair tissues and seamless repair tissue integration were
seen in one chitosan-PRP treated tear at 3 months (E&F). There was no repair tissue synthesis
in the PRP controls at 3 weeks or at 3 months (C&D and G&H), and in the other CS-PRP
treated tears. The surgical approach induced some fibroplasia in the outer portion of the
menisci at 3 weeks and 3 months (A, C, E, & G). Rectangles in panels A, C, E, & G indicate
regions where the higher magnification images B, D, F, & H were taken. Histological sections
were scored based Zhang et al for overall meniscal tissue quality (i, ranging from 0 for the
best to 26 for the worst quality) and repair tissue quality (j, ranging from O for the best to 7
for the worst quality) and were consistent with the histological observations* ................... 92

Figure 6.5 Histological sections of the repaired tissue stained with safranin O/fast green were used
to evaluate tissue repair in the unilateral model. One tear treated with chitosan-PRP only
showed complete repair (A-C), while one tear treated with chitosan-PRP with wrapping was
partially healed (D-F). There was no repair tissue in the group treated with wrapping only (G-
). In the two cases where repair was observed, the repair tissue was highly cellular, well
integrated to the adjacent meniscal tissue, but structurally different than the contralateral intact
menisci (j-L). Significant cell recruitment into the outer portion of all treated menisci was
observed compared to contralateral intact menisci. Suture tracks were frequently observed in
menisci treated with the wrapping technique, along with sparse foreign body giant cells
(FBGCs) in the outer vascularized area (D-1). Rectangles in A, D, G & J demonstrate regions
where the higher magnification images B, C, E, F, H, I, K & L were acquired. Histological
sections were scored based on Zhang et al for overall meniscal tissue quality (m, ranging from
0 for the best to 26 for the worst quality) and repair tissue quality (n, ranging from 0 for the
best to 7 for the worst quality) and were consistent with the histological observations. N/A:

NON-APPIICADIE. ... 93

Figure 6.6 Hematoxylin and eosin stained sections of synovial membrane (A to C). There was a
mild to moderate transient synovitis in most treated knees. Changes included intimal
hyperplasia, inflammatory cell infiltration (B), some sub-intimal fibrosis, and an increase in
vascularization (C). Histological sections were scored as in Little et al (D to F, ranging from

0 to 12 for severe abnormalities) and scores reflected those observations. .............cccccveueenee. 94
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Figure 6.7 There were mild to moderate changes to the articular surfaces as shown by safranin
Offast green stained sections of osteochondral cores collected from the medial femoral
condyles (A to C) and from the medial tibial plateau (not shown). Changes included depletion
of glycosaminoglycan (B&C) and some structural abnormalities (C). Histological sections
were scored according to Mankin (D to F, ranging from 0 to 14 for severe abnormalities) and
scores reflected those observations. There was no effect of treatment on the histological

Y030 (< 95

Figure 6.8 Electromechanical properties of the tibial plateau and the distal femurs were mapped
across the entire articular surfaces using the hand-held Arthro-BST device (A&B). Panels a
and b are representative examples of mapping of distal femurs (A) and tibial plateau (B) with
corresponding QP. A high QP (shown in red) indicates weak electromechanical properties and
poor load-bearing capacity and a low QP (in blue) shows strong electromechanical properties
and high load-bearing capacity. Average QP values for medial femoral condyles and medial
tibial plateau are shown in panels C to E and showed that articular surfaces displayed good

load-bearing properties. There was no effect of treatment on QP values. ............cccccvevvennen. 96

Figure 7.1 Study design. Five different CSs (with Mn ranging from 32 to 55 kDa and DDA ranging
from 80.5 to 84.8%) were used to prepare freeze-dried formulations that also contained
trehalose as lyoprotectant and calcium chloride as clot activator. Freeze-dried cakes were
solubilized with 7 different PRP preparations (Angel with 2% hematocrit and Angel with 7%
hematocrit are pictured here). Performance characteristics of the solubilized CS-PRP mixtures

WWETE ASSESSEA TN VITIO. vttt nnnn 114

Figure 7.2 Complete blood count (CBC) analysis of whole blood and resultant PRP from each
system is shown in panels a (platelet concentration), b (leukocyte concentration) & ¢
(erythrocyte concentration). Macroscopic appearance of different PRP preparations is shown

in panel d. Erythrocyte concentration (panel c) influenced the colour of PRP preparations

Figure 7.3 pH (panel a) and osmolality (panel b) of formulations post-solubilization with PRPs
isolated with the different devices. pH of CS-PRP formulations was lower than recalcified
PRP controls (a). Osmolality of CS-PRP formulations was higher than recalcified PRP

controls (b). Data are presented as box plots where median box indicates the 25" and 75"
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percentile; Whisker extends to the most extreme data point within 1.5 times the interquartile
range of data. n=5 samples for each type of CS-PRP formulation and n=1 for each recalcified
PRP CONMIOL. ..ot bbbttt bbb bbbt n e s 119

Figure 7.4 Runniness of the CS-PRP and PRP formulations was assessed on an inclined plate.
Panel a shows runniness of CS-PRP and a recalcified PRP control prepared with CS 84.6%
DDA M 55 kDa and ACE EZ-PRP as an example. CS-PRP formulations were paste-like and
less runny than the recalcified PRP controls panel b). Note that in this assay water runs off the
plate and has a runniness exceeding 310 mm. Data are presented as box plots where median
box indicates the 25 and 75" percentile; Whisker extends to the most extreme data point
within 1.5 times the interquartile range of data. n=5 samples for each type of CS-PRP

formulation and n=1 for each recalcified PRP CONIol............oooeooeeeeeeeeeeeeeeeeeeeeeee e, 120

Figure 7.5 A thrombelastograph (panel a) was used to assess clotting properties of formulations in
vitro. Panel b shows TEG traces obtained for formulations prepared with CS 84.6% DDA M,
55 kDa and RegenKit-BCT or RegenKit-THT as an example. Clot reaction time (R) is the
time in minutes from initiation of the tracing to the point where branches have diverged by 2
mm. Maximal amplitude (MA) is the maximal distance in mm between the two diverging
branches and corresponds to clot strength. All CS-PRP formulations clotted and had average
clot reaction times between 2 and 9 minutes (panel c). Clot reaction times of the recalcified
leukocyte-rich PRP controls were greater, between 32 and 57 minutes (panel c¢). CS-PRP
formulations had average clot maximal amplitude above 42 mm (d). Recalcification of the
leukocyte-reduced PRP controls with 42.2 mM was insufficient to induce clotting in this
dynamic system (¢ & d). Recalcified SmartPrep 2 PRP control had barely started to clot when
the assay was terminated so that its clot reaction time was high (57 minutes) (c) and its clot
maximal amplitude was low (11 mm) (d). Data are presented as box plots where median box
indicates the 25" and 75" percentile; Whisker extends to the most extreme data point within
1.5 times the interquartile range of data. n=5 samples for each type of CS-PRP formulation
and n=1 for each recalcified PRP CONIOL............cccoiiviiiiiiiieee e 121

Figure 7.6 Clot retraction was assessed by gravimetric measurement. Panel a show a CS-PRP
hybrid clot and a recalcified PRP control prepared with CS 84.8% DDA M, 32 kDa and
SmartPrep 2 as an example. Panel b shows a CS-PRP hybrid clot and a recalcified PRP control
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prepared with CS 82.5% DDA M, 45 kDa and Arthrex ACP as an example. All CS-PRP
hybrid clots remained voluminous after clotting for 1 h at 37°C and did not express any serum
(panel c). Recalcification with 42.2 mM CaCl. was sufficient to induce coagulation of all PRP
controls in this static assay. Recalcified PRP controls expressed a lot of serum upon clotting
and lost 43% to 82% of their original mass upon clotting (panel c). n=5 samples for each type
of CS-PRP formulation and n=1 for each recalcified PRP control. ...........c.ccccccovvriviiennnn. 123

Figure 7.7 Clot homogeneity was assessed with Fast Green and Iron Hematoxylin staining of
paraffin sections. Panels a & b show a CS-PRP hybrid clot prepared with CS 84.8% DDA M
32 kDa and Angel with 7% hematocrit as an example and panels ¢ & d show the recalcified
PRP control. Panels e & f show a CS-PRP hybrid clot prepared with CS 84.8% DDA M, 32
kDa and Angel with 2% hematocrit as an example and panels g & h show the recalcified PRP
control. Dispersion of CS within the hybrid clots was usually homogenous (b & f).
Erythrocytes were more abundant in clots prepared with Angel with 7% hematocrit compared
to Angel with 2% hematocrit (compare panel d to h). Outlines in panels a, ¢, e & g show where

higher magnification images b, d, f & h were acquired. ..........cccccceeveviveveiic i 124
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CHAPTER 1 INTRODUCTION

More than 1.7 billion people in the world are suffering from musculoskeletal conditions which cost
an estimated $213 billion either directly or indirectly. Orthopedic disorders involving tissues such
as cartilage, bone, intraarticular ligaments, and meniscus have significant socioeconomic impact
(1, 2). Osteoarthritis (OA) is a slowly progressive joint disorder and the primary cause of
musculoskeletal disability worldwide. Osteoarthritis is a multifactorial disease affecting the whole
joint rather than only articular cartilage (AC). The meniscus is a fibrocartilaginous tissue located
between the femur and tibia. The menisci are the crucial structures of knee joint acting as shock
absorbent and protecting the articular cartilage. Inner zones of menisci lack blood supply and
healing capacity, therefore, the potential for regeneration is very poor (3).

Meniscal tears are among the most common pathologies of the knee joint. Based on past reports,
the incidence of meniscus tears are estimated to be as high as 70 per 100,000 knee injuries with
even higher rate in the elderly, men, medial meniscus, and active populations (4). There is evidence
suggesting that asymptomatic meniscal lesions are common incidental findings on knee magnetic
resonance imaging (MRI) of at least one-third of the knees of middle or elderly individuals. Such
tears limit the range of motion causing clinical symptoms such as sharp pain, swelling, effusion,
locking, and catching in the knee (2, 5, 6). Arthroscopic partial meniscectomyis the most common
orthopedic surgical procedure that is performed for small radial and complex meniscus tears (7-9).
Although partial meniscectomy relieves pain, it is associated with a high risk of developing knee
OA. Loss of meniscal function due to trauma, injury, or partial meniscectomy may lead to increased
biomechanical stress and relative overloading on the joint which further progress to OA and pain
over time. Knee OA is clinically associated with meniscal tear and degeneration (2, 10).

Surgical repair of meniscus tears can be performed by using suture-based devices. Complex or
degenerative tears located in the avascular segments of the meniscus affect the fibrocartilage
structures and surrounding tendons (4, 11). Complex tears which develop mostly in middle or
older-aged patients involve a progressive horizontal cleavage of the meniscus usually in the
multiplane direction without history of significant acute trauma. Patient- and clinical-reported
outcomes of meniscus repair and meniscectomy have demonstrated significant failures involving
re-tear or reoperation at long-term follow-up (9). Therefore, selection of appropriate management

strategy depends on multiple factors for patients and needs carefull consideration (12).



Recent technologies are attempting to repair the tissue while paying more attention to preserve
the structural integrity of the knee joint to lower the risk of OA. Therefore, the combination of
sutures and biological augmentation strategies such as meniscus wrapping with extracellular matrix
materials, trephination, synovial and meniscus rasping, fibrin/blood clot placement, and platelet-
rich plasma (PRP) injections have been introduced to improve healing rate of the meniscus repair
(4, 7, 13). For a tissue-engineered meniscus, selection of an optimal cell type, appropriate growth
factors, and the type of scaffold are crucial. Tissue engineering approaches are still at the early
development stage (14, 15). Safety and efficacy of ortho biological products need to be assessed
more thoroughly in prospective and randomized clinical studies (16). The general aim of meniscus
repair would be to restore the tissue structure and biomechanical function to minimize pain and
OA in the long-term.

Platelet-rich plasma is an autologous biological agent with a raised platelet concentration above
the physiological level and has been used predominantly in the musculoskeletal field for sports
injuries. Activation of the platelets leads to the local liberation of several growth factors and
cytokines from granules which play a pivotal role in the coordination of inflammation, cell
proliferation, differentiation, angiogenesis, and tissue remodeling. Also, PRP contains the full
complement of clotting factors which contribute to hemostasis and aggregation (17, 18). These
anabolic platelet-derived growth factors have been shown to affect meniscal cell function positively
and induce soft-tissue repair augmentation. Different commercial PRP preparation systems and
medical devices are available, which generate PRPs that contain varying concentrations of platelets
and blood components. The presence or absence of leukocytes and the structure of fibrin determine
the different families of PRP (16). Potential anabolic or catabolic effecst of leukocytes and platelets
in PRP is an intensive ongoing debate. Upon delivery of platelet-rich plasma to the desired site,
PRP is activated which causes the fast release of growth factors from platelets. The short half-life
of growth factors in PRP, the significant dilution of PRP by residual arthroscopic fluid at the time
of injection, and variability in the content pose methodological challenges to investigators. To
overcome theese limitations, clot activators and modified natural biopolymers can be added to PRP
which resul in the formation of a dense matrix and prolongs the release of growth factors (GF).
Further randomized controlled clinical trial studies with a large number of patients and a long-term

follow-up remains a necessity (16, 19).
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Chitosan (CS), a biocompatible and biodegradable cationic polysaccharide family derived from
the alkaline deacetylation of chitin, has been used extensively for soft and hard tissue engineering
(20). Chitosan accelerates healing of the wound and has some similarity to hyaluronan which is
found in extracellular matrices of cartilage (23). Chitin is degraded by lysozymes and produce
oligomers of N-acetylglucosamine. Theses oligomers act as templates for hyaluronan synthesis to
promote cell adhesion and proliferation which lead to massive cell movement and tissue re-
organization. Chitosan shows immunopotentiating activity by macrophages stimulation. This
naturally-derived polysaccharide is well-tolerated at the articular synovial level and favors repair
process in meniscus tissue through promotion of angiogenesis (21). Freeze-drying (FD) is a method
for preservation of pharmaceutical products and drugs. FD is a three-step process that can provide
increased long-term stability and minimize degradation of chitosan-based scaffold for
manufacturing (22).

In the context of cartilage repair, our lab has shown that chitosan-glycerol phosphate solutions
can be mixed with whole blood and implanted over cartilage defects to augment repair by
increasing cell recruitment, transient vascularization, as well as a polarization of the macrophage
phenotype towards the alternatively-activated pro-wound healing lineage, and stimulated secretion
of anabolic wound repair factors, all of which are also expected to be beneficial in the context of
meniscus repair (23, 24). We have developed freeze-dried formulations of chitosan that can be
solubilized in PRP to form injectable CS-PRP implants for orthopedic tissue repair. Previous
studies showed that CS-PRP implants resist platelet-mediated retraction post-clotting, release
increased amounts of platelet-derived growth factors, and have prolonged residency in vivo
compared to PRP alone. CS-PRP implants have also shown potential to improve repair of rotator
cuff and cartilage in small and large animal models. Hence, the starting hypothesis for this project
was that the biological effects of CS-PRP hybrid implants would also be beneficial for meniscus
repair (19, 25).



CHAPTER 2 OBJECTIVES AND HYPOTHESIS

2.1 General objective and hypothesis

The overall objective of this thesis was to make an outstanding contribution to improve current
surgical treatment repair strategies for meniscus tears. In this context, the research presented here
Is to enhance current surgical treatment of meniscus tears by assessing the effect of freeze-dried
chitosan-PRP implants in ovine models.

Chitosan-blood hybrids have previously been shown to improve pre-clinical cartilage repair
outcomes in small and large animal models through mechanisms involving increased cell
recruitment, angiogenesis, cell migration, repair tissue synthesis, and tissue
remodeling/integration. Since current surgical techniques for meniscus repair also rely on cell
recruitment from adjacent tissues through trephination and rasping, chitosan-PRP hybrids are
expected to enhance the success of meniscus repair through similar mechanisms of cell recruitment
and angiogenesis. Here, platelet-rich plasma rather than whole blood will be mixed with the
polymer. PRP is obtained through centrifugation of anti-coagulated blood to produce an increase
in platelet concentration over baseline. Hybrid clots composed of chitosan and PRP are expected
to have significant bioactivity through the release of platelet-derived growth factors in order to
improve meniscus repair.

In the first study, feasibility of using CS-PRP implants to improve meniscus repair in ovine
models was investigated. In the second study, compatibility of freeze-dried chitosan formulations
with PRPs prepared with different commercial automated systems was assessed. Finally, in the
third study, freeze-dried cycle of chitosan formulations was optimized and reduced from 3 days to

1 day and performance characteristics of the freeze-dried formulastions were evaluated.
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2.2 Study 1: Freeze-dried chitosan-PRP injectable surgical implants

for meniscus repair: pilot feasibility studies in ovine models

2.2.1 Objective for Study 1

The overall purpose of this study was to assess whether ovine meniscus repair would be improved
by application of freeze-dried chitosan PRP to the tears over PRP alone or/and a meniscus wrapping
technique.

The first pilot study used a bilateral longitudinal surgical laceration model where tears were
treated with suturing along with the CS-PRP implant or with PRP alone for 3 weeks or 3 months.

The second pilot study used a unilateral complex laceration model where tears were treated with
suturing along with the CS-PRP implant, or the tears were treated with a wrapping technique using
a Chondro-Gide collagen membrane, or the tears were treated with both CS-PRP and the wrapping
technique for 6 weeks.

The purpose of conducting sheep studies of meniscus repair is to approximate as closely as
possible the clinical pattern and pathology of meniscus tears and repair. In this context, it is worth

noting that the surgical model was significantly improved from the first to the second study.

2.2.2 Hypotheses for Study 1
Our original hypotheses were that:

First pilot study: Freeze-dried chitosan formulations can be reconstituted in autologous PRP and
injected into meniscus defects, where they coagulate and form stable hybrid chitosan-PRP
implants. Repair outcomes would be improved by using CS-PRP implants injected in the tear site
through trephination channels, due to long-term residency over PRP alone. Suturing and
application of CS-PRP via trephination was expected to augment repair of meniscus tears.

Second pilot study: Repair outcomes would be improved by using CS-PRP implants in
conjunction with the wrapping technique over CS-PRP implants injected in the tear site alone or
wrapping alone, due to increased implant retention and resulting bioactivity. Suturing, wrapping
by membrane matrix, and application of CS-PRP via trephination was expected to augment repair

of meniscus tears.



2.2.3 Methods for Study 1

Lyophilized formulations of chitosan were solubilized in autologous PRP and applied to surgically
induced meniscus lacerations. In the first study, bilateral tears in 7 sheep were treated by suturing,
trephination and injecting either CS-PRP or PRP into the tears. In the second study, unilateral tears
in 6 sheep were treated by suturing, trephination and injecting CS-PRP in tears, wrapping the
meniscus with a collagen membrane and injecting CS-PRP in tears and under the wrap or wrapping
only. CS-PRP implants residency, recruitment of host cells, repair tissue integration, and
vascularization were investigated by macroscopic, microscopic and histological procedures.
Chondroprotective effects of the meniscus on the adjacent joints including articular cartilage of
tibial plateau and the distal femurs were assessed by electromechanical mapping using the hand-
held Arthro-BST device. Quality of adjacent articular cartilage and synovium was investigated by

histology.

2.3 Study 2: Multiple platelet-rich plasma preparations can
solubilize freeze-dried chitosan formulations to form injectable

implants for orthopedic indications

2.3.1 Objective for Study 2

The purpose of this study was to determine whether the in vitro performance of the formulations
depends on the type of PRP preparation used to solubilize chitosan. Our specific objectives were:
I. Assess compatibility of this freeze-dried technology with the various types of PRP preparations
that can be isolated with commercially available systems and I1. Define a range of chitosan degree
of deacetylation (DDA) and number average molecular weight (M,) that would yield freeze-dried

formulations with acceptable performance characteristics.

2.3.2 Hypotheses for Study 2
Our starting hypothesis was that although the different PRP preparation systems would yield PRPs
with varying properties, all PRP preparations would be compatible with our freeze-dried chitosan

technology.
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PRP is a cost-effective source of platelet-derived growth factors and autologous cells and,
ideally, this thesis will show that the freeze-dried chitosan technology is compatible with several
autologous blood products, which would broaden its use clinically. We believe that applying these
novel polymer-blood product formulations in conjunction with suture-based meniscus repair
approaches to a large animal model, together with an assessment of in vitro performance, and
checking of quality control will add a potential value and bring us one step closer to a new clinical
option for meniscus repair. There are several commercial systems available on the market, and
each system has a particular protocol for the isolation and administration of the PRP solution to the
tissues. Variations include the initial volume of blood drawn, presence and type of anticoagulant,
the spinning time, the speed of the centrifuge, addition or absence of activator, and whether the

resultant PRP solution will include leukocytes or not.

2.3.3 Methods for Study 2

Blood was collected and PRP was isolated by using 1) Arthrex Angel set at 2% hematocrit, 2)
Arthrex Angel set at 7% hematocrit, 3) Harvest SmartPrep 2, 4) RegenLab RegenKit-BCT, 5)
RegenLab RegenKit-THT, 6) Arthrex ACP double syringe, and the 7) ACE EZ-PRP systems.
Formulations containing chitosan, trehalose, and calcium chloride were freeze-dried. Freeze-dried
formulations were mixed with PRPs and performance characteristics of CS-PRPs hybrids were
assessed and tested in vitro. Solubility, pH, and osmolality of chitosan formulations were measured
after and before reconstitution with different PRPs. Other properties of CS-PRPs hybrids such as
paste-like properties, coagulation, clot retraction, and clot homogeneity were analyzed by

runniness test, thromboelastography, liquid expression, and histology.

2.4 Study 3: Optimizing the freeze-drying cycle of FD-CS for
orthopedic conditions: Assessing performance with human

platelet rich plasma (PRP) and human commercial plasma

2.4.1 Objective for Study 3

The goal of the third study was to optimize and reduce the freeze-drying cycle of the chitosan
formulations from 3 days to 1 day and to assess the performance of the product with benchtop



human PRP and human commercial plasma.

2.4.2 Hypotheses for Study 3

Our starting hypotheses were that: 1. The freeze-dried cycle of the cakes can be optimized to
decrease freeze-drying time from 3 days to 1 days and produce cakes that will not collapse, Il. The
freeze-dried cakes prepared with the shorter freeze-drying cycles should be soluble in benchtop
human PRP to yield chitosan-PRP formulations which are paste-like, coagulate rapidly, and
produce mechanically robust homogenous hybrid clots, and I1l. Commercial citrated plasma can
be used instead of PRP to assess formulation performance.

2.4.3 Methods for Study 3

A series of freeze-drying cycles were designed based on a paper by Tang and Pikal. Formulations
containing 1% (w/v) chitosan (DDA 82-84% and M 45-55 kDa) with 1% (w/v) trehalose and 42.2
mM calcium chloride were freeze-dried using different cycles. The cycles that produced non-
collapsed cakes were selected for the second phase of the study where performance characteristics
were assessed. Blood was collected and PRP was isolated by using ACE EZ-PRP system. Human
commercial plasma was also used during the study. FD-CS formulations were mixed with PRP or
human commercial plasma and tested in vitro by runniness test, thromboelastography, liquid

expression, and histology.



CHAPTER 3 LITERATURE REVIEW

Menisci are vital for the normal functioning and longevity of the knee joint. It is essential to
understand the ultrastructure and function of the meniscus to be able to design a meniscus implant
which withstands the in vivo joint environment. The following sections will discuss the structure
of the meniscus and how it relates to its function. The pathophysiology of the meniscus, as well as
fundamentals to tissue engineering (TE) of the meniscus will then be discussed. A better
understanding of the sheep and human meniscus composition and biomechanics advance not only
therapies for repair of meniscus defects but also substantiate sheep as a suitable translational

preclinical animal model for the human meniscus.

3.1 Structure and function of the knee meniscus

3.1.1 Anatomy of meniscus

The menisci (medial and lateral meniscus) of the knee are described as semilunar intraarticular
fibrocartilagenous tissues located between the femoral condyles and the tibial plateau (26).
Menisci are part of the surrounding ligamentous structures and bony attachments (7). The outer
segment of the meniscus is convex, thick, and fixed to the fibrous capsule while the inner segment
IS concave, thin and free (26, 27). Both menisci are anchored to the underlying subchondral bone
of the tibial plateau via meniscus horns. There is an array of ligamentous structures that help the
stabilization of meniscus by transmitting of sheer and tensile load from the soft tissue to the bone
(26, 28). Meniscofemoral ligaments (Humphrey and Wrisberg ligament) and transverse ligament
keep the meniscus inside the joint compartment. Two ligaments attach the posterior horn of the
lateral meniscus to the lateral insertion site of medial femoral condyle: Humphrey and Wrisberg
ligament (Figure 3.1). The lateral meniscus is more uniform, C-shaped, mobile, and larger than
the medial meniscus (27, 28). From the posterior side, it is attached to the posterior cruciate
ligament (PCL), and medial femoral condyle (MFC) via Weisberg and Humphrey ligaments and
its anterior horn attaches to the anterior cruciate ligament (ACL). The medial meniscus is less
uniform and wider at the posterior dimension connected to the PCL (24, 27) (Figure 3.1). Lateral
meniscus covers 75-93%, and medial meniscus covers 51-74% of the proportion of tibial plateau.

Gross examination of healthy meniscus reveals a smooth and lubricated tissue. With aging,
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microanatomy and morphology of meniscus alter, and it becomes stiffer and more yellowish while
losing its elasticity. The elastic properties of the meniscus are gradually replaced with fibrous

tissue and cellular content decreases thus leading to initiation of the tears (26).
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vascularization to the inferior and posterior of the meniscus. Branches from these arteries rise to a
capillary plexus network within the synovial and capsular tissues of the knee joint along the
periphery of the meniscus (26, 27). Radial branches from the perimeniscal capillary plexus (PCP)
dive into the menisci with a higher supply to the anterior and posterior horn attachments. Endo-
ligamentous vessels from the anterior and posterior horns process a short distance to the menisci
body providing the potential for vascularization and nourishment. The tissue also receives nutrients
and oxygen through synovial diffusion and mechanical pumping of the joint (26, 27). Anatomical
studies showed that vascularization is limited to the periphery of the meniscus, estimated at 10-

30% for the lateral meniscus and 10-25% for the medial meniscus, which determines its healing
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properties and guides treatment options (27) (Figure 3.2). In menisci, the nerve fibers are
associated with vascularity. Like blood vessels, the third inner region lacks neural innervation (29).
The peripheral two-thirds of the body of the human meniscus is innervated by free nerve endings
and three different mechano-sensors: ruffini corpuscles, pacinian corpuscles, and golgi tendon
organ. Theses neural elements are rich in the posterior horns of the meniscus. It is hypothesized
that the distribution of innervation and capability of generation of neurosensory signals in the
meniscus depends on the feedback at the extreme of flexion and extension. The amount of blood
vessels present in the meniscus depends on the individual’s age as well as anatomical location (26,
27, 30).

Figure 3.2 A frontal section of the vascularity of
meniscus. Radial vessels from the perimeniscal
capillary plexus (PCP) are penetrating the
peripheral border of the medial meniscus via 3
zones: |. Red-red (R-R) zone is fully vascularized,
[1. White-red (R-W), and I1l. White-white (W-W)
is within the avascular area of the meniscus. F:
femur; T: tibia (27).

3.1.2 Biochemical composition of the meniscus

The meniscus is a structurally complex and inhomogeneous tissue. The meniscus has a dense
extracellular matrix (ECM) which is primarily composed of a high quantity of water (72 %),
fibrillar components, proteoglycans (PG), and cell binding glycoproteins interposed with cells (the
remaining 28 %) (26, 28). It is critical to mention that the composition, vascularity, cellularity,
shape, and size varies in all species based on age and gender (31). Human meniscus contains (dry
weight) 60-70 % collagen, 17 % proteoglycans, and the remaining 1 % non-collagenous proteins,
and adhesion molecules such as elastin. The role of the other fibrillar component of the meniscus,
i.e., elastin, is not fully understood yet (28). Type I collagen is the predominant type of collagen

in the vascular zone (80 % dry weight), with smaller quantities of variants such as type 11, I1I, IV,
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VI, and XVIII (<1 %). In the central avascular zone, collagen comprises up to 70 % dry weight,
being 60 % type Il collagen, and 40 % type I collagen (32). The structural orientation of collagen
fibers is highly organized to provide the biomechanical properties of the tissue. The meniscus can
be divided into three regions considering collagen orientation. The surfaces of the meniscus consist
of randomly oriented collagen fibers. Just beneath this superficial network, there is layer of
collagen fibrils. Towards the periphery, the collagen fibrils are organized in a radial perpendicular
direction. In all other parts, the collagen mesh bundles intersect at various angles. The predominant
portion of the meniscus collagen fibrils is localized in the central and internal region, where the
bundles of collagen fibrils are arranged in a circular manner. Predominant collagen fibers lie along
the circumferential axis enhancing structural integrity by the distribution of compressive forces
from the femur while radially oriented collagen “tie” fibers resist longitudinal tears. The superficial
fibers have no preferred configuration and participate in distribution of the shear stress (24).
Proteoglycans are highly glycosylated hydrophilic proteins composed of core protein and
glycosaminoglycans (GAG) that function as water absorption units. In a healthy human meniscus,
main GAGs are chondroitin-6-sulfate (~60 %), dermatan sulfate (~30 %), chondroitin-4-sulfate
(~20 %), and keratan sulfate (~15 %) (28). Aggrecan, biglycan, and decorin are the main PGs. A
higher percentage of PGs are found within the white-red (W-R) and red-red (R-R) zones of the
meniscus which could be the result of the compressive forces on the meniscus. The principal
adhesion PG acting as anchor sites between ECM and cells are fibronectin, thrombospondin, and
type VI collagen. Further research is necessary to evaluate the exact role of these GPs in the context

of meniscus repair (33, 34).
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Figure 3.3 Schematic pattern of orientation
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of collagen fibers of the meniscus which
can be categorized into 3 layers: |I.
Superficial network, 11. Lamellar layer, and
[11. Circumferential fibers (27).
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3.1.3 Cells of the meniscus

In the different regions of the meniscus cells are heterogeneous. Based on the morphology and
phenotype, several types of cells are found in the meniscus including chondrocyte-like, fibroblast-
like, and fibrochondrocytes. However, there is no consensus regarding the classification of
meniscus cells. Various names such as fibrocytes, fibroblasts, meniscus cells, fibrochondrocytes,
and chondrocytes are used in the literature (35). Histomorphometric studies demonstrated that in
the periphery of the tissue, cellularity is the highest while it dramatically decreases radially inward
(35). The peripheral vascularized zone of the meniscus is populated by oval and fusiform cells
resembling fibroblasts in appearance and performance with known cluster of differentiation (CD)
e.g., CD-34 positive and CD-31 negative markers (36). These cells exhibit long cellular extensions
and are entrapped within a matrix extensively composed of type I collagen, to a lesser extent, types
I11 and V collagen. These populations are in contact with cells from other zones of the tissue and
tend to be closer together (37). The second population of cells which are found in the inner
avascular portion of the tissue have a round morphology and are thus referred to as
fibrochondrocytes or chondrocyte-like cells. These cell types do not present gap junctions and
have been found to be CD-34 negative (38). They are embedded in an ECM consisting of primarily
type Il collagen associated with type | collagen and a higher concentration of GAGs. It has been
shown that the cells can secrete a fibrocartilage matrix. Cells in the outer meniscus region have
higher potential for migration when compared to inner cells and also seem to exhibit lower
adhesion capacities (38, 39). A third population of cells found to reside within the superficial
region of the meniscus has a flattened and fusiform morphology. Studies have shown that these
cells might be progenitor cells involved in homeostasis, repair, and regeneration. Fusiform-shaped

cells do not have cell extensions and are CD-34 positive and CD-31 negative (36).
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Figure 3.4 Schematic diagram of cell types in the
meniscus. Cells of the superficial zone are
fusiform; the cells in the outer periphery are

mainly elongated fibroblasts with the process;

)
D

moving toward the inner portion of the SO 4
meniscus, the cells rounded and chondrocyte-
like (40). Qe

Fusiform cells Type I collagen

,) Fibrochondrocytes Type II collagen

Proteoglycan

3.1.4 Biomechanics and related behaviour of the meniscus

To advance strategies for replacing and augmentating repair of menisci, understanding the
biomechanics of the meniscus is important. The complex functionality of the meniscus is highly
associated with its morphology and microstructure (27). The menisci play a primary role in
transferring of load via increasing congruency and contact area and decreasing the contact stress
in femorotibial joint. As a secondary role, it absorbs shock, provides stability, proprioception,
lubrication, and the nutrient to the knee joint (27). The meniscus experiences different forces
during loading such as compression, shear, and tensile load (41). When axial loading is applied on
the knee joint, the meniscus is compressed and extrudes peripherally. The horn attachments and
PCL act as anchors to the meniscus, converting axial loading to circumferential hoop stresses
creating shear forces between the arrangements of collagen fibrils (27). Meniscal tissue is viewed
as a biphasic medium due to its fluid phase and solid phase which have viscoelastic properties.
Under compression, water is extruded into the joint space leading to lubrication of articular
surfaces of the knee joint. Fluid transport aids to dissipate force as well as circulate nutrients in the
avascular region of the meniscus (42).

Cadaveric biomechanical and animal model studies on menisci have shown that anterior-
posterior laxity and lateral rotations are likely to be uninfluenced in medial meniscectomied knees
when the ACL is intact demonstrating that the medial meniscus has a significant role as the
stabilizer (41). Other studies showed that around 50% of the compressive load is transmitted by
the meniscus during extension and 85% of load conveyed via flexion. In the knee joint, load
sharing is transmitted through the menisci for up to 70% in the lateral compartment and 50% in
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the medial side. Also, resection of 10-34% of the meniscus increases contact pressure as far as
350% (41, 42). The latter event causes gradual degeneration of articular cartilage (AC).
Microstructural arrangement of collagens and PGs have an important role in applying load tensile
strength giving evidence of the anisotropic nature of the tissue. The stresses and strains within the
tissue are correlated with both the applied load and the rate of loading (27). More recently, suture-
and anchor-based repair devices have been developed for the management of tears located at the
body and posterior horn of both menisci which are challenging to approach. Several biomechanical
tests analyze the strength of sutured-repaired tissue tears as well as mechanical effects of TE-
scaffolds at different time points and during the healing process. Specimen of the meniscus which
is mounted on the testing machine would be loaded-to-failure. Time-zero studies mostly used the
tensile fixation strength by plotting the slope which is an indication of the stiffness of meniscus
repair. At the early-to-mid healing phase, compressive forces or cycling loading would be applied
(43).

Biomechanical characteristic of scar tissue and remodeling of meniscus would be defined at the
late healing phase. Sutures showed a higher stiffness and higher load-to-failure than other devices.
Also, top three sutures were PDS-0, Ethioband-0, and Orhocord-00. Vertically orientated
configuration of repaired meniscus mimics the radial collagen fibers, captures more
circumferential networks and remains the gold standard on biomechanical testing. Type of tear
and selection of suture influence the repair tissue (44). Studies showed that the tensile modulus of
the human meniscus measures between 100-300 megapascal (MPa) in the circumferential
direction. Unconfined compression testing demonstrated that human menisci have an aggregate
modulus between 0.09 and 0.15 MPa that compares to that of AC. In the future, a new generation
of sutures or devices will be focusing on holding both the radial and circumferential fiber networks
of the meniscus in the 3-dimensional (D) plane. Improvements in suture retention strength will be
needed to further develop the mechanical strength of repairs of different meniscal tears (43) (25)
(50).

3.2 Synovium

The major pathophysiologic changes seen in osteoarthritis (OA) joints are not only limited to

degradation of the AC, thickening of the subchondral bone, osteophytes formation, degeneration
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of ligaments, and the menisci but also affect inflammation of the synovium and hypertrophy of the
joint capsule (52). Therefore, osteoarthritis should be considered as a disease of the whole joint as
an organ (45). The histological patterns of synovium are changed by several inflammatory joint
diseases including rheumatoid arthritis (RA) and OA (45, 46). The term synovium refers to the
specialized connective tissue lining the spaces of diarthrodial joints, tendon sheaths, and fat pads.
In synovial joints, the synovium seals the synovial cavity and aiding for pumping of fluid from
surrounding tissues. The normal synovium has two layers of cells named intima and subintima
(47). The inner layer, or intima, lies next to the joint cavity and consists of a layer of 1-4 cells
mainly macrophages, fibroblasts, and synoviocytes with 20-40 um thickness. Synoviocytes are the
dominant cell population in healthy synovium. The outer layer, or subintima, is up to 5-mm thick
and consists of blood vessels and lymphatic vessels. This layer is rich in type | collagen with less
quantity of cells (45, 46). Two types of cells have been identified within the synovium: type A and
type B. Type A synoviocytes which are derived from blood mononuclear cells and could be
considered as macrophage-like cells and type B synoviocytes are synovial fibroblasts whichare
responsible for eliminating pathogens from the joint and producing chemokines that contribute to
inflammation, in order (48). The synovium has viscoelastic properties continuously produces
lubricin and hyaluronic acid (HA) to maintain the synovial fluid (46). In OA patients, the
histological pattern of synovium is characterized by synovial inflammation (synovitis), synovial
lining hyperplasia, and stromal vascularization (45). Synovial inflammation results from the
secretion of different cytokines and proinflammatory mediators which would be followed by
macrophage activation and clusters of synoviocytes and chondrocytes observed in the synovium
(17, 46). The underlying mechanisms are complex. In brief, molecules from degraded hyaline
cartilage are released into the synovial cavity and initiate synovial inflammation in osteoarthritis.
In early OA, damage to the meniscus and subchondral bone may release tissue debris. These
molecules contribute to cartilage degeneration and osteophyte formation. Synoviocytes produce

pro-inflammatory mediators and attract more immune cells (46, 49).

3.3 Meniscus injuries

Meniscal lesions represent the most frequent pathologies of the knee causing pain and disability.

In the USA, the incidence of the number of meniscus-related injuries continued to rise and was
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estimated to be 66 per 100,000 people annually, with 61 of those resulting in meniscectomies (50).
Injury to the medial meniscus (stable knee) are more common (81%) than lateral ones. The peak
incidence of injuries is three times higher for men versus women and occurs between 20 to 29
years of age in both sexes (27). Symptoms produced by meniscus tears include pain and swelling,
accompanied by mechanical symptoms such as clicking, catching, and locking of the knee joint
(27). Sports-related and traumatic injuries are the most frequent among young patients and are
accompanied with ACL tears in more than 80% of the cases, while degenerative injuries occur in
the older population and are caused by accumulative stress (>40 years) (28). Combination of
rotation and axial loading cause tears leading to abnormal load (27, 41).

Tear damages can be classified based on the morphology, tear pattern, location, full or partial
thickness, depth of tear, and meniscus zone. Main categories of tears include vertical longitudinal,
bucket-handle, radial (transverse), horizontal (cleavage), and complex (degenerative flap) tears.
Patient history, symptoms, description of the injury, and imaging results by magnetic resonance
imaging (MRI) determines diagnostic consensus for surgery. Complex tears are usually correlated
with two or more tear patterns in different planes. Traumatic degenerative tears in young patients
of 20 years of age were characterized by MRI and arthroscopy. It was shown that complex tears
could negatively affect the knee and may or may not be associated with a history of trauma.
Complex degenerative tears have a poor healing potential and are not amenable to repair (59) (25)
(51).

Vertical longitudinal Vertical radial Horizontal Oblique Complex/degenerative

e

Figure 3.5 Drawing of common types of menisci tears (52).

3.3.1 Meniscus healing, regeneration, and remodelling

In the normal tissue repair process, access to nutrients, cells, and inflammatory mediators to initiate
healing at the site of injury is a necessity. The inflammatory-reparative response in the connective

tissue includes exudation, organization, vascularization, cell proliferation, and remodeling (53).
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The 70 to 80% of the central meniscus is avascular and lacks hematoma formation following
injury. Therefore, it has an inferior potential for healing and regeneration. The mechanisms of
meniscal repair occur through two pathways. The extrinsic pathway is highly stimulated in R-R
tears located at the outer zone, where functional blood capillaries exist which supply
undifferentiated mesenchymal stem cells (MSCs) with nutrients and demonstrate the best
prognosis for healing. Moderate vascularity in the W-R zone provides adequate healing. However,
tears in the white-white (W-W) zone have minimal potential for repair due to the absence of blood
vessels. The intrinsic pathway relies on the self-healing capacity of the meniscal cells and the
synovial fluid (44, 54).

Initially, upon injury within the vascular zone of the meniscus, a blood clot forms providing a
scaffold substrate that is rich in inflammatory and migratory cells. Hereafter, the defect is filled
with a fibrovascular scar tissue which acts as glue. Vessels from the PCP as well as synovial fringe
penetrate the fibrous scar guiding the healing response (53). Investigations and experimental
studies in animals have shown the contribution of the synovial and vascular meniscus in the
generation of fibrocartilage connective tissue or meniscus-like structure (MLS) in the total resected
meniscus. Meniscus regeneration can happen in total meniscectomized knees by formation and
regrowth of MLS and fibrocartilage metaplasia (53). However, remodeling responses were only
observed in subtotal meniscectomized cases which had a blood supply. Following partial removal
of meniscus tissue, a blood clot forms which is populated by mononuclear cells which are later
modulated to become fibrochondrocytes that produce the ECM (53). However, in an attempt to
get these tears to heal, external stimuli such as fibrin clot, fibrin glue, synovial grafts, periosteum,
platelet-rich plasma (PRP), MSC, and growth factors (GF) have been sought to guide the intrinsic
meniscus response to heal. Further studies are needed to investigate the impact of maintaining the
blood supply on meniscus healing (40) (59).

3.3.2 Current surgical treatments and management strategies for meniscus lesions

In 1883, Annandale for the first time repaired the menisci by using sutures, 50 years later, King
showed that removal of the meniscus in the canine generates some degenerative changes in the
knee joint. In 1950 and 1960, any meniscus tears suspected by clinical examination was surgically
removed (44). Due to the mechanical functionality of meniscus, degenerative changes to the
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resected meniscus tissue, and technical challenges in surgery, the goal of meniscus injury treatment
has now shifted toward salvaging of the meniscal tissue, if possible. Current treatment options for
meniscus tears are classified into three categories: meniscus repair, total meniscectomy (TM) or
partial meniscectomy (PM), and transplantation (7, 52). Since TM leads to progression of
osteoarthritic changes in the joint, most of the meniscus tears are removed partially. Repair of the
tears located at the vascular zone or some tears at the avascular zones is performed by sutures and
arthroscopy. The other repair strategies such as staples, anchors, and arrows also maintain the
tissue quality, minimize pain, and improve function (27).

Indications for meniscus repair are associated with several parameters such as tear properties
and patient profile and include vascularity, tear morphology, length, depth, size, ligament stability,
tear location, chronic or acute, age, health, symptoms, activity level, and expectations (7, 13).
However, successful meniscus healing is more likely achieved in tears occurring in the vascular
outer circumferences of the meniscus, making repair strategies less suitable for degenerative tears
originating from the horizontal direction that tend to start at the inner avascular zones (7). Meniscus
repair is limited to vertical, unstable, and peripheral tears. Longitudinal-vertical tears 1-2 cm in the
R-R vascular zone and those located at the meniscocapsular zone are amenable for repair with
sutures (55). Most of the tears occur at the medial and posterior horns of the meniscus (7). Recent
results showed partial meniscectomy are performed more than repairs to preserve tissue and
biomechanical function. Considering all the parameters mentioned above, longer longitudinal tears
and bucket handles tears are repaired in some cases. Young active patients (> 40) with fresh tears
less than two months old are good candidates for repair by sutures. ACL-reconstruction is highly
recommended during the meniscus repair surgery (7, 55). However, irreparable unstable meniscus
lesions or degenerative tears require PM or TM. Meniscus allografts or synthetic meniscus
substitutes are indicated for severely damaged meniscus (14). The biomechanical effect of
meniscectomy correlated with radiographic signs of osteoarthritis and patient-related outcome
scores. However, the answer to the question as to whether knee OA could start with meniscus
degenerating or whether degenerative lesions cause loss of meniscus function and trigger
osteoarthritis is still unclear (2, 56).

Many augmentation approaches have been used for meniscus repair including mechanical
stimulation (abrasion therapy, rasping, and trephination), synovial flap, gluing (fibrin glue),

exogenous fibrin clot, facial sheath coverage, meniscus wrap technique, platelet lysates, GFs, gene
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therapy, marrow venting procedure, and enhancement with PRP (7, 8). All biological enhancement
techniques attempt to promote cellular proliferation, matrix production, and chemotaxis at the
repair site in order to overcome limitations. Some of these techniques are used for enhancing
vascularity, and others for improving cellularity in meniscus repair. Combination of all these
strategies has been suggested in the literature together with suture reinforcement techniques (55,
57). Refreshing the tear edge before suture placement opens blood supply from the vascular zone
to the avascular zone, thus recruiting fibrin, GFs, and thrombocytes to the defect site which is a
necessity for wound healing. In the cases of isolated tears, fibrin clot placement inside the tear
accelerates the rate of healing. Meniscal repair procedures are categorized into two types: open
and arthroscopically-assisted. Arthroscopically-assisted meniscal repair techniques are more
common and have mostly replaced open procedures (58, 65).

Meniscal repair techniques include inside-out, outside-in, and all inside repairs. Each has its
advantages and complications (7, 55). Inside-out repair involves passing sutures from inside of the
meniscus to the capsule and is used for tears in the meniscus body. Inside-out meniscus repair
remains the gold standard to date (59, 60). Outside-in involves passing the suture from the capsule
into the meniscus and is used for defects at the anterior horn side. All inside repair consists of
placing stitches from the inside the meniscus to the capsule by leaving an anchor positioned behind
the capsule. Inside-out and outside-in meniscal repair techniques have been reported to increase
the risk of injury and neurovascular complications. In contrast, the all-inside technique is an
arthroscopic procedure with the benefits of a reduced risk of neurovascular injury, particularly
when peripheral tears within the meniscal R-R zone are repaired. They are frequently combined
with augmentation strategies to improve the healing rate of the meniscus to overcome some of the
limitations such as hypovascularity, high inflammation, hypocellularity of the meniscus
environment. Both resorbable and non-resorbable sutures materials can be used for wound closures
(58, 65).

3.4 Ovine animal models of meniscus repair

To restore the function of the meniscus and develop treatments for the human knee joint,
investigators require appropriate preclinical animal models to test the safety and efficacy of new

engineered technologies and functional aspects of the human knee (61). Animal models are
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valuable tools proposed for studying not only the tissue pathophysiology and mechanisms leading
to meniscus tear formation but also allow testing of new surgical devices and engineered implants
for tissue regeneration (62). Mice, rat, rabbit, pig, cat, dog, horse, goat, and sheep are the different
animal species that have been used so far for studying meniscus (69). However, there is no gold
standard surrogate for the human menisci, and each of the animal models has its pros and cons (61,
63). The relevance of the models allows researchers to understand the structural and functional
impairment that results from orthopedic pathologic conditions such as meniscal injury (70).
However, selection of the most appropriate animal model and injury pattern is necessary to the
translational relevance of a project.

Several parameters should be considered for selection or rejection of an animal model for
orthopedics area such as: I. Anatomy similarities, Il. Composition and biomechanics, IlI.
Availability and cost, I1V. Translation of information to humans, V. Ease of handling and housing.
VI. The existing body of biological knowledge on the animal model. VII. Ethical implications.
VIII. Ecological environment. 1X. Adaptability to the experimental conditions, and X. Society
acceptation of the model (79, 64). For instance, the biosynthetic activities of MFC change with
joint instability and biochemical content of menisci is altered with exercise in rabbit (lapine) and
rat (murine) models, respectively. Also, menisci size, the thickness of cartilage, and greater
endogenous healing can limit a model’s potential to evaluate the performance of repair meniscus
devices and implants. An advantage of porcine (minipig) and swine is low cost, weight, similar
size, and mechanical properties to humans. However, the strength of tendons and ligaments are
half that of the humans which limit ACL-reconstruction associated with meniscus repair studies.
The minipig has been used as a feasibility model for proof-of-concept studies and early stages of
therapy evaluation. The canine (dog) model is well-established in terms of intraarticular knee
surgeries approaches, vascularity, primary and secondary clinical outcome evaluation with
arthroscopy (62). The dog has been a dominant model of musculoskeletal conditions for a long
time; however emotional and ethical considerations limit its translation potential (65, 79). Primate
and horses (equine) meet some biomechanical requirements for joint models, but they are too
expensive for large-scale studies. The caprine (goat) is another animal model that has cartilage
thickness close to human, but it is not readily available and hard to handle as compared with

counterpart sheep (62).
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Ovine (sheep stifle joint) is a well-accepted experimental large animal model for in vivo and
translational orthopedic field (66). The ovine model was selected for this project for multiple
reasons. Regardless of the differences between human knee joint and sheep stifle joint, ovine
meniscus represents a scaled-down version of the human meniscus regarding the anatomical,
biological, physiologic, and biochemical characteristic due to its size, the weight, the joint
structure, meniscus remodeling, and healing process (67). Other advantages of using sheep include
ease of handling and availability. In pursuit of investigating the biological aspects of healing and
injury, this project seeks to investigate the effect of freeze-dried chitosan platelet rich plasma (FD-
CS PPR) implants for augmentation of meniscus repair in ovine stifle joints for eventual
application to the human knee joint. Reconstruction, replacement of the cranial and caudal cruciate
ligaments, collateral ligaments, meniscus, treatment of the chondral and osteochondral lesions,
treatment of osteoarthrosis and arthroplasty have also been performed and assessed in sheep. The
primary structural characteristics such as the organization of ECM, water content, collage type
distribution, vascularity, and cellularity are remarkably similar between sheep and human
meniscus. Although composition and biochemical profile of human and sheep meniscus are
identical, content, as well as regional variation of GAG, is notably different as evidenced by
histology of the inner half of meniscus (63, 67). Therefore, it is essential to consider contralateral
menisci in our study design. Vascular penetration is 11.2% in sheep while being around 14.4% in
human (68). The ovine and human joint shares some characteristics such as gross anatomy,
morphology, kinematics, and functional biomechanics. Load distribution, tensile, and compressive
properties of menisci have been measured and show a close approximation in both sheep and
human (63). Femur of both species has a rochlear groove permitting the joint articulation of femur
and patellae. Articular cartilage of the medial tibial plateau (MTP) is two times thicker than lateral
and presence of a massive bone stock below the tibial plateau lead to some differences in loading
patterns which eventually could influence the treatments. Regarding kinematics, human knee joint
archives a straight orientation at heel strike while sheep flex near 40° in the same position (69).

There are some apparent differences between sheep and human which should be considered
when we extrapolate the data (75). The presence of the tendon of the extensor digitorum longus
muscle on the craniolateral aspect of the stifle joint, the absence of cranial meniscofemoral
ligament (Humphrey) in the caudal joint space, attachment of the patellar tendon to the cranial

pole of the patella, presence of four distinct articulations, asymmetrical shape of meniscus, and
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proximity of MCL and tibial cortex are some of the differences in the anatomy of sheep stifle joint
and human (83, 75). Arthroscopic-assisted visualization procedures are still a challenge for
evaluation of safety and efficacy of implant and grafts in sheep (63). The rate of bone healing, and
remodeling activity are similar (65). Length, width, and proportion to the tibia plateau are
approximate between sheep and human. All of these should be addressed during design of
scaffolds and device implantation. In the current study, we focus on the medial menisci since in
both species the large quantity of force is transmitted through the medial compartment and medial
menisci are clinically more relevant (63). However, with any animal model, there are limitations
while interpreting the results of study and findings in a quadruped model should not be directly
correlated to the human knee joint lesion. To study meniscus tear and healing response, we created
a complex tear similar to clinically significant human lesions (63). In order to easily inject the
implant and to visualize the medial compartment and central posterior zone of menisci, a bone
block surgical approach was employed in sheep. In spite of the advantages of in vitro studies and
to fill the gap between the in vitro and human clinical studies, biological behavior of menisci
response needs to be evaluated in large animal model, especially in the avascular zone (63, 66).
Recent studies are emphasizing on sheep as the gold standard animal model for meniscus

implantation and evaluation of devices (63, 66) (Table 3.1).

Table 3.1 A brief description of physiological aspects of sheep as model for biomedical

engineering.
Animal | Purpose of the | Strength | Weakness | Cell GAG Collagen Collagen | Vascularity
model study of the | of the | morphology | content | type | type 11 penetration
model model

Sheep Effect of | Meniscus = Tenotomy & Round in @ Present = Detected Detected = 11.2%
71, 74, | synovial size close | required deep layer @ ininner @ throughout @ in matrix
76, 79, | implantation to human | (Achilles) | and fusiform @ zone the matrix = and inner
80 . e at superficial regions

Transplantation Difficult of

of  meniscus access to T EEE

allografts posterior

area

Effects of

abrasion

therapy

Autologous

perichondrial
tissue
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3.5 Tissue engineering and biologic augmentation strategies for

meniscus repair

3.5.1 Scaffolds

Tissue engineering represents an alternative option for creation of soft tissues such as cartilage or
meniscus which have a low potential of healing (70). When we compare the meniscus with other
musculoskeletal tissues such as bone or cartilage, there is a shortage in the number of studies,
methods, and biomaterials for engineering this fibrocartilaginous tissue. This might be related to
the complex nature of the tissue and organizational architecture which make it difficult to replicate
(71). The ideal scaffold materials for engineering of meniscus should have several requirements:
I. Biocompatibility and biodegradability in the long-term allowing ingrowth of new tissue, and
remodeling of tissue especially under the load conditions to accelerate cell ingrowth, vasculature,
the formation of a new extracellular matrix, and free diffusion of nutrients, 1. It could be used as
carrier for delivery of GFs either inhibitory or stimulatory, Ill. It should be strong enough to be
able to withstand the load in the joint compartment, maintain balance, and weight distribution, and
IV. The graft should be able to reduce degenerative changes as well as pain. It is likely that a
combination of scaffolds, cells, and GFs will play a key role for future improvement of meniscus
repair approaches. Meniscus scaffolds can be separated into two major categories: synthetic and
natural scaffolds. Scaffolds could be seeded with cells or could be acellular. A wide variety of
biomaterials have been used to produce meniscus TE-scaffolds in ovine models (14, 71) ..
Different natural scaffolds have been used for TE of the meniscus include protein-based such as
fibrin, gelatin, and collagen or polysaccharide-based including alginate, chondroitin sulfate, and
chitosan. Other types exist such as small intestine submucosa, perichondral tissue, periosteal
tissue, hyaluronan-gelatin hydrogel, and the devitalized meniscus (72-77). Use of autologous
perichondral tissue was tested in a complete ovine meniscectomized model by Bruns and
colleagues. Their findings demonstrated a new perichondral tissue formed which resembles the
healthy tissue regarding size and orientation of collagen fibers after 3 months. However, central
calcification, low tensile strength, and stress modulus compared with the native tissue were found
(78). Regarding the stability of meniscus prosthesis, collagen-based matrices seem to be one of the
best options for meniscus replacement. Martinek and colleagues published the application of

collagen meniscus implants (CMI) with or without autologous chondrocytes in an ovine



25

meniscectomized model after 3 weeks and 3 months. The CMI seeded with fibrochondrocytes
reduced AC degeneration compared to the unseeded-scaffold. Histological assessment after 3
months showed a GAG-rich extracellular matrix, scaffold remodeling, and improvement in
vascularization. The authors noted that the tissue was biomechanically inferior compared to the
normal meniscus tissue (70). Allograft transplantation is an applicable method for substitution
following menisci resection. However, this has suboptimal clinical results due to shrinkage of the
graft as well as rejection during long-term implantation (79). Several synthetic biomaterials
including teflon, carbon fiber, polyurethane (PU), polycaprolacone (PCL), poly-L-lactic acid
(PLLA), polyglycolic acid (PGA), polycarbonate-urethane (PCU), and polylactic-co-glycolic acid
(PLGA) have been widely used as scaffolds (99)(14, 80). These synthetic scaffolds provide
multiple advantages such as satisfactory mechanical properties, tuneability of pore size, fiber size,
geometry, and endless supply. Some of the limitations include poor bioactivity, hydrophobic
properties, and immune response (81). Combination of both synthetic and natural scaffolds could
address some of these limitations. lbarra and colleagues have reported PGA or PLGA seeded-
scaffolds in ovine models of meniscectomy. They aimed to overcome their poor mechanical
properties in several pilot studies. Results from 6 weeks implanted in a meniscectomized knee
demonstrated the formation of new tissue growth with histologic architecture similar to meniscus
with aligned collagen-like fibers. However, no biomechanical studies were completed on the TE-
meniscus tissue. Although the number of the animals was small, authors demonstrated a proof-of-
principle for this technique (82, 83, 102). A new resorbable biomaterial consisting of derivatives
of PCL and HA named HYAFF has been investigated in meniscectomized models. Chiari and
colleagues reported on these materials in an ovine total or partial meniscectomized model for 6
weeks. Specimens were assessed by histology and gross inspection. Initial results were promising
in terms of the feasibility of the method, tissue formation, cellular infiltration, and vascularization.
After these encouraging results, further studies were performed to further test the same scaffold
(84). Primarily, in two following studies, Kon and colleagues investigated the same scaffold in
total removal of meniscus tissue in 24 sheep with or without autologous chondrocytes seeding after
4 and 12 months. In both studies, scaffolds were seeded with chondrocytes and compared with
cell-free scaffold and meniscectomized alone groups. Results after 4 months showed improvement
over cell-free scaffolds regarding cell infiltration, vascularization, and cartilage-like formation,

however, foreign body reaction and AC degeneration were present. In the second study, they
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confirmed the role of cells for increasing the tissue quality and potential of PCL-HA for total
meniscus substitution for 12 months (85, 86). Also, Maher and colleagues tested a porous PU
scaffold in a partial meniscectomized ovine model at 12 months post-operation. Promotion of
tissue ingrowth and chondral protection was noted (87). In another study, Zur and colleagues
investigated and tested the use of an artificial meniscus implant composed of Kevlar-reinforced
PCU scaffold. Although, the scaffold delays degenerative OA changes after 3- and 6-months post-
surgery, there was no significant difference between treated cartilage and control (88). Results of
silk fibroin scaffold were reported by Gruchenberg and colleagues with documented evidence of
chondroprotective properties and mechanical features comparable to the intact meniscus with less
inflammatory response in a sheep model (89). Recently, Patel and colleagues in two different
studies reported the effects of a biodegradable fiber-reinforced scaffold in total meniscus
replacement model. In the first study, they found that meniscus scaffolds support the formation of
neomeniscus tissue and preserve the joint from degeneration after 1-year implantation. In the
second study, they reported adverse outcomes of PLLA fiber-reinforced scaffolds in an ovine total
meniscus replacement model (90, 91). The same material has been reported by the same group in
11 sheep with the end time point of 2 years. The fiber-reinforced scaffold stimulated the formation
of functional neomeniscus tissue that was remodeled into organized circumferential collagen fibers
demonstrating its potential to prevent catastrophic joint deterioration associated with
meniscectomy (92). Recently, 3-D printed scaffolds in combination with GFs have been gaining
attention for meniscus regeneration since they allow replication of meniscus shape and internal

fiber architecture to produce patient-specific scaffolds (93).



27

Table 3.2 List of biomaterials have been used to produce meniscus TE-scaffolds in ovine models.

Author

Bruns 1998

(78)

Martinek
2006 (70)

Ibarra 1998
(82, 83)

Kon 2008

(86)

Kon 2012

(85)

Maher 2010
(87)

Zur 2011 (88)

Polymer type

Perichondral
tissue

Collagen
meniscus
scaffolds

@YD)

Polylactic-co-
glycolic acid
(PGLA)

HYAFF -
polycaprolacone
(PCL)

HYAFF-PCL

Poly  urethane
scaffolds (PU)

Kevlar-
reinforced
polycarbonate
urethane (PCU)

Fabrication
method

Lamination
technique

Lamination
technique

Cell seeded

No

Yes

Precultured
autologous
chondrocytes

Yes

Fibrochondrocytes

Yes

Autologous
chondrocytes

Yes

Autologous
chondrocytes

No

No

Tissue
resected

Meniscectomy

Meniscectomy
(total medial)

Meniscectomy
(total medial)

Meniscectomy
(total medial)

Meniscectomy
(total medial)

Meniscectomy
(partial
lateral)

Meniscectomy
(total medial)

Additional
factors

Two
fixation
techniques,
either with
or without
tibial horn
fixation

Study design

Scaffold
autologous
chondrocytes,
scaffold
alone,
defects.

empty

Cell-seeded
scaffolds, cell
free scaffolds,

empty
controls.

Cell-seeded
scaffolds, cell
free scaffolds,

empty
controls.

Cell-seeded
scaffolds, cell
free scaffolds,
empty
controls.

Scaffold
group,
untreated
defects.

Scaffold
group,
unoperated
control.

Duration

12
months

3 weeks
and 3
months

6 weeks

4 months

12
months

3, 6, and

months

3 and 6
months

Degree of success

Calcification  of

central  region,
low tensile
modulus
Increased

vascularization
enhanced scaffold
remodeling, high
ECM,
Biomechanically

unstable and
shrinkage
Organized
collagen matrix,

good PG amount

Limited analysis,
organized
collagen structure

Fibrocartilage
formation in the
cell seeded group,

better  integrity
with fixation
method,
incomplete
healing,
osteochondral

degeneration

Cell seeded
scaffold showed a
better
regeneration
capacity,
chondroprotective
effect in scaffold

group.

Loss of tissue at
inner rim, tissue
integration  and
significant  self-
healing in partial
meniscectomy
model

Fibrosis of the
synovial  tissue
and osteochondral
degeneration, no
significant

differences found
between scaffold
and control group



Kelly 2007
(94)
Gruchenberg
2014 (89)
Galley 2011
(95)

Patel 2016
(90)

Hydrogel
meniscus
implant

Silk fibroin
scaffolds

Actifit

Poly
desaminotyrosyl-
tyrosine dodecyl
ester
dodecanoate
(pDTDDD)
fibers

No

No

No

Meniscectomy
(total lateral)

Meniscectomy
(total medial)

Meniscectomy
(partial
lateral)

Meniscectomy
(total)

Hydrogel
meniscus
group, lateral
meniscectomy
group,
meniscus
allograft
transplant.

Scaffold
group, empty
defects.

Scaffold
group, intact
knee.

Scaffold
group, native
meniscus.

2, 4, and
12
months

6 months

12
months

52 weeks

28

Promising results
for hydrogel
meniscus implant
at early time point
follow up. At 12-
months,
significant
cartilage
degeneration and
implant failure for
hydrogel  group
compared to
allograft
transplant.

No inflammation
observed in
scaffold group.

No significant

differences in
cartilage
degeneration
between the

scaffold and sham
group. Loss of the
implant in 3/9 in
scaffold group

Mechanical
properties of the
scaffold similar to
the native
meniscal tissue.

Tissue ingrowth
promoted into
porous scaffolds

A resorbable
fiber-reinforced
meniscus scaffold
supports
formation of
functional
neomeniscus
tissue with the
potential to
prevent joint
degeneration that
typically  occurs
after total
meniscectomy.
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3.5.2 Chitosan and its applications

Chitin is a linear, highly crystalline homopolymer of $-(1-4) -linked N-acetyl glucosamine residues
which is a dominant cell wall component and found in fungi and various marine living organisms
(20). After cellulose, chitin is the second most plentiful organic compound in nature (96). Materials
formed of chitin are usually colorless to white, hard, and inelastic, found in the outer skeletons of
crabs and in the internal structures of other invertebrates (20, 96). However, significant sources of
chitin are crab and shrimp shells in industry. Chitin has an average molecular weight (MW) ranging
from 1.0 to 2.5 million dalton. The variation in the MW is a function of the extent of N-acetylation
(97). Chitin structures vary in the solid and solution state. Crystallography structure of chitin can
be differentiated and characterized by nuclear magnetic resonnace (NMR), spectroscopy, and x-
ray diffraction method (96, 97). Depending on its source, the ultrastructure of original chitin is
different and needs to be pre-treated and medically graded before it is used in biomedical
engineering application (20, 96). Chitin exist under 2 allomorphs termed as « and . The crystalline
structure of « and £ are organized in piles that hold the lattice by tight hydrogen bond. Chains of
a-chitin are ampler and found in arthropods, fungi, and the cysts of entamoeba (20, 96). Piles of
chains are arranged antiparallel in a-chitin (98).

Chitin is systematically formed by recrystallization from solvents, in vitro biosynthesis, or
enzymatic polymerization. g-chitin is rarer and found within squid pens and tubes synthesized by
pogonophoran and vestimentiferan worms. B-chitin is characterized by a weak intermolecular force
and hydrogen bonding by intrasheets. Thermodynamic studies confirmed that g-chitin exhibits
higher reactivity and affinity for solvents than a-chitin (20, 96). The crude chitin is isolated from
the outer skeletons of mostly crabs and shrimps. Crustacean shells are composed of 30-40%
protein, 30-50% calcium carbonate, 20-30% chitin, and lipidic pigments (97). To obtain pure chitin
for biomedical implementation, these components need to be removed by chemical, enzymatic,
and biological selected treatments. Depending on the source and objective, the analysis and reagent
conditions may differ (20). Isolation of crustacean shell waste consists of three basic steps: I.
Protein separation-deproteinization (DP), Il. Calcium carbonate-demineralization (DM), and III.
Pigment-lipid-decolorization (DC) (20, 99). Exogenous chitin activates macrophages and causes
allergic inflammation; therefore, full removal of protein residue by chemical extraction processing
is the most important step. Chemical bonds between the chitin and proteins will be disturbed by

DP, and the polymer will be depolymerized (20). Several chemicals are adopted as DP reagents
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such as sodium hydroxide (NaOH) and potassium hydroxide. Deproteinization is usually
accomplished by NaOH (0.125-5.0 Molar) at varying elevated temperature (65-160°C) and
treatment duration (few minutes up to several days) at a controlled pH. Enzymatic deproteinization
has been done either with the commercial, bacterial, or crude protease to increase purity after or
before the DM step. Demineralization is conventionally performed by diluting to mild hydrochloric
acid (HCI) (up to 10%) at room temperature to dissolve the minerals such as calcium chloride
(CaClz) with agitation for 2 to 3 hour (20, 99). Treating and bleaching with reagents such as acetone
and sodium hypochlorite will also remove pigments, if necessary (99).

To preserve the polymer structure and physicochemical characteristics of chitin, temperature,
different incubation time, the concentration of acid, solute/solvent ratio, and particle size should be
optimized based on the experimental conditions. Efficacy and quality of deproteinization and DM
can be increased either by lactic acid and non-lactic acid fermentation (20). Poor solubility and
high hydrophobicity in water and acetylation groups of chitins limit its practical application.
Therefore, chitin needs to be modified to one of the most suitable naturally-derived polysaccharide
in the biomedical engineering which is chitosan (100).

Chitosan is partially or entirely deacetylated derivative of chitin when average degree of
acetylation is lower than 50% (20). Chitosan is a linear cationic polysaccharide (PS) composed of
units of D-glucosamine and N-acetyl D-glucosamine (101). Chemical and enzymatic deacetylation
processing can be used to convert chitin to chitosan. Chitosan is a high MW biopolymer which is
soluble in acidic solutions (102). Considering its source and preparation processing, MW of
chitosan varies between 300 to 100 kilodalton with the degree of deacetylation (DDA) of 50 to
95% (103). Acid or alkali have been used to deacetylate chitin in a homogeneous or heterogeneous
manner (20). Deacetylation of chitin under heterogeneous conditions involves treating chitin with
hot concentrated solution of NaOH for few hours generating chitosan with an insoluble residue
with 85-99%. Homogeneous deacetylation implies dispersion of chitin in concentrated NaOH,
followed by dissolution is crushed ice creating soluble chitosan with a DDA around 45 to 55% (20)
(104). Under homogenous conditions physicochemical properties of CS such as solubility and
degree of aggregation may differ from the randomly acetylated chitosan. Enzymatic deacetylation
of chitin has been performed by using chitin deacetylase which creates chitosan oligomers in most

efficient way to prevent energy consumption (20).
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Figure 3.6 Chemical structure of chitin (A) and chitosan (B) (20).

Chitosan-containing composites constitute a most promising multifunctional and versatile
biopolymer for orthopedic TE including cartilage, intervertebral disc, ligament, bone, and meniscus
(102). Other applications include drug, gene delivery and wound healing management (105).
Chitosan presents excellent pharmaceutical properties such as biodegradability, biocompatibility
absorbability, non-toxicity, chemical stability, mechanical properties, immunological,
antibacterial, anti-cancer, hemostatic, and bioadhesivity (20, 106, 101). Chitosan is a naturally-
derived bioactive polymer that has been used as a scaffold in regenerative medicine. Other medical
configurations of chitin and chitosan include hydrogels, fibers, films, powder, solutions, gels,
sponges, and beads (20, 107, 108). Chitosan can be injected or implanted into soft tissues (20).
Both chitin and chitosan are interesting PS due to the presence of amino (NHz3) as well as hydroxyl
functional groups, which can be chemically modified to impart desirable properties including
solubility (109). The solubility of chitosan depends on DDA, distribution of free amino groups,
distribution of N-acetyl groups, type of acid for protonation, pH, treatment processing of PS, and
concentration of ions. The solubility of CS-based formulations has always been a challenge since
it affects its stability (96, 101, 109). Chitosan is a highly reactive PS, and its solubility is facilitated
in dilute acidic reagents below pH 6.0 such acetic acid. Chitosan can be considered a strong base
as it has free and reactive NHs with a pKa value of 6.2. At low pH (PH< 6), these amines get
protonated and become positively charged which makes chitosan a water-soluble polyelectrolyte.
Once the pH increases above 6, amino groups of chitosan become deprotonated and the polymer
loses its charge and becomes insoluble (101, 109).

The degree of acetylation represents the proportion of glucosamine units regarding the total

amount of units. Positive charges in chitosan and functional groups which are produced by
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deacetylation generate an electrostatic interaction allowing it to interact with negative molecules.
(101). During deacetylation and DP reaction process, the molecular weight of chitosan will change.
Average characteristic and physicochemical stability of chitosan is influenced by multiple internal
and external factors such as MW, deacetylation degree, the pattern of deacetylation, viscosity in
solution, moisture content, polydispersity index, purity level, humidity, and temperature (20, 103).
Viscosity and molecular weight are related meaning the higher the MW is, the higher the viscosity.
DDA and molecular weight are the key features that determine biological characteristics of CS (96,
101). Degree of deacetylation has an effect on both in vitro and in vivo degradation rate of chitosan.
It has been shown that the degradation process is attenuated at higher DDA (80 to 90%). The
commercially available preparations often have a DDA between 60 and 90% which will impact on
some biological properties of the chitosan such as healing capacity and degradation process by
lysozymes (101).

Cytocompatibility and hemocompatibility are the first-line screening tests for CS.
Biocompatibility means the ability of the biomaterial to perform with an appropriate host response
by emphasizing tissue biomaterial interfaces (101). The process of biodegradation of chitosan can
be by either physical and enzymatic degradation. Biodegradation refers to hydrolyzing of
glucosamine linkages (20, 101). In human body, eight chitinases have been recognized. Enzymes
such as chitinases and lysozyme hydrolyze chitin and acetylated forms of chitosan (101). Lysozyme
provides a first-line innate immune defense to pathogens encompassing chitin by generating
damage in the cell wall. Therefore, partly acetylated CS (<85% DDA) are more biodegradable than
highly deacetylated chitosan (>95% DDA) (101). Chitosan has considerable immunomodulatory
properties and induces innate immune cells such as macrophages and neutrophils to secrete
proinflammatory mediators. The level of DDA and range of MW of chitosan impact biological
properties such as cell growth, proliferation, and adhesion. Studies found that low DDA in chitosan
decreases cell adhesion to the films. Porosity of CS-based products is important in scaffolds since
it provides a platform to facilitate new tissue ingrowth for cells to proliferate, differentiae and
interconnect via the pores. Mechanical properties of CS membrane can be improved by
incorporation of cross-linked agents (101). Chitosan-based biomaterials have been designed for the
following functions: I. Acting as a template to promote cell biomaterial interaction and ECM
deposition, 1. Cell proliferation and differentiation through the transport of nutrients and gases,
I11. Degradation at a controllable rate corresponding to the regeneration rate of tissue, IV. Minimal
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foreign body reaction, and V. Ability to be molded in the tissue of interest geometries and suitable
for cell ingrowth (101, 102).

Chitosan scaffolds can be fabricated by different methods including lyophilization or FD.
Freeze-drying is a method that freezes the solution at a certain temperature and then sublime the scaffold
at a specific lower temperature (121). This method is widely used for pharmaceuticals to improve
the physicochemical stability in aqueous media, long-term storage, provide easy handling for
nanoparticle (103, 110). Studies have shown that removal of water by freeze-drying process from
chitosan-based products may disturb the polymeric network by imposing stress on both unmodified
or modified chitosan (103). Higher viscosity, lengthening of gel strength, decrease of gelation time
affect the biological properties of chitosan. To overcome the latter issue, several strategies have
been utilized for expanding chitosan maximal stability and shelf-life including: I. Modification of
storage conditions such as temperature and humidity, Il. Inclusion of a stabilizing agent, IlI.
Association with non-ionic polymers, and 1V. Modification of chitosan structure employing small
size anionic polymers (103). Freeze-drying is a time-consuming and expensive process that could
take days to weeks which needs to be optimized. A typical freeze-drying process consists of three
stages; that is, freezing, primary drying, and secondary drying (22).

Chitosan is a positively charged biopolymer that interacts with charged cell membranes, attracts
negatively charged platelets to form a loose clot and has a positive effect in engaging hemostasis.
Coagulation activity of chitosan varies according to its molecular weight and DDA which dictate
final cationic properties of the polymer. Hattori et al., showed that varying DDA and MW of
chitosan solutions prior to mixing with blood components and platelets in PRP would change blood
activation and aggregation (111, 112). Shen et al., reported that chitosan enhances platelet
aggregation and increases release of GFs (113). Microscopic and flow cytometry examinations
revealed that platelets adhered on chitosan coated plates leading to activation of platelets,
expression of glycoprotein on the platelet surface and release of growth factors. Zhang et al.,
investigated the effect of chitosan and its derivatives on the function and structure of clot-related
proteins including fibrinogen.

Other authors have reported on TE-scaffolds containing chitosan and PRP (113, 114, 115, 116).
Shimojo et al., showed the performance of injectable lyophilized porous CS mixed with PRP as a
composite scaffold for TE applications (116, 117, 118). Also, Kutlu et al., reported the sustained
release of platelet-derived growth factor-BB (PDGF-BB) from CS-PRP scaffolds by either adding
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PRP to a chitosan gel before freeze-drying or by delivering PRP to a lyophilized chitosan sponge
(119). Similar to the previous studies, Tello et al., found that activated PRP induce nesting and
differentiation of human chondrocytes cultured in chitosan scaffold, as shown by high expression
type I and I1 collagen in ECM (120). Due to its hemostatic potential, chitosan can initiate the wound
healing process by arresting bleeding, activating, promoting coagulation, and forming an
interconnected blood clot. Periayah et al., showed that platelets adhere to chitosan and that platelet
number influences the formation of the hemostatic plug (121).

Scanning electron microscopy (SEM) analysis revealed that depending on the type of chitosan,
platelets adhered to each other and the surface of chitosan and extended into pseudopodal shape.
Similar to that study, Romani et al., confirmed the presence of pseudopodia and expression of
human platelet-p-selectin when chitosan film is placed in contact with blood components, although,
platelets respond differently to chitosan depending on the molecular weight and DDA. Both chitin
and chitosan promote wound healing through cytokine production and fibroblast stimulation.
Foreign body giant cell (FBGC) formation depends on the chitosan properties and biodegradation
rate. Deacetylated forms of CS are susceptible to degradation by the enzymes existing in body
fluids such as lysozyme and N-acetylglucosoaminidase creating products called chito-oligomers.
These products stimulate macrophages and positively influence collagen deposition, thus
accelerating the wound healing process (122). Hydrogel-based biomaterials such as chitosan are
gaining high interest for meniscus TE due to its high hydration degree (72, 122). Chitosan
hydrogels in animal studies have been shown to stimulated migration, proliferation of fibroblasts,
and production of collagen.

To the best of my knowledge, the number of publications assessing the interaction of chitosan
with meniscus tissue are limited. In an in vitro study, Sarem et al., showed that combination of two
biopolymers of gelatin-chitosan scaffolds which are cross-linked with genipin have a highly inter-
connected pore architecture and support human-derived meniscus cells (123). Injection of N-
carboxymethyl CS by itself has been shown to modulate the healing sequence in a rabbit model of
meniscus repair (124). In another study, CS-calcium polyphosphate composite scaffolds which
were cross-linked with alginate dialdehyde were reported to improve the properties of CS and could
be the potential candidate for meniscus tissue engineering (125). Chen et al., reported beneficial
effects of a thermo-responsive chitosan-poly injectable hydrogel implant. Results from SEM
confirmed these hydrogels could be used as an injectable cell-carrier material for entrapping
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chondrocytes, meniscus cells and preserve cell viability, the phenotypic morphology of the trapped
cells, and stimulate cell-cell interactions (126).
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Figure 3.7 Simplified flowchart of preparation of chitosan from chitin (20, 96).
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3.6 Cell sources

Studies show that seeding of cells onto the matrix, mesh, or scaffolds enhance healing and
regeneration of the meniscus in vitro and in animal models (14, 40, 127). Multiple cell sources are
available for meniscus regeneration including either mature cells or stem cells. The former include
fibrochondrocytes-derived from meniscus, chondrocytes-derived from cartilage and the latter
include bone marrow-derived mesenchymal stem cells, synovium-derived mesenchymal stem cells
(SMSCs) adipose-derived stem cells, meniscus-derived mesenchymal stem cells, cartilage
progenitor cells, myoblasts, and multipotent vascular endothelial cells (15, 73). Depending on the
animal model used in the studies, the regenerative capacity of the cells and the efficiency of the
delivery method may vary. Cells can be delivered using different techniques such as intraarticular
injection, embedded in fibrin clot, tissue engineered construct, pellet, aggregate, or hydrogel (80,
90, 128, 129).

Fibrochondrocytes from the meniscus are the most frequently utilized cell source. Most of the
studies demonstrated fibrochondrocytes have the potential to proliferate in 3-D matrix scaffolds in
vitro. These cells have also been evaluated in animal models. Immunohistological staining of
tissues shows cells express their phenotype and synthesize sufficient extracellular matrix in vitro
(15, 36). From a clinical point of view, biopsies of autologous fibrochondrocytes could be isolated
from the contralateral healthy meniscus or the torn meniscus. Baker et al., showed that seeding of
meniscal debris-derived cells onto nanofibrous scaffolds results in neotissue with mechanical
properties approximating that of the native meniscus (15, 130). In another study, Nakata et al.,
investigated the potential for meniscus cells isolated from meniscectomised knee. In this study, the
authors expanded human meniscus cells and seeded them on a collagen scaffold. They could
successfully isolate adequate number of cells from meniscal samples and showed that seeding them
on scaffolds is feasible (131).

However, some of the limitations include I. An additional surgery is required to isolate
autologous fibrochondrocytes, 1. Some concern exists over the functionality of cells harvested
from damaged tissue from patients at the time of surgery, and I1l. The low number of cells and the
de-differentiation of these cells in culture (15, 36). The second source of cells for meniscus TE are
chondrocytes isolated from articular cartilage. Articular cartilage could also be easily harvested
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from non-weight bearing areas. Peretti et al., tested autologous chondrocytes isolated from porcine
on allogenic meniscus fragments as the scaffold. These meniscus fragments were implanted in the
avascular zones of the meniscus. They found that chondrocytes were able to synthesize meniscal
tissue in vivo (42). It was reported in multiple studies that AC has the potential to accumulate large
quantities of the matrix by secreting more GAGs and type Il collagen than synovial membrane cells
and fat pad cells. Applying of physical forces and specific regimen could alter gene expression of
articular cartilage to secreting the meniscus-like matrix including type Il and type I collagen (15,
77, 127, 132). Many studies have focused on the use of MSCs as a potential cell source. Also,
SMSCs have been shown as the most promising source for meniscus repair and play an important
role in menisci healing and restoration (15, 127, 132). Some of the advantages of synovial cells
are: |. Cluster analysis studies have shown these cells have a superior capacity to generate
cartilaginous tissues compared with MSCs from other tissues and have a gene expression profile
similar to that of the meniscus and Il. They are easily harvested during arthroscopic surgery (131).
It has been shown that synovial flap or free synovium contributes to the natural course of meniscus
healing at the injured site (77). Gene therapy in combination with tissue-engineered approaches
has become an attractive strategy as a novel therapy to enhance repair of meniscus lesions.
Although there have been several preclinical studies and in vitro studies using different cell sources
for meniscus repair, up to date, no clinical trial has been initiated in this field (133). The optimal

cell source has not yet been determined (77).

3.7 Growth factors and cytokines

Growth factors tested on meniscus cells or explants have been reported to be useful for meniscus
healing (134) GFs can be inserted into suitable scaffolds or meshes. Local delivery of GFs boosts
repair by producing a favorable environment for tissue growth. Some of the GFs that have been
studied for meniscus repair include transforming growth factor beta (TGF-), PDGF-AB, insulin-
like growth factor, connective tissue growth factor, and bone morphogenetic protein-2 (135).
Following injection, GFs rapidly disappear within the tissue, however, to achieve controlled release
of such cytokines, addition of scaffolds which seeded with growth factors could be a solution (136).
GFs are produced by platelets and fibroblasts and are able to control growth, stimulate proliferation,

cell migration, and differentiation of different cells (152). Spindler et al., reported on the effect of
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PDGF-AB on ovine cells and showed that PDGF-AB only affected the outer zone of the meniscus
by increasing the mitogenic response (135). Bhargava and colleagues investigated the effect of
PDGF-AB on bovine cells and demonstrated the increased migration of fibrochondrocytes from
the inner, middle, and outer thirds of the meniscus as well as the mitogenic response from the
peripheral one-third of the meniscus (137). lonescu et al., assessed the effect of basic fibroblast
growth factor (b-FGF) and TGF-B3 on electrospun PCL scaffolds for meniscus repair. They found
that meniscus constructs refilled with native tissue when cultured in serum-containing media for 4
and 8 weeks with various growth factor formulations. Short-term delivery of bFGF or sustained
delivery of TGF-B3 increased integration strength for both juvenile and adult bovine tissue and
increased PG content in the explants to levels similar to that of the native tissue (136). Recently,
Tarafder et al., used a novel approach to enhance avascular meniscus healing by recruitment of
SMSCs. They created a longitudinal tear in the avascular zone of the bovine meniscus and applied
a combination of connective tissue growth factor and TGF-B3, as chemotactic cues for further
recruitment of SMSCs into the defect sites. They achieved sustained released of TGF-B3 which
resulted in remodeling of the matrix into fibrocartilaginous matrix and fully healed incised
meniscal tissues with improved functional properties (138). There is still no clinical study using

GFs for meniscus repair.

3.7.1 Platelet-rich plasma and bone marrow aspirate concentrate

Platelet-rich plasma is currently used in the non-surgical management of sports injuries to treat
different musculoskeletal conditions particularly those that are difficult to treat such as chronic,
degenerative tendinopathy, and OA. Interest in utilizing PRP has skyrocketed over the last decade
in the orthopedics field (139). Platelet-rich plasma is made merely by obtaining of the patient’s
blood and separating elements of blood by centrifuging to concentrate platelets. PRP and its
derivatives are used for clinical augmentation of meniscus repair during or after the arthroscopic
surgery (15). PRP is an autologous blood-derived product that contains increased concentrations
of platelets above physiological levels. Platelets secrete many growth factors and bioactive
components either from alpha and dense granules. Different types of growth factors exist in PRP
including PDGF, TGF-p, vascular endothelial growth factor, epidermal growth factor, insulin-like

growth factor-1, fibroblastic growth factor, and hepatocyte growth factor. Since PRP is a
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heterogeneous product, it is important to characterize it before use. Different PRP preparation
systems are available, which produce PRPs that contain varying concentrations of platelets,
leukocytes, and erythrocytes. Depending on the baseline platelet count, efficiency, and variability
of the PRP device, the produced PRP may vary (140, 141). On the basis of the platelet
concentration, inclusion or exclusion of leukocytes, and fibrin architecture, Ehrenfest et al.,
classified 4 families of PRP preparations: 1) Leukocyte-rich PRP (L-PRP), Il) Leukocyte-poor PRP
(P-PRP), both of which are liquid suspensions that form solid clots upon activation of the
coagulation cascade; I1l) Leukocyte-rich platelet-rich fibrin (L-PRF), and 1V) Leukocyte-rich
platelet-rich fibrin (P-PRF), both of which are in solid format. The systems that produce L-PRP are
systems with two-step centrifugations and result in a product that is 5 to 9 above the baseline level
of platelets in the blood. Systems that produce P-PRP often use single, slower centrifugation
leading to typically providing a platelet count of 1.5-3 above the baseline level of platelets in blood
(142, 143).

PRP is thought to modulate the tissue healing process by supplying GFs, cytokines, and other
bioactive compounds which play fundamental roles in hemostasis as well as tissue repair and
remodeling. PRP safety profile, ease of preparation and application, low potential for disease
transmission, and minimal tissue rejection are some advantages (17, 144). Regarding the
therapeutic effects of the different types of PRP preparations, platelet content has been a primary
focus, since platelet-derived GFs contribute to tissue repair. However, it is well established that the
concentration of erythrocytes and leukocytes are also important factors to consider (142, 143). Like
PRP, bone marrow aspirate concentrate (BMAC) is another alternative or option as a novel
treatment for the management of pathologies of the knee and meniscus. BMAC is obtained by
centrifugation of iliac crest aspiration and serves as a source of GFs and anabolic anti-inflammatory
factors and stem cells and plays an essential role in treating mild-to-moderate osteoarthritis. The
idea of augmentation of meniscus repair with blood-derived components is not new; it dates back
to 1988 when Arnoscky et al., reported that use of exogenous fibrin clots augmented the healing
response in the avascular areas of the meniscus in the dog model.

Preclinical data that incorporated PRP for meniscus repair is scarce. Most studies used rabbit
models in combination with biomaterials, scaffolds, and stem cells. In some of those studies,
application of PRP improved in vivo defects in the meniscus while others showed no enhancement

in repair (145, 146). A comprehensive review of the effects of PRP on meniscus cells in vitro has
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been performed (13). Few clinical studies have investigated PRP application for treatment of
meniscal lesions (147, 148). In a case study for a single patient, Betancourt et al., attempted to treat
meniscus rupture in knees with degenerative OA symptoms with P-PRP. After 30 months follow-
up, clinical outcomes by the knee injury and osteoarthritis outcome score such as global rating of
change core and visual analog scale improved (149). Recently, Kemmochi et al., compared
application of autologous PRF and L-PRP in meniscus repair surgeries in 70 patients. They
demonstrated the feasibility of the method and showed improvement of clinical scores while there
was no significant difference between two groups (150). In another study by Kaminski et al, the
safety and efficacy of L-PRP were assessed on 37 patients with vertical meniscus defects in the W-
R zone. PRP was injected intraarticular and outcomes were evaluated after 18- and 42-weeks post-
injection. Primary and secondary outcomes were assessed by MRI and second look arthroscopy.
Although the number of the patients was low, PRP injections improved functional knee outcomes
(151). An analysis of current treatment trends in the USA for the utilization of PRP for different
musculoskeletal injuries concluded that patients receiving PRP injection for knee meniscus
pathologies ranked with the most frequency (152).

Despite numerous investigations on the effect, efficiency, and role of PRP therapy for
augmentation of the meniscus repair, this treatment is not widely used in clinical practice (146-
148, 150, 152). There is difficulty in interpreting the effects of PRP on tissues owing to the
variability of the contents of each specific preparation and non-uniform content of PRP, further
highlighting the need for understanding the complex PRP composition (17, 142). Long-term
studies with a higher number of patients, quantification of the degree of meniscus restoration with
MRI, careful evaluation of clinical outcomes and thorough characterization of PRPs are still needed
(145, 153). As of now, it is still unclear what type of PRP preparation should be used to treat
specific conditions (142, 144). Longer longitudinal and evidence-based studies with increasing

sample size would be recommended in future studies.

3.8 Commercially available products for meniscus replacement

Irreparable meniscal tears are usually treated by partial or total meniscectomy. In some cases, in
which the peripheral meniscal rim is still intact, treatment with a meniscal substitute is indicated.

Manufactured acellular scaffolds can be used to improve clinical outcomes following meniscus
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injuries (154). Three implants are commercially available and have received European Union
market approval for use clinically: I. The Menaflex collagen meniscus implant (CMI®; Ivy Sports
Medicine GmbH., Gréafelfing, Germany), 11. The Actifit® implant (Orteq Ltd., London, UK), and
I11. The non-biologic NUsurface meniscus implant (The NUsurface®; Active Implants, USA) (155,
156). The first two options are being used for partial meniscectomized knee in the cases when the
peripheral meniscus zone is still intact. Menaflex is a xenograft collagen-based scaffold derived
from highly purified type I bovine collagen achilles tendon and enriched with GAG. The Actifit is
made from biodegradable aliphatic PCL and PU and is highly porous (154). It has been shown that
both scaffolds minimize pain and improve knee function demonstrating their safety with no adverse
effects. Both products are scaffolds made from degradable porous materials that induce vascular
ingrowth (154). Menaflex has been studied widely as it has been available clinically for more than
10 years. In 2010, the FDA revoked their initial approval citing that the product did not meet the
requirements for 510(k) approval (137). Actifit has only been in clinical use for the last 3-4 years
in non-USA markets. Actifit has a much longer degradation time taking more than 5 years and
promotes tissue remodeling better than Menaflex (136, 154). The total failure rate for both meniscal
implants is approximately 10% at mid-term and are related to pain, swelling, infection, and
mechanical failure of the scaffold (154). The NUsurface meniscus implant is used as medial

meniscus replacement for patients with persistent knee pain following meniscectomy.

3.9 Rationale for using chitosan-autologous blood components for
meniscus repair

Our laboratory has worked extensively with chitosan for cartilage repair applications for some
years. Bone marrow stimulation (BMS) is a cartilage repair technique that initiates repair by
drilling or fracturing the bone underneath a cartilage lesion to induce the formation of a blood clot
in the lesion and healing by marrow-derived cells. Incomplete tissue regeneration and poor
durability are some of the limitations of this procedure. We initially hypothesized that stabilizing
the blood clot in cartilage defects would induce cell recruitment and improve neotissue formation.
CS, a thrombogenic biomaterial with the ability to modulate several phases of the wound healing
cascade, appeared to be a good candidate for this. By adding a buffer comprising glycerol

phosphate (GP), solutions of CS having physiological pH and osmolality can be prepared (157).
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Near-neutral solutions of CS-GP can be mixed with freshly drawn autologous whole blood to form
hybrid clots that significantly resist retraction (158). These CS-GP-blood formulations can be
utilized as injectable implants and adhere to cartilage lesions treated with BMS (158-160).
Hoemann et al., and Chevrier et al., applied CS-GP-blood implant to microdrilled cartilage defects
in rabbit models and assessed healing at day 1 to 56. The histological results showed that
application of CS-GP-blood implants led to significant modifications in the healing sequence at
early stages. These implants reside into the defect, induce cell recruitment to the holes, increase
transient vascularization of the repair tissue, and remodeling of subchondral bone which leads to
considerable integration of the repair tissue to a porous subchondral bone plate (23, 160, 161).
Hoemann et al., also tested the same CS-GP-blood implants for repair of full thickness chondral
defects in a large sheep model. Histology and gross examination of joints demonstrated that
implants anchored to the walls of the defects and partly filled the surfaces of the defects. Repair
tissue quantity and quality were improved after 6 months (158).

Some of the mechanisms responsible for this improved outcome include polarization of the
macrophage phenotype towards the alternatively-activated pro-wound healing lineage and
secretion of anabolic wound repair factors (24). Role of macrophages in repair is significant. Once
macrophages are activated, they differentiate to specific phenotypes such as macrophage-1 and
macrophage-2 and release GFs as well as angiogenic mediators which modulate the healing
sequence. Other mechanisms of action of the CS-GP-blood implants include promotion of
osteoclasts and remodeling which leads to improved tissue integration (162). Following the initial
studies, we showed that implant coagulation could be accelerated by adding external coagulation
factors to the mix (162-164). CS-GP-blood implants solidified with thrombin induced structurally
integrated hyaline cartilage in a rabbit model at 6 months (162, 163).

Mathieu et al., treated rabbits with CS-GP-blood implants or implant solidified with thrombin,
tissue factor with recombinant human factor (rhFV1la), and rhFVIla alone. Implants increased bone
remodeling and blood vessel immigration to the cartilage lesion zone by suppressing fibrocartilage
scar tissue formation (164). A different approach to treat the BMS holes with pre-solidified
formulations of chitosan was then devised (165-168). Lafantaisie-Favreau et al., tested different
MW of chitosan in a rabbit model. All implants attracted neutrophils, osteoclasts and abundant
bone marrow-derived stromal cells, stimulated bone resorption followed by bone remodeling and
a good integrated fibrous tissue (165). In a challenging aged rabbit model, subchondral defects
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treated by chitosan-blood implant demonstrated bone marrow-derived hyaline cartilage repair by
improvement of bone plate resorption after 70-day post-operation when comparing with empty
drill holes left to bleed. In other 2 studies, chitosan-blood implants were tested in microdrilled
subchondral bone in critical-size sheep cartilage defects after one day, 3 weeks, 3 month, and 6
months. Repair tissues were assessed histologically, biochemically, biomechanically, and by
micro-computed tomography and results showed chitosan implant was resident at day 1, variable
cartilage repair tissue observed after 3 weeks, angiogenesis and granulation tissue seen after 3
month and finally bone remodeling, and GAG synthesis in the treated defects were found compared
with intact tissue (166-168). CS-GP-blood implants (BST-CarGel™) were tested in a randomized
controlled trial for treatment of focal cartilage lesions on femoral condyles in 80 patients.
Treatment was either microfracture in combination with CS-GP-blood implants or microfracture
alone. Outcomes were assessed after 12 months by MRI and clinical assessment on patients
showing that tissue repair quantity and quality was superior for patients treated with BST-CarGel
(169). 21 out of 41 BST-CarGel treated patients and 17 of the 39 microfracture patients underwent
elective second look arthroscopies during which osteochondral biopsies were collected at an
average of 13 months. Polarized light microscopy and histological assessment of osteochondral
biopsies from patients treated with BST-CarGel group showed significantly better ICRS scores of
tissue organization, collagen alignment, and cell characteristics compared to microfracture (170).
At 5 years follow-up, BST-CarGel patients demonstrated greater lesion filling, greater repair tissue,
T2 relaxation time, and superior tissue quantity and quality compared to microfracture alone (171).
BST-CarGel is currently commercialized in several countries by Smith and Nephew.

More recently, we have developed freeze-dried formulations of chitosan that can be solubilized
in PRP to form injectable implants that solidify in situ and are used for tissue repair (19).
Lyophilization of chitosan is expected to provide long-term stability to the product while PRP
constitutes a rich source of platelet-derived GFs that can solubilize lyophilized chitosan for delivery
to the wound site to improve repair. In contrast to PRP-only implants which were rapidly cleared
in vivo and had little bioactivity, these CS-PRP implants were shown to reside for several weeks
and induce vascularization and cell recruitment in a subcutaneous implantation model, both of
which are desirable in the context of meniscus repair. Chevrier et al., used a systematic approach
to adjust chitosan number average molar mass, chitosan concentration, and lyoprotectant

concentration to obtain freeze-dried CS formulations that are completely and rapidly solubilized in
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PRP and coagulate quickly to form mechanically stable implants (19). Depres-Tremblay et al.,
demonstrated that platelet aggregation and clot retraction were suppressed through chitosan
covering the blood components. They also showed that CS-PRP implants release more platelet-
derived growth factors than PRP alone (172). CS-PRP implants were then used to augment repair
of rotator cuff and cartilage in small and large animal models (25). Based on all of the above, it is
expected that a combination of chitosan and PRP would be successful in enhancing healing of the
meniscus. The work presented in the thesis provides a new approach for the treatment of meniscus

tears, bringing us one step closer to a new clinical option for meniscus repair.
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CHAPTER 4 STRUCUTRE AND ORGANIZATION OF ARTICLES

The significant contribution in this thesis is reflected and exemplified in the comprehensive
literature review on various augmentations techniques recently developed to increase healing of
meniscus tears. This review paper is entitled «Augmentation Strategies for Meniscus Repair,” and
more than 100 peer-review publications were covered. The results were published in the «Journal
of knee surgery» which ranks within the top journals regarding both orthopedics and sports
medicine and is considered an indispensable source by many knee surgeons.

In this comprehensive publication, 1 concisely discussed the current clinical management
guidelines for primary meniscus repair techniques as well as augmentation strategies to enhance
the rate of meniscus healing by using trephination, synovial rasping, abrasion, blood clot
placement, platelet-rich plasma (PRP) injections, and wrapping with extracellular matrix materials.
Further development of these approaches and bioactive materials may improve repair of currently
irreparable meniscus tears. Eventually, we discussed the rationale for using chitosan polymer and
autologous blood component implants to improve meniscus repair. To the best of my knowledge,
this is the first existing comprehensive manuscript that covered preclinical and clinical studies
using the latest augmentation approaches for meniscus repair. Performing such a review covering
treatment algorithms of meniscus lesions guided me to better design my experimental research and
addressed my research question during my Ph. D.

My second study aimed to assess the feasibility of applying freeze-dried (FD) chitosan (CS)
solubilized in PRP implants to improve meniscus repair in large ovine animal models. Lyophilized
formulations containing chitosan, trehalose, and calcium chloride were solubilized in autologous
PRP and applied to surgically induced meniscus lacerations. | consider this publication to be one
of my most significant research contributions to date. The results are presented in the article titled
«Freeze-Dried Chitosan-PRP Injectable Surgical Implants for Meniscus Repair: Pilot Feasibility
Studies in Ovine Models » The findings were published in the «Journal of Regenerative Medicine
and Therapeutics» In these studies, either bilateral or unilateral tears were treated by suturing,
trephination, and injecting either CS-PRP or/and wrapping the meniscus with a collagen membrane
and injecting CS-PRP in tears and under the wrap. This study explored the cellular repair,
integration, and potential application of CS-PRP injectable implants to improve meniscus repair

outcomes in preclinical models at 3 different time points. The purpose of conducting sheep studies
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of meniscus repair is to approximate as closely as possible the clinical pattern, cartilage pathology,
and progression of the regenerative process induced by CS-PRP injectable implants.

My third study aimed to assess the compatibility of freeze-dried CS-PRP with the various types
of PRP preparations isolated with commercially available systems and define a range of chitosan
with a range of degree of deacetylation and number average molar mass that would yield freeze-
dried formulations with favorable performance characteristics for orthopedic conditions. We
assessed physiological properties such as solubility, pH and osmolality. Also, clotting properties,
runniness, liquid expression, clot mechanical strength, and clot homogeneity for freeze-dried CS-
PRP formulations were evaluated. This paper entitled «Multiple platelet-rich plasma preparations
can solubilize freeze-dried chitosan formulations to form injectable implants for orthopedic
indications» was submitted to «The Journal of Biomedical Material engineering».

The objective of the fourth study was to optimize the freeze-drying cycle of the chitosan
formulation to decrease overall freeze-drying time duration from 3 days to 1 day and to assess
performance characteristics of the freeze-dried CS with benchtop human PRP and human
commercial plasma. Performance characteristics of freeze-dried CS formulations was examined
for solubility, pH, and osmolality, as well as clotting properties with TEG, runniness, liquid
expression, clot mechanical strength, and histology. Cakes that were non-collapsed following
freeze-drying were solubilized either in citrated pooled normal plasma or benchtop human PRP.
CS-PRP formulations were less runny and resisted platelet-mediated clot retraction when compared

with PRP controls and citrated pooled normal plasma.
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Abstract

Menisci display exquisitely complex structure and play an essential weight-bearing role in
the knee joint. A torn meniscus is one of the most common knee injuries which can result in pain
and mechanical abnormalities. Tear location is one aspect which determines the endogenous
healing response; tears that occur in the peripheral densely vascularized zone of the meniscus have
the potential to heal while the healing capacity is more limited in the less vascularized inner zones.
Meniscectomy was once widely performed but led to poor radiographic and patient-reported mid
and long-term outcomes. After the advent of arthroscopy, orthopedic opinion in the 1980s has been
swaying towards salvaging or repairing the torn meniscus tissue in order to prevent osteoarthritis
rather than performing meniscectomy. Meniscus repair in young active individuals has been shown
to be effective, reproducible and reliable if indications are met, however, only a small proportion
of all tears are considered repairable with available technologies. Biological augmentation
techniques and meniscus tissue engineering strategies are being devised to enhance the likelihood
and rate of healing in meniscus repair. Pre-clinical and clinical studies have shown that introduction
of cellular elements of the blood, bone marrow and related growth factors have the potential to
enhance meniscus repair. This article reviews the current state of clinical management of meniscus
tears (primary repair) as well as augmentation techniques to improve healing by meniscus wrapping
with extracellular matrix materials, trephination, synovial rasping and abrasion, fibrin/blood clot
placement, and platelet-rich plasma injections. In addition, the rationale for using

polymer/autologous blood component implants to improve meniscus repair will be discussed.

Keywords: Meniscus repair, Augmentation techniques, Platelet rich plasma, Chitosan

Level of evidence: Review article

Disclaimer: None
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5.1 Introduction

Menisci are semilunar shaped fibrocartilaginous structures®? that play central load bearing
and load distribution roles in the knee joint®. Population-based data suggest that meniscal damage
is present in at least one-third of the knees of middle-aged or elderly individuals* and meniscus-
deficient knees are more likely to develop radiographic evidence of osteoarthritis (OA)® and
increased degeneration over time®. Although there has been a recent increase in the number of
meniscus repairs performed yearly in the US’, only a small portion of all meniscal tears are
considered repairable so that current surgical treatment of symptomatic meniscal tears often
involves partial removal of torn meniscus, which increases the risk of developing OA®°. Tear
properties such as tear pattern, length, depth, size, stability, location (medial vs lateral and where
geographically in each), chronic or acute, patient profile (age, health, symptoms) and joint stability
are all important factors affecting the rate of healing and should be considered before patients

undergo meniscus repair.

One of the major impediments in repairing a damaged meniscus is that only the outer rim
of the tissue is vascularized!'*3, Since wound healing in adult tissues is triggered by the products
released with blood clotting, the capacity for natural repair is optimal in the periphery of the
meniscus and diminished in the inner margins'®. Tear location thus becomes critical, and tears
occurring in the peripheral vascularized portion of the meniscus are the most amenable to healing
and thus, repair. Healing is more difficult in the case of other tear patterns such as radial, horizontal,
fragmented, or white-white displaced bucket-handle and in the case of complex, chronic or
degenerative tears™>®. When meniscal tears occur in the peripheral vascularized area of the
meniscus, repair by suturing leads to satisfactory clinical improvement in 70-90% of patients.
Nonetheless, the clinical failure rate can be as high as 20-24% depending on, among other factors,
the status of the anterior cruciate ligament (ACL)Y’, while incomplete healing corresponding to
structural failure is yet higher than the clinical failure rate®. Although previously considered to be
irrepairable, the current trend is to suture tears that occur in the inner non-vascularized margins,
with reports of surprising clinical success in up to 68% of patients'®, while here again structural
failure can be much higher. There remains a need to develop reproducible and efficient meniscus
repair augmentation techniques. The purpose of the current review is to describe the current clinical
management of meniscus tears and different repair augmentation techniques that are available

including meniscus wrapping with extracellular matrix materials, trephination, synovial rasping



o1

and abrasion as well as application of exogenous fibrin/blood clots and platelet-rich plasma (PRP).
Finally, the rationale for using chitosan-PRP implants to improve meniscus repair will be

discussed.

5.1.1 Current clinical management of meniscus tears

Meniscus tears are among the most common type of knee injuries?>?!, and treatment of
meniscal tears account for half of the arthroscopic procedures performed in the US?2. Overall,
meniscus tears fall into two overlapping categories: either traumatic or degenerative®®. Age, gender,
work-related kneeling, squatting or climbing stairs are among the risk factors for developing
degenerative tears, while acute meniscal tears tend to be sports-related®® understanding that an
acute tear can occur in a degenerating meniscus. Meniscus lesions in young children are
predominantly due to acute trauma or congenital meniscus variant such as discoid meniscus. In
older children, they are a result of accident/sport and in adults, they are more chronic tears that
occur because of trauma, degenerative disease or a combination of both. In adults, medial meniscus
tears are often associated with cartilage lesions and/or concomitant ligament damage®®. Medial and
lateral meniscus tears are usually categorized based on the anatomic location of the tear, vascularity
of the tissue where the tear occurs, and the tear pattern (radial, longitudinal, horizontal,
circumferential, root lesions, bucket handle, oblique/flap tears and complex degenerative tears)
1624 Meniscal root tears are defined as radial tears or an avulsion of the insertion of the meniscus
2526 Due to failure of the meniscus to convert axial loads into hoop stresses, these types of injuries
alter load-sharing and the continuity of circumferential fibers leading to progressive arthrosis-like
changes in the knee. Initially, a ramp lesion was defined as a longitudinal tear of the peripheral
attachment of the posterior horn of the medial meniscus at the meniscocapsular junction of > 2.5
cm in length. Due to different anatomical locations, there is no current agreement regarding the
definition of meniscal ramp lesions. Some authors suggest that ramp lesions are associated with
injury to the meniscotibial ligament attachment of the posterior horn of the medial meniscus, while
others say it is produced by a tear of the peripheral attachment of the posterior horn of the medial
meniscus®”?, Patient-reported history of recent trauma or prior injury followed by symptoms of

meniscal injury (instability, locking, effusion, and tibiofemoral joint line pain) as well as physical



52

examination of the knee (joint line tenderness, effusion, limitation of range of motion) allow for

diagnosis of a meniscal tear*>?°,

Treatment algorithm of meniscus lesions has evolved tremendously in recent years. The
decision as to whether conservative nonsurgical treatment should be preferred to surgical treatment
is highly dependent on the size, pattern and location of the tear, the patient’s age, health status and
activity level, and on the surgeon’s experience’®. Although a considerable number of patients
having traumatic or degenerative meniscus lesions are treated non-operatively, meniscus lesions
that seem to be mechanically unstable, complex tears, and mostly degenerative meniscus lesions
that are symptomatic are often removed by meniscectomy?*. Arthroscopic partial meniscectomy
(APM) is still the most frequent orthopedic procedure in orthopedic surgery, although there is
evidence that more conservative treatments should be preferred as first-line treatment when not

associated with an acute tear, such as with an ACL tear3%-3,

Indications for meniscus repair include symptoms directly attributable to the tear,
reducibility of the tear, good tissue integrity and favorable tear characteristics (e.g. single vertical)
in one plane in the red-red or red-white zones of the meniscus or when an ACL is reconstructed
152934 The following tears are generally considered less amenable for repair: chronic tears with
plastic deformity, complete tears with oblique, horizontal cleavage, or complex degenerative
pattern in the white-white zone of the meniscus?®343°. Longitudinal tears < 10 mm are often stable
and are therefore often left untreated. Incomplete radially oriented tears that do not extend into the
outer periphery are less likely to heal and are often left untreated or treated by debridement of the
unstable edges. Repair of a radial tear to the periphery is usually encouraged to reduce the risk of
having a non-functional meniscus. The presence of either untreated instability or OA is also a
contraindication for meniscus repair. It has been demonstrated that meniscus repair at the time of
anterior cruciate ligament (ACL) reconstruction is highly correlated with superior healing rates
over “isolated” meniscus tear repairs'®. Recently, there has been a shift towards attempting repair
of tears previously deemed irrepairable since preservation of the meniscus structure is expected to
maintain meniscus function and prevent degenerative changes to the joints!®. Satisfactory results
have been reported for repair of some horizontal cleavage tears®® and radial tears®’, for tears
extending into the avascular portion of the meniscus®® and for patients®® 40 years and older at the
time of surgery. Rehabilitation after meniscus repair surgery usually begins with early active range
of motion and restoration of strength exercises, followed by a return to low-impact daily activity
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within one month and return to sports usually at 4-6 months, when appropriate functional goals are
reached, and the patient no longer has point tenderness over the repair site®.

Surgical repair of meniscal tears can be performed with inside-out, outside-in and all-
inside techniques. Tears in the anterior or body of the medial or lateral meniscus are easily
accessed with the outside-in technique. For far posterior tears, the inside-out or all-inside
techniques are preferred. Although inside—out techniques with vertical divergent sutures are still
suggested to be the “gold standard” for meniscus repair, all-inside techniques have the
advantages of reduced surgical times, ease of use and low risk of damage of neurovascular
structures®®34 and comparable healing rates in several studies*:°. Early meniscal repair devices
such as the meniscal arrows and meniscal screws have been associated with chondral damage and
have been gradually replaced by suture-based devices. More recently, the all-inside
circumferential compression stitching technique has been developed for tears that are difficult to
treat with traditional all-inside techniques*. Level I and Level 11 studies comparing different
meniscus repair techniques report failure rates between 9% and 43% and anatomic healing rates
between 65% and 100% (APPENDIX A:

Table 1). A systematic review of 13 studies reporting the outcomes of meniscal repair at a minimum
of five years reported a pooled failure rate of 23% with no difference between the different
techniques (outside-in, inside-out or all-inside with arrows)!’. Another systematic review of 27
studies also reported no difference in failures, clinical scores or complications between inside-out
and all-inside repairs (excluding meniscal arrows and screws)*’. In a third systematic review of 31
studies, the authors were unable to determine which all-inside device had the lowest failure rate®.
A meta-analysis of 21 studies reported a higher failure rate of 16% for all-inside meniscal repair
versus 10% for inside-out meniscal repair, both performed concurrently with anterior cruciate
ligament reconstruction (ACLR)*. Nerve injuries are associated with inside-out technique and
implant-related problems are the most common complications with all-inside technique®. In all of
the above-mentioned studies, the authors highlighted the present lack of prospective studies with
long-term follow-up and the low level of evidence of available data.

Long-term comparisons of meniscus repair versus meniscectomy are scarce and there
remains a lack of high-level evidence to guide the surgical management of meniscal tears®. A

randomized prospective comparative study showed normal or near-normal findings in 100% of
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patients (n=11) treated with arthroscopic partial meniscectomy versus 90% of patients (n=10)
treated with arthroscopic suture repair with access channels at 27 months follow-up®2. In a
retrospective study following 41 patients up to 96 months, failure rates were 14% in the repair
group and 10% in the partial meniscectomy group®. Clinical outcomes were similar for both
groups and no OA progression was noted but pre-injury levels were regained only in the repair
group. Another retrospective study compared patients treated with inside-out suturing (n=67) or
meniscectomy (n=24) and showed more pain in the latter group®. In a retrospective study with 10
years follow-up of 32 patients, Lutz et al 2015 showed higher functional and quality of life scores
for repaired vertical lesions in stable knees compared to meniscectomized knees>. Radiographic
scores were improved for the repaired group suggesting a close correlation between functional and
radiographic scores and protective effect of meniscus repair against OA. Finally, recent systematic
reviews and meta-analyses concluded that, although meniscus repairs were associated with higher
reoperation rate, they result in better long-term patient reported outcomes and activity levels
compared to meniscectomy®®°’. The Multicenter Orthopaedic Outcomes Network (MOON)
prospective longitudinal cohort study reported that a subset of patients treated with meniscus repair
at the time of ACL reconstruction had an overall failure rate of 14% and significant clinical

improvement that was sustained for 6 years®8,
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Figure 5.1 Treatment algorithm of meniscus lesions (Adapted from Mordecai et al, 2014).

5.1.2 Augmentation of meniscus repair through trephination, rasping and abrasion

Vascularity of the meniscus is an important determinant for healing'**2. The vascular
supply of the meniscus is age-dependent, and the adult meniscus receives vascularity from the
perimeniscal capillary plexus (PCP), which comes from the superior and inferior branches of the
medial and lateral genicular arteries. Multiple preclinical and clinical studies have demonstrated
that lesions in the vascular portions of the meniscus with access to the peripheral blood supply have
the potential for producing a healing response which is similar to what occurs in other dense fibrous
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connective tissues during healing, including hemorrhage, proliferation, differentiation and
remodeling. Injuries in the peripheral zones of the meniscus are filled primarily and initially with
a highly cellular fibrin clot which acts as a scaffold for repair cells that migrate, proliferate,
differentiate, and synthesize repair tissues. Scar tissue remodeling may then take months to mimic
the meniscus structure and function. Trephination involves the creation of vascular access channels
that run from the vascular portions of the peripheral meniscus toward the more central avascular
area to enable bleeding, clot formation, cell migration and repair. Several pre-clinical studies have

shown that trephination channels enhance the healing of avascular meniscal tears.

Arnoczky and Warren investigated healing response of the meniscus in a dog model at
different time-points post-injury!l. The creation of vascular access channels resulted in complete
healing of avascular lesions by synthesis of fibrovascular scar tissue which was similar to
fibrocartilaginous meniscus tissue after 10 weeks. The healing response appeared to originate from
the peripheral synovial tissues. Zhang et al used trephination to treat longitudinal incisions in the
avascular area of the meniscus in a unilateral model in dogs and investigated the role of synovial
tissues during the healing process®. Trephined meniscus repaired first by formation of a
granulation tissue which gradually matured into scar tissue. Zhang et al repaired longitudinal
meniscus tears located at the avascular portion of the meniscus by suturing and trephination in 20
goats®®. At 25 weeks post-surgery, 4 out of 20 defects were fully repaired and 16 were partially
repaired. The amount, distribution and organization of collagen bundles were similar to that of
normal meniscus, suggesting that repair tissue has the potential to remodel and mature with time.
Cook et al tested poly-L-lactic acid (PLLA) bioabsorbable conduits designed to maintain
trephination channels in surgically created longitudinal avascular meniscus tears in 25 dogs®:.
Treatments with the conduits in conjunction with suturing resulted in functional healing with
bridging tissue and biomechanical integrity in 71% of avascular meniscal defects while no healing
was observed with trephination and suturing. Peripheral displacement of the device was observed

although no conduit was completely dislodged into the joint nor articular cartilage damage noted.

Trephination has also shown some benefits in clinical studies (APPENDIX A: Table 2).
Fox et al repaired symptomatic incomplete meniscus tears (vertical and longitudinal) in 30 patients
by using arthroscopic trephination and 90% of patients reported satisfactory to excellent subjective
results after 20 months®2. Zhang and Arnold repaired longitudinal tears by a tooth-like tip trephine
device and inside-out arthroscopic horizontal sutures®. At an average follow-up of 47 months, 7
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patients had symptomatic meniscal re-tear (failure rate of 25%) in the suture group, while 2 patients
in the trephination and suture group showed symptomatic meniscal re-tear (failure rate of 6%).
Shelbourne and Rask repaired peripheral vertical medial meniscus tears > 1 ¢cm in length (100%
with concomitant ACL reconstruction) by using different techniques®. Failure rate was 6% for the
233 patients who had undergone abrasion and trephination. Shelbourne and Dersam repaired radial
flap tear, posterior horn tear, and peripheral tears in the lateral meniscus using abrasion and
trephination or left the tears in situ at the time of ACL reconstruction®. Overall failure rate was
2.4% at 79 months and clinical outcome was similar for both groups. Shelbourne et al repaired
peripheral non-degenerative medial meniscus tears at least 1 cm in length by arthroscopic
trephination during ACL reconstruction®. Failure rate was 16.3% at 5.6-year follow-up and
trephination-treated tears showed 95% normal radiographs. However, none of these studies
objectively evaluated anatomic meniscus healing using an imaging study or second-look

arthroscopy.

Other augmentation techniques involve rasping the meniscal tear and slightly abrading the
synovium. Okuda et al surgically created full-thickness longitudinal lesions in the avascular zone
the medial meniscus in a rabbit model and repaired it by rasping on the surface of the meniscus
from the parameniscal synovium to the injured portion®. Early macroscopic and histological
evaluation showed hypertrophic synovial tissue invading the lesion from the parameniscal
synovium. Fibrous repair was complete in all layers of the injured portion in the rasped meniscus
at 16 weeks. They concluded that rasping of parameniscal synovium without suturing could be an
uncomplicated way to augment meniscus healing. Ochi et al created full-thickness longitudinal
tears in the avascular zone of the medial menisci in a rabbit model and assessed mechanisms of
meniscus healing following rasping of the parameniscal synovium and meniscus surface®’.
Immunohistochemistry showed that the rasped surface stayed highly positive for interleukin-lo
(IL-1a), transforming growth factor-B1 (TGF-B1), platelet-derived growth factor (PDGF), and
proliferating cell nuclear antigen (PCNA) at 1, 7, 14, and 7 days post-surgery and then gradually
declined. They suggested that rasping could stimulate chondrocytes in the meniscus surface area
to synthesize specific types of growth factors and cytokines, and such synthesized proteins can
stimulate the metabolism of the chondrocytes and attract the synovial tissue with its rich vascularity

to the injured site to aid in healing.
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Synovial abrasion and rasping have also been applied clinically (APPENDIX A: Table 2).
Uchio et al treated full-thickness and partial-thickness longitudinal tears in 47 patients by rasping
the tear and synovial abrasion®. Healing rate was a reported 92%. They found no effect of age,
sex, the time between injury and rasping, the time between rasping and second-look arthroscopy
and concomitant ACL reconstruction on the healing rate. However, healing was better for partial-
thickness tears, shorter tears, tears near the capsule, and tears in stable menisci. Tetik et al reported
repairing horizontal tears in the posterior half of the medial meniscus in 25 patients by rasping of
the tear and synovial abrasion®. After 15 months follow-up, 88% of the patients were classified as
excellent (no pain, no subjective symptoms, full return to sports, no objective pathologic findings).
Talley et al repaired longitudinal, double longitudinal and radial tears in 40 patients by synovial
abrasion at the time of ACL reconstruction’. Overall failure rate was 11% (4% for lateral meniscus

and 21% for medial meniscus) at 3.3-year follow-up.

All of the above studies indicate that trephination, rasping and abrasion are easy treatment
modalities that can contribute to meniscus repair. In fact, these augmentation techniques are often

used in conjunction with outside-in, inside-out or all-inside repair (APPENDIX A:

Table 1). One potential drawback of trephination is that the trephination channels may damage the
peripheral circumferential fibers and have adverse effects on the biomechanical properties of the
meniscus. In addition, self-collapse and channel closure could lead to blocked cell migration.
Furthermore, it is still not known whether a single large or multiple small channel are more efficient
for meniscus healing. One limitation of synovial abrasion and rasping is that they are less efficient

in repairing tears that are far from the capsule.

5.1.3 Augmentation of meniscus repair with fibrin/blood clots

Meniscus healing is a complex process that is associated with many cellular and molecular
events, including hemorrhage, clot formation, granulation, vascularization, cell ingrowth, cell
infiltration, ECM synthesis, scar tissue formation, and scar remodeling. Depending on the lesion
location and size, healing processes may differ. The wound hematoma contains a spectrum of
platelet-derived growth factors as well as clot components which are chemotactic and are expected
to promote proliferation and differentiation of cells. Fibrin glue, exogenous fibrin clots, and in situ

forming fibrin clots have all been used in pre-clinical and clinical studies to augment meniscus
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repair. Microfracture of the intercondylar notch was also introduced to enhance the repair of
isolated meniscus tears by inducing blood and bone marrow elements into the joint’t. Although the
exact mechanisms of action of fibrin clots have not been completely elucidated at this point, they

have the potential to accelerate tissue healing in meniscus.

Ishimura et al’2 surgically created full-thickness lesions in avascular areas on the anterior
segment of the medial meniscus in a rabbit model. Autologous plasma-derived fibrin glue used in
conjunction with bone marrow cells accelerated histological maturation of the repair tissue and
improved repair compared to the acellular fibrin glue by itself at 12 weeks. Ishimura et al”
arthroscopically repaired 40 meniscal tears in 32 patients using purified fibrin glue. At 3 years
follow-up, 2 patients had recurrence of meniscal symptoms and underwent partial meniscectomy.
Second-look arthroscopic evaluation rated 20 out of 25 repairs as good (80%), 4 as fair, and 1 as
poor. In another study, Ishimura et al’* used purified fibrin glue to repair 61 menisci in 40 patients.
The rate of recurrence of tears in the red—red (R-R) zone or red—white (R-W) zone was 10 % at an
average follow-up of 8 years, whereas it was 17 % for tears in the white—white (W-W) zone.
Second-look arthroscopy in 27 patients revealed that 77% of repairs were considered good, 11.5%
fair, and 11.5% poor. In the study of Arnoczky et al'!, implantation/placement of exogenous fibrin
clot into stable full-thickness defects in the avascular medial portion of meniscus in dogs improved
the healing response via proliferation of fibrous connective tissue, which gradually remodeled into
fibrocartilaginous tissue. Filling the lesion area with a fibrin clot provided a scaffold matrix and
secretion of mitogenic components to recruit cells that originated from the adjacent meniscal tissue

and synovial membrane.

Ritchie et al surgically created unilateral peripheral longitudinal tears in the meniscus in a
goat model to assess the effect of two different adjunctive healing techniques”. Goats in Group |
received inside-out horizontal mattress sutures, goats in Group Il received inside-out sutures plus
placement of an exogenous fibrin clot inside the defect as a healing enhancer, and goats in Group
I11 received inside-out sutures, rasping and synovium abrasion. Healing rates were 100% in Group
I, 17% in Group Il and 87.5% in Group I, which suggests that the use of the adjuncts was not
necessary. Port et al’® surgically created a full-thickness lesion in avascular zones of the meniscus
in a goat model and assessed application of fibrin clot and autologous cultured adherent-bone
marrow cells (BMC) in the site of the defect by histology and mechanical testing. In this case,

administration of cultured bone marrow derived-cells in combination with exogenous fibrin clot
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failed to improve meniscal healing by 16 weeks. Nakhostine et al’’ created 5-7 mm longitudinal
full-thickness incisions in the avascular portion of the meniscus in an ovine model, which were
further injected with 3 mL of blood clot through a trephination channel running from the periphery
of the meniscus to the mid portion of the lesion. The addition of exogenous blood clot in this model

without additional stabilization was not sufficient to promote complete healing of torn menisci.

Fibrin/blood clots have also been used clinically (APPENDIX A: Table 3). Van Trommel
et el treated 5 patients that had a tear of the posterolateral aspect of the lateral meniscus with
suturing and placement of an exogenous fibrin clot in the seam of the tear’®. Healing was complete
for the 3 patients that were available for follow-up. The authors suggested that application of an
exogenous fibrin clot might improve healing of tears located in the avascular portion of the
meniscus. Biedert et al compared the effect of four different methods, including conservative
therapy (n = 12), arthroscopic suture repair with channels (n = 10), arthroscopic central resection
and intra-meniscal administration of fibrin clot by suture repair (n = 7), and arthroscopic partial
meniscectomy (n = 11), for treatment of isolated and symptomatic painful horizontal grade 2
meniscal lesions (intrasubstance meniscal lesions) on the medial side in forty patients®2. Only 43%
of the patients treated with administration of fibrin clot had normal or near-normal evaluation at
follow-up. Jang et al”® reported a novel method for delivering fibrin clots to the target area of
meniscal tear by arthroscopic technique to augment the rate of healing. In this technique, the
sutured fibrin clot is passed through a plastic transparent shoulder cannula to the desired location
by pulling off the needle. They reported a success rate of 95%. Ra et al®° used fibrin clot as an
alternative effective method for treatment of complete radial tear of meniscus by arthroscopic
inside-out repair suturing in 12 patients. They found improved clinical scores and complete healing
in most patients on follow-up MRI and second-look arthroscopy. Horizontal cleavage tears with
meniscal degeneration indications are difficult to heal®®. Kamimura et al showed functional joint
improvement and meniscal healing in patients with horizontal cleavage tear with meniscal
degeneration (difficult-to-treat injuries) treated with FasT-Fix (Smith and Nephew, USA) vertical
sutures and placement of exogenous fibrin clots within the cleft®:. At 12 months follow-up, they®?
showed 70% complete healing rate and improvement of Lysholm, IKDC subjective scores and
Tegner activity level. They suggested that this technique could be considered as a treatment option
for younger patients with a stable knee with a degenerative horizontal cleavage tear. To biologically
augment repair of meniscal tears, Sethi et al developed a simple intra-articular technique to deliver
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blood clots by abrading the synovium and allowing the blood to run down the synovial wall and
into the meniscal cleft, pooling there and forming a clot adherent to the edges of the separated
meniscal tear close to the tear site®. The authors claimed that their technique has a few advantages
over using the exogenous fibrin clot such as being simple, easy to handle, safe, minimally invasive
(does not depend on exogenous preparation), does not require the assistance of operating room
staff, and does not add a significant amount of time to the meniscal repair. Although using
fibrin/blood clots in the context of meniscal repair has yielded equivocal and conflicting results in
pre-clinical and clinical settings, this remains a simple and easy option to potentially augment

healing in the setting of meniscus repair. Further high-level evidence is still required.

5.1.4 Augmentation of meniscus repair with platelet-rich plasma

Platelet-rich plasma (PRP) is currently used in the sports medicine and orthopedics fields
to treat different conditions such as tendinopathy or osteoarthritis®*85, PRP contains various types
of growth factors including platelet-derived growth factor (PDGF), transforming growth factor-
beta (TGF-B), vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), insulin-
like growth factor-1 (IGF-1), fibroblastic growth factor (FGF), and hepatocyte growth factor (HGF).
In theory, using PRP to augment meniscus repair appears to be reasonable. Although some
orthopedic surgeons have incorporated PRP for meniscus repair in their practice, pre-clinical and
clinical data are still lacking. In addition, much of the difficulty in interpreting the effects of PRP
is the documented variability of the contents of each specific preparation and that PRP is not a

uniform product.

In a study by Ishida et al®, a gelatin hydrogel scaffold was used as a drug delivery system
for growth factors secreted by PRP to enhance the healing of meniscal defects in a rabbit model.
The combination of gelatin-PRP was compared to two other groups including platelet-poor plasma
(PPP) and control for the intervals of 4, 8 and 12 weeks. Their findings suggested that the
combination of hydrogel and PRP supports meniscal cell proliferation and the synthesis of an
extracellular matrix, which is rich in glycosaminoglycan. In addition, they found greater mRNA
expression of biglycan and decorin. Zellner at al®” created a circular 2 mm punch meniscal defect
in the avascular zone of rabbit meniscus which was then either left empty or treated with

biodegradable hyaluronan-collagen composite matrices loaded/seeded with PRP, bone marrow
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(BM), BM/mesenchymal stem cells (MSC) pre-cultured in chondrogenic medium (CM) for 2
weeks or BM/MSC without any pre-culture. Their findings illustrated that MSCs appear to be
necessary for meniscal healing in repair of punch defect model in rabbit. In line with their previous
findings, Zellner et al® showed that seeding of MSC on biodegradable hyaluronan-collagen
composite matrices, which were pre-cultured in CM produced/generated extensive and organized
matrix mimicking native meniscus by better biomechanical integration after 12 weeks of
histological/mechanical assessment. In both of the above studies, the groups treated with
hyaluronan-collagen composite matrices and PRP did not do better than the empty controls. In
another study, Shin et al®® compared the effect of leukocyte-rich PRP (L-PRP) on healing of the
horizontal medial meniscus tears in a rabbit model. The horizontal tear (6 mm in width and 1.5 mm
in length) were created in the anterior horn of the medial meniscus and were either injected with
L-PRP or left untreated. Histological findings revealed there were no significant differences in
quantitative histologic scoring between the two groups at 2, 4, and 6 weeks after surgery. Lee et
al*® created 2 mm full-thickness circular defects in the anterior portion of the inner 2/3 of the
avascular zone of the medial meniscus in rabbits which were filled with fibrin glue or 10% PRP.
Upon retrieval after eight weeks, the lesions in both the control and PRP groups were filled with
fibrous and fibrillated connective tissue and did not show any meniscal cartilage formation. To our
knowledge, there are only a few clinical studies that use PRP application for treatment of meniscal
lesions (APPENDIX A: Table 4). Pujol et al®® used PRP to augment repair and promote meniscal
healing of horizontal cleavage meniscal tears repaired with an open approach. In this case-control
study, 34 young patients underwent either a standard open meniscal repair (n = 17) or the same
surgical repair with introduction of PRP in the lesion (n=17). They found that clinical outcome was
slightly improved in the PRP group. Griffin et al®® performed 35 isolated arthroscopic meniscus
repairs, 15 of which were augmented with PRP. In contrast to the above-mentioned study, they
showed that outcome was similar after meniscus repair without and with PRP. The authors stated

that an appropriate larger sample size is needed to elucidate the beneficial effect of PRP.

5.1.5 Augmentation of meniscus repair by wrapping

Meniscus wrapping techniques were first described by Henning who used fascial sheath
coverage and exogenous fibrin clot to treat meniscal tears®>** (APPENDIX A: Table 5). The fibrin

clot was believed to act as a scaffold and to also provide chemotactic and mitogenic factors and
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stimuli to assist the reparative process. The authors’ stated opinion was that the fascia sheath
worked by partially encapsulating the meniscus and decreasing the effect of early washout of the
exogenous clot injection®®. The surgical technique involved rasping of the parameniscal synovium,
peripheral white rim, and tear surface of the fragment. The meniscus itself was sutured using inside-
out technique and then a fascia sheath taken from the distal anterolateral thigh was sutured over
the meniscus to cover the repair. Finally, an exogenous fibrin clot was injected under the sheath.
Complex tears including double flap, double longitudinal and radial tears all showed improved
healing with the addition of the sheath and fibrin clot®®. Complete or partial healing was seen in 26
of the 31 repairs treated with this technique®. However, this technique is considered inadequate
for radial tears in the middle portion of the middle one-third of the lateral meniscus®. This
technique also has the disadvantage of being technically demanding and time-consuming. In 1996,
Barrett and Treacy reported that Henning’s technique had not been widely adopted partly due to
the technical difficulty in securing the sheath around the repaired meniscal tear®™. Then, they
described repair of complex tears in the medial and lateral menisci that involved combining T-fix
(Acufex, USA) and inside-out approaches as an improvement to the original technique. The
technique consisted of rasping the synovium and the tear, inside-out repair of the meniscus,
anchoring and suturing of the fascial sheath using T-fix and inside-out sutures as well as injection
of a blood clot under the sheath. They concluded that this technique was much easier than that
previously described and suggested that it could be used to improve repair of complex tears. Roland
Jakob has been advocating for many years for treating complex human meniscal tears, which
otherwise would have a poor clinical probability of healing, with a collagen wrap as an adjunct
(personal communication). This meniscus wrapping technique was introduced in 2003 and first
used to treat thirty patients that had complex tears, delayed traumatic tears with degenerative
aspects, or repeat sutured tears, all in the red-white or white-white zone%. In this study, 15 complex
tears, 11 bucket-handle and 4 horizontal tears were treated with this technique. The tears in the
meniscus were first fixed by preliminary inside-out sutures. Chondro-Gide matrix (Geistlich
Pharma, Switzerland) was then introduced through an arthroscopic cannula and multiple sutures
were added (up to 10), to complete the fixation of the membrane on the meniscus and the meniscus
tear. The porous layer was laid down facing the meniscal defect to favor cell invasion and
attachment and allow the in-growth of cells and a newly formed tissue. The compact layer acts as
occlusive scaffold with smooth surface to prevent cells from diffusing into the synovial fluid. Three
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patients had a symptomatic failure (10%) at mean follow-up of 2.5 years, while all other 27 cases
(90%) were asymptomatic. It is believed that the membrane acts as an internal bioreactor or
scaffold and attracts cells that are released from the synovial fluid by rasping and bleeding inside
the joint. Thus, healing becomes possible even in unfavorable conditions with this technique.
Similar to the fascial sheath technique, this procedure is technically demanding and time-

consuming.

Meniscus wrapping with a cross-linked Chondro-Gide derivative was similarly used in a
pre-clinical study in a goat model®®. Surgically induced 6 mm horizontal tears in the avascular
portion of the meniscus were closed with a single suture introduced with the inside-out technique.
The menisci were then wrapped with a collagen membrane and fibrin glue was used to seal the
membrane (as a tissue adhesive). In some animals, meniscus wrapping was combined with
injection of expanded autologous chondrocytes. Meniscus wrapping by itself improved healing at
3 months compared to suturing alone, but this improved outcome was not observed at the 6-month
repair period. Combining the meniscus wrapping and autologous chondrocyte injections improved
repair at both 3 month and 6-month time-points. In 2012, Piontek et al reported on the development
of a fully arthroscopic wrapping technique to treat meniscal lesions®’. This arthroscopic method
combines suturing techniques with the use of a collagen membrane to wrap the meniscus and the
optional application of bone marrow aspirate or concentrate deep to the membrane. In this
technique, the tears were first sutured with all-inside FasT-Fix sutures (Smith and Nephew, USA).
The meniscus was then wrapped with collagen matrix and bone marrow aspirated from the tibial
proximal epiphysis was injected under the matrix into the tears. The authors stated that the
technique was technically challenging, but they believed that the use of collagen matrix and
addition of bone marrow aspirate will create favourable conditions, which may increase the rate of
meniscus healing. The 2-year follow-up data of tears treated with this all arthroscopic suturing and
wrapping technique was presented in a subsequent paper®. Inclusion criteria for this study included
full-thickness tears greater than 20 mm in length, horizontal, radial tears and extensive bucket-
handle tears, tears located at greater than 6 mm from the capsular junction including the avascular
zone, as well as both degenerative and non-degenerative menisci. Of the 48 cases analyzed, only 2
patients underwent subsequent partial meniscectomy and were considered failures. Subjective and
clinical assessment scores were improved at 2 years post-operative in the patients. The authors

reported 13 severe adverse events but specified that none of the events were related to the procedure
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or material used. They concluded that this technique is safe and promising and can be used by

surgeons to repair menisci which would otherwise be removed.

5.1.6 Rationale for using polymer stabilized PRP to augment meniscus repair

Chitosan is a positively charged partially acetylated glucosamine-based polysaccharide that
can act as a scaffold and adhere to negatively charged tissue surfaces to mediate tissue repair. Near-
neutral solutions of chitosan-glycerol phosphate (GP) can be mixed with whole blood to create

hybrid clots'® that significantly resist retraction®

. We have previously demonstrated that
chitosan-GP/blood clots can be injected over marrow stimulated cartilage defects and yield repair
tissues with improved biomechanical and biochemical properties compared to microfracture or
microdrilling alone'®*!%, Some of the mechanisms responsible for this improved repair are an
increase in inflammatory and marrow-derived stromal cell recruitment to the microdrill holes,
increased vascularization and subchondral bone remodeling at early post surgical time-points from
day 1 and 56 days when compared with micro drilled control holes'®, polarization of macrophage
phenotype towards the alternatively-activated pro-wound healing lineage'®, increased bone
remodeling and osteoclast activation leading to better repair tissue integration®®®, and stimulated
secretion of anabolic wound repair factors from M2a macrophages'®. More recently, we have
developed freeze-dried formulations of chitosan that can be solubilized in PRP to form injectable
implants that solidify in situ®”. These freeze-dried formulations contain chitosan, a lyoprotectant
and a clot activator. We found that chitosan molecular size, chitosan concentration, and
lyoprotectant concentration control the performance characteristics of these implants and have
identified formulations that show promise for meniscus repair. In two pilot studies*®®1% meniscus
repair in ovine models was improved by application of freeze-dried chitosan-PRP implants.
Chitosan-PRP implants induced cell recruitment to the tears, repair tissue synthesis and remodeling
at 3 weeks, 6 weeks and 3 months post-surgery leading to the design of an ongoing pivotal animal
study. Chitosan-PRP implants may be able to overcome some of the shortcomings of current

augmentation techniques to improve restoration of meniscus structure and function.
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5.1.7 Conclusions

Meniscus tears are among the most common knee injuries related to trauma or aging.
Understanding of the structure, vascularity, biomechanics and pattern of tears is important and
could facilitate the orthopedic surgeon’s selection of optimal treatment. Current trends are shifting
toward salvaging the meniscus tissue and meniscus repair with good to fair satisfactory long-term
outcome. Evidence shows that nonsurgical approaches/management can be successful especially
in the short term if tears are not symptomatic. Diverse augmentation techniques have been
developed to introduce marrow elements and blood components into the joint to increase healing
in the avascular zone of the meniscus. Further development of these approaches and bioactive

materials may improve repair of currently irrepairable meniscus tears.
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Abstract

Clinical management of meniscus tears often involves partial meniscectomy, which can
lead to osteoarthritis (OA). Meniscus repair augmentation strategies are being developed to
compensate for the tissue’s limited healing response. The purpose of the study was to assess the
feasibility of using implants composed of freeze-dried chitosan (CS) solubilized in platelet-rich
plasma (PRP) to improve meniscus repair in ovine models. Lyophilized formulations containing
1% (wi/v) chitosan (degree of deacetylation 82% and number average molar mass 38 kDa), 1%
(w/v) trehalose and 42.2 mM calcium chloride were solubilized in autologous PRP and applied to
surgically induced meniscus lacerations. In the first study, bilateral tears in 7 ewes were treated by
suturing, trephination and injecting either CS-PRP (10 knees) or PRP (4 knees) into the tears. In
the second study, unilateral tears in 6 ewes were treated by suturing, trephination and injecting CS-
PRP in the tears (2 knees), wrapping the meniscus with a collagen membrane and injecting CS-
PRP in the tears and under the wrap (2 knees) or wrapping only (2 knees). CS-PRP implants were
partly resident in the tears and trephination channels at 1 day, where they induced cell recruitment
from the vascularized periphery of the menisci. Complete repair and seamless repair tissue
integration were observed in 1 out of 4 CS-PRP treated defects in the first study after 3 months
and in 1 out of 2 CS-PRP treated defects in the second study after 6 weeks, while there was no
healing with PRP or wrapping alone. These pilot feasibility studies demonstrated that CS-PRP
injectable implants display some potential to improve meniscus repair outcomes in pre-clinical
models and could overcome some of the current limitations of meniscus repair by assisting in

restoring meniscus structure and function.

Keywords

Meniscus repair, chitosan, platelet-rich plasma, injectable implants, ovine models

Level of evidence: Exprimental work

Disclaimer: None
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6.1 Introduction

Menisci play a critical role in shock absorption and joint stability!. A meniscal tear is one
of the most common orthopaedic diagnoses? and treatment for meniscal tears account for nearly
half of arthroscopic knee procedures performed in the US®. Tear characteristics (e.g., tear pattern,
length, depth, size, stability of tear, age of tear, chronicity, and reducibility of tear) and patient-
related factors (e.g., general health, age, and compliance) all affect the rate of healing and
determine the most appropriate treatment for a given patient*. Although there has been a recent
slight increase in the number of meniscus repairs performed yearly®, the percentage of meniscal
tears that are considered repairable using existing surgical techniques remains small, and thus the
vast majority of tears are excised with partial meniscectomy. Clinical follow-up studies have
demonstrated that the risk of developing osteoarthritis (OA) is increased in patients with untreated

meniscal damage or meniscectomized knees®?®.

The outer 10-30% of the adult meniscus is vascularised®, giving rise to the clinical labeling
of different zones. Vascularity of the meniscus is a prime determinant for the endogenous repair
response, and longitudinal tears located in the vascularized red/red portion of the meniscus are
considered good candidates for repair. Repair potential is more limited in the inner white/white
portion due to a decreased vascular network and a low density of meniscal chondrocytes that fail
to migrate to induce a repair response. Several repair augmentation approaches have been proposed
in order to stimulate the meniscus healing response to facilitate clinical success!®!!. These include
mechanical stimulation techniques such as trephination, insertion of a duct, abrasion and rasping*?-
15 use of patch or scaffold materials!®, and application of blood clots or blood-derived
componentst’1®. Although some studies have reported promising findings, there remains a lack
of high-level evidence to support the use of one augmentation technique over another.

Chitosan is a linear, natural cationic polymer composed of glucosamine and N-acetyl-
glucosamine units that has been used for tissue repair and regeneration?®. Our laboratory has
worked extensively with chitosan for cartilage repair applications?!?*. Chitosan-glycerol
phosphate (GP) solutions can be mixed with whole blood and applied to microfractured cartilage
defects to augment repair?2* and is now approved for clinical use to treat cartilage lesions in
several countries (BST-CarGel®, Smith and Nephew, USA). Some of the mechanisms responsible

for this improved outcome have been elucidated in laboratory and animal studies and include an
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increase in cell recruitment and vascularization, as well as a polarization of the macrophage
phenotype towards the alternatively-activated pro-wound healing lineage and stimulated secretion
of anabolic wound repair factors?>%’, all of which are also expected to be beneficial in the context
of meniscus repair. More recently, we have developed freeze-dried formulations of chitosan (CS)
that can be solubilized in platelet-rich plasma (PRP) to form injectable CS-PRP implants for tissue
repair?®. Lyophilization is expected to provide long-term stability to the product, while PRP
constitutes an autologous source of platelet-derived factors and can solubilize lyophilized chitosan
for delivery to the wound site to improve repair. In contrast to PRP implants which were rapidly
cleared in vivo and had little bioactivity, these CS-PRP implants were shown to reside for several
weeks and induce vascularization and cell recruitment?® in a subcutaneous implantation model,

both of which are desirable in the context of meniscus repair.

Here we describe two sequential pilot feasibility studies, where we tested the effect of CS-
PRP implants in ovine meniscus repair models. In the first study, a bilateral longitudinal surgical
laceration model was used to test the hypothesis that meniscus repair is improved by the
application of CS-PRP to the tears, but not by application of PRP alone, due to the latter’s short-
term residency that limits its influence on wound repair, that takes place over several weeks. In the
second study, we created a unilateral complex laceration model that was treated with one of 3
approaches; the tears were treated with the CS-PRP implant, or the tears were treated with a
wrapping technique using a Geistlich collagen membrane, or the tears were treated with both CS-
PRP and the wrapping technique. Our original hypothesis for the second pilot study was that repair
outcomes would be improved by using CS-PRP implants in conjunction with the wrapping
technique over CS-PRP implants injected in the tear site alone or wrapping alone, due to an
increased implant retention and resulting bioactivity. Repair was assessed with histological and
electromechanical methods at 3 weeks, 6 weeks and 3 months post-surgery.

6.2 Materials and methods

6.2.1 Preparation of freeze-dried chitosan (FD-CS) formulations

Chitosan (Raw material purchased from Marinard) was processed in-house and the

medical-grade polymer was characterized for its degree of deacetylation (DDA) and molar mass



83

by NMR spectroscopy and analytical size exclusion chromatography/multi-angle laser light
scattering?®3°, respectively. Chitosans with number average molar mass (Mn) of 38 + 4 kDa and
DDA 82 + 3 % were dissolved in 29 mM HCI overnight at room temperature. Then, a lyoprotectant
and a clot activator were added to obtain formulations with final concentrations of 1% (w/v)
chitosan, 1% (w/v) trehalose dihydrate and 42.2 mM calcium chloride. This particular formulation
was chosen based on our previous work?® because it met the following performance criteria: 1)
Rapid and complete solubilization in PRP; 2) Paste-like properties of the CS-PRP material and
fast coagulation; 3) Production of homogenous CS-PRP implants that resist platelet-mediated clot
retraction; 4) Significant bioactivity in vivo with associated cell recruitment and pro-angiogenic
potential. The solutions were sterilized with a 0.22 um polyvinylidene difluoride filter and
dispensed in individual sterile glass vials (1-mL per vial) for freeze-drying. The freeze-drying
process was divided into 3 phases: 1) ramped freezing to -40°C in 1 hour, isothermal for 2 hours
at -40°C (without applying vacuum), 2) -40°C for 48 hours, at 100 millitorrs, 3) ramped heating to
30°C in 12 hours, isothermal for 6 hours at 30°C, at 100 millitorrs. Filter-sterile rhodamine-
chitosan tracer® of M, 40 kDa was added to the vials that were used for imaging purposes at 1 day

post-surgery.

6.2.2 Isolation of platelet-rich plasma (PRP)

On the day of surgery, sodium citrate anti-coagulated whole blood was collected from each
sheep and centrifuged with the ACE EZ-PRP system at 160 g for 10 minutes. The supernatant
fraction, buffy coat and top ~ 1 mm of the erythrocyte fraction were moved to another tube and
then centrifuged again at 400 g for 10 minutes. Following the second centrifugation step, the
supernatant fraction was removed and only the bottom ~ 1.5 mL fraction of the tube was kept and
resuspended to extract leukocyte-platelet-rich plasma (L-PRP containing leukocytes and a small
fraction of erythrocytes). On average, the PRP contained 488+359 X 10E9/L platelets; 1.6+1.2 X
10E12/L erythrocytes; and 5.5£3.4 X 10E9/L leukocytes.
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6.2.3 Experimental study design and surgical technique

Institutional animal care committee approvals were obtained for all experiments involving
animals, consistent with Canadian Council on Animal Care guidelines. Surgery was conducted
under general anesthesia using aseptic technique. Texel-cross ewes aged 2-6-year-old with body
weights 55-70 kg were used in the first study (n=7) and in the second study (n=6).

In the first study (Figure 6.1), the joints were opened using a ~ 1.5 cm-long anteromedial
arthrotomy to allow access to the anterior portion of the medial meniscus. Bilateral 10-mm long
full-thickness longitudinal lacerations were created with scalpel blade and rasped with curved
Kelly hemostatic forceps. Two trephination channels were created by inserting 18-gauge needles
from the meniscocapsular border to the tears. Freeze-dried chitosan cakes (1 mL) were solubilized
with 1 mL autologous PRP and 0.5 mL of CS-PRP was injected into the tears through the two 18-
gauge needles (Figure 6.1). CS-PRP implants have previously been shown to be paste- like and to
coagulate within 5 minutes, much more rapidly than recalcified PRP?. The tears were secured
using two prolene™ sutures in a horizontal mattress pattern 5 minutes after injection. Controls
were injected with 0.5 mL of autologous PRP recalcified with 42.2 mM calcium chloride. Acute
implant residency was assessed in 1 sheep at 1 day (n=2 CS-PRP treated knees). Repair was
assessed at 3 weeks and at 3 months (n=4 CS-PRP treated knees and n=2 PRP treated knees at

each time-point).

In the second study (Figure 6.2), the joints were opened using a ~ 1.5 cm-long anteromedial
arthrotomy and greater exposure of the medial compartment was achieved by releasing the medial
collateral ligament (MCL) with an attached bone block®2. A custom-designed 10-mm titanium tool
was used to punch out unilateral 10-mm longitudinal lacerations in the anterior portion of the
medial meniscus. A sharp scalpel blade was then used to ensure that the tears were full-thickness
and to create a 3-mm horizontal pocket from the tears towards the capsular border to introduce a
horizontal component and create a complex T-shaped defect®®. The tears were then rasped, and
two 20-gauge needles were inserted to create trephination channels from the meniscocapsular
border to the tear. Freeze-dried chitosan cakes (1 mL) were solubilized with 1 mL autologous PRP
and 0.5 mL chitosan-PRP mixture total was injected into the tears through the two 20-gauge
needles. Three prolene ™ sutures were placed in a vertical pattern to stabilize the meniscus tears

and sutures were tightened immediately after implant injection. A 12.5 X 25 mm piece of collagen
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membrane (Chondro-Gide, Geistlich Pharma) was wrapped around the meniscus and sutured first
at the meniscus capsular border, and then further secured by introducing two vertical sutures
through the membrane and meniscal tissue. 0.5 mL chitosan-PRP mixture was injected under the
membrane (Figure 6.2) and the bone block was reattached with a screw. The tears were treated by
suturing, trephination and either injecting CS-PRP alone (n=2 knees), injecting CS-PRP and
wrapping the meniscus (n=2 knees) or wrapping alone (n=2 knees) and healing was assessed at 6

weeks. No post-operative bracing and or knee immobilization was used in both studies.

6.2.4 Evaluation of defect placement

Sheep were sacrificed at 3 weeks, 6 weeks, and 3 months post-surgery using sedation
followed by a captive bolt pistol. Photodocumentation of the meniscus lesions was performed
using a digital camera. Defect placement was assessed with Image J (NIH, USA) by measuring
the width between the meniscus outer border and the tear (A) and the total width of the meniscus
(B) and calculating the ratio (A/B) X 100%. Values closer to 0% are therefore near the vascularised

periphery and values closer to 100% are near the avascular free border.

6.2.5 Electromechanical mapping of articular surfaces

Streaming potentials of cartilage originate from the displacement of positively charged
mobile ions in the fluid phase relative to the fixed negatively charged proteoglycans entrapped
within the collagen network during a light compression of the cartilage. It has been long established
that streaming potentials are particularly sensitive to the integrity of the collagen network of the
extracellular matrix and glycosaminoglycan (GAG) content® . Several studies have revealed
correlations between the electromechanical properties of cartilage and its histological and
biochemical properties®®=3°. Electromechanical properties of cartilage are altered by cartilage
degeneration and repair®3-40 In the current study, electromechanical properties were mapped
manually ex vivo across the entire tibial plateau and the distal femurs using the Arthro-BST device
(Biomomentum Inc.). This medical device measures streaming potentials generated during a rapid
compression of the articular cartilage with an array of microelectrodes lying on a semispherical
indenter (effective radius of the tip 3.18 mm, 5 microelectrodes/mm?)*¢. A positioning software

with live video feed was used to overlay a 17 X 13 position grid on the articular surfaces to locate
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measurements and create a uniform mapping. The spherical indenter of the Arthro-BST was
manually compressed onto the cartilage surface at each point. The device calculates a quantitative
parameter (QP, arbitrary units) of cartilage electromechanical activity corresponding to the number
of microelectrodes in contact with the cartilage when the sum of their streaming potential reaches
100 mV. A high QP therefore indicates weak electromechanical properties and poor load-bearing
capacity and low QP indicates strong electromechanical properties and high load-bearing

capacity®®. Following mapping, osteochondral cores were collected for further processing.

6.2.6 Histoprocessing and microscopic evaluation

Menisci, synovial membrane biopsies and osteochondral cores were fixed in 10% neutral
buffered formalin, dehydrated through a graded series of ethanol, cleared in xylene, infiltrated and
embedded in paraffin. 5-micrometer-thick sections were collected on slides (Superfrost plus) and
stained with iron hematoxylin/safranin-O/fast green (menisci and osteochondral core) or
hematoxylin and eosin (synovial membrane biopsies). Stained histological slides were scanned
with a Nanozoomer RS (Hamamatsu, Japan) and NDPView (Hamamatsu, Japan) was used to
export images for further analysis. Two sections per meniscus were scored by two blinded
observers using a scoring system based on Zhang et al**. Briefly, scores for the character of the
predominant tissue, safranin-O staining, surface, integrity, cellularity, repair tissue quality and
adjacent tissue quality were summed to obtain the overall tissue quality score (ranging from O,
normal, to 26 for the worst quality). In addition, scores for tissue morphology in the defect,
thickness and bonding to host tissue were summed to obtain the repair tissue quality score (ranging
from 0, normal, to 7 for the worst quality). Synovial membrane sections were scored as in Little et
al*2, in which scores for intimal hyperplasia, inflammatory cell infiltration, sub-intimal fibrosis
and vascularity are summed to obtain a total score ranging from 0, normal, to 12 for severe
abnormalities. Osteochondral sections were scored according to Mankin®, in which scores for
structure, cells, safranin-O staining and tidemark integrity are summed to obtain a final score

ranging from 0, normal, to 14 for severe abnormalities.
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6.2.7 Data compilation

The data were compiled with SAS Enterprise Guide 7.1 and SAS version 9.4 (SAS Institute
Inc, Cary, NC, USA). The data in the text are presented as average+SD. For each knee, the average
of the scores from the 2 readers was calculated and is presented in dot plots.

6.3 Results

6.3.1 Meniscus repair is improved in some tears treated with chitosan-PRP implants while

no improvement was observed for other treatments

Surgical lacerations were created on average midway between the capsular borders and the
free borders of the menisci (at average 47%=9% the length of the meniscus in the first study and
48%=6% the length of the meniscus in the second study, (Erreur! Source du renvoi i
ntrouvable.). All the tears were located within the anterior half of each meniscus. CS-PRP
implants were easily injected into the tears via trephinations channels where they were shown to
be partly resident at 1-day post-surgery (Figure 6.1.E-F), and induced cell recruitment from the
vascularized peripheral red-red zone towards the trephination channels (Figure 6.1.G-H). All tears
were macroscopically visible at the time of necropsy 3 weeks, 6 weeks and 3 months post-surgery
and the edges of the tears were usually well apposed with sutures (Figure 6.3). Aside from the
surgically induced tears, no other sign of meniscal degeneration such as fibrillation or structure
disruption was observed (Figure 6.3). Red repair tissue and evidence of neo-vascularization were
visible on the tibial and femoral surfaces of the menisci in two CS-PRP only treated tears at 6
weeks in the second study and at 3 months in the first study (Figure 6.3.B&E). None of the other
menisci displayed macroscopic signs of healing (Figure 6.3). Extent of healing did not directly
correlate with defect location in both studies (Erreur ! Source du renvoi introuvable.). A highly ¢
ellular repair tissue was seen in 1 out of 4 CS-PRP-treated tears at 3 weeks post-surgery in the first
study (Figure 6.4.A&B). Partial integration between the repair tissue and the original meniscal
tissue was achieved in this treated tear (Figure 6.4.A&B). Complete healing with a highly-
vascularized repair tissue and almost seamless repair tissue integration was seen in 1 out of 4 CS-
PRP treated tear at 3 months in the first study (Figure 6.4.E&F). No repair tissue synthesis was
apparent in any of the PRP control tears at 3 weeks or at 3 months (Figure 6.4.C-D&G-H), or in
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the other CS-PRP treated tears. Neutrophils were present in the outer vascularized portion of 2 out
4 CS-PRP treated menisci at 3 weeks but were not detected at 3 months, or in any of the PRP
treated tears. The overall tissue quality score and repair tissue quality score reflected the
histological observations with 1 out of 4 treated defects having lower scores indicative of improved
quality at 3 weeks (Figure 6.4.1&J) and 3 months (Figure 6.4.K&L) post-surgery. Complete
healing, seamless integration and a vascularized repair tissue were observed in 1 out of 2 CS-PRP
only treated tears after 6 weeks in the second study (Figure 6.5.A-C). Partial repair and integration
were observed in 1 out of 2 tears treated with CS-PRP and wrapping at 6 weeks in the second study
(Figure 6.5.D-F). In both cases, structural organization was different in matching areas in intact
menisci (Figure 6.5.J-L). In contrast, there was no healing in the menisci treated with wrapping
alone (Figure 6.5.G-1). Significant cell infiltration at the outer meniscus border and variable
glycosaminoglycan (GAG) depletion was observed in all experimental menisci compared to
contralateral intact menisci (Figure 6.5). Suture tracks were abundant in menisci treated with the
wrapping technique (Figure 6.5.D&G) with sparse foreign body giant cells (FBGCs)
accumulating near the outer vascularized red-red region (Figure 6.5.F&I). The overall tissue
quality score (Figure 6.5.M) and repair tissue quality score (Figure 6.5.N) reflected the
histological observations, with one CS-PRP only treated meniscus having the lowest scores (scored
6 and 1 respectively), indicating the highest quality of repair, followed by one meniscus treated

with wrapping + CS-PRP (scored 12 and 3 respectively).

Table 6.1 Placement of meniscal defects. Values closer to 0% were near the vascularised

periphery and values closer to 100% were near the avascular free border.

First study Second study

Sheep # (Time) Right leg Left leg Sheep # (Time) Right leg Left leg

1 PRP CS-PRP 1 Wrap only Intact
(3w) 33% 54% (6w) 55% N/A

2 CS-PRP PRP 2 Intact 44%

(Bw) 56% 56% (6w) N/A Wrap only
3 CS-PRP** CS-PRP 3 CS-PRP only 51% | Intact
(3w) 42% 40% (6w) N/A
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4 CS-PRP CS-PRP 4 Intact CS-PRP only*
(1d) 44% 33% (6w) N/A 45%

5 PRP CS-PRP 5 CS-PRP + Wrap Intact

(3m) 43% 58% (6w) 53% N/A

6 CS-PRP PRP 6 Intact CS-PRP + Wrap**
(3m) 44% 59% (6w) N/A 40%

7 PRP CS-PRP*

(3m) 51% 45%

* Defects that were completely healed.

** Defects that were partially healed.
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Figure 6.1 A) Schematic representation of the bilateral surgical model. 10-mm long incisions were

created bilaterally in the anterior portion of the medial menisci in 7 sheep (black in A). Freeze-

dried chitosan formulations were solubilized in autologous PRP and 0.5 mL of chitosan-PRP was

injected into the meniscal tear through two trephination channels created with 18-gauge needles

(in green in A). The tears were sutured in a horizontal mattress pattern (in red in A). B) Schematic
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representation of the surgically induced defect model. C) Picture of a meniscus treated with CS-
PRP. D) Seven ewes (2-6 years old) were included in the study and treated with either chitosan-
PRP only (n = 2 knees at 1 day, n = 4 knees at 3 weeks & 3 months) or PRP only (n = 2 knees at
3 weeks & 3 months). E&F). A rhodamine-chitosan tracer was added to the freeze-dried
formulations to allow detection of the implants with epifluorescent microscopy (E&F). The
chitosan-PRP implants were partly resident in the tears and trephination channels at 1-day post-
surgery (E&F). Safranin O/fast green stained sections showed that chitosan-PRP implants induced
cell recruitment from the vascularized periphery of the menisci towards the trephination channels
(G&H). The rectangles in panel E&G indicate the regions where the higher magnification images

F&H were acquired.

Second study
A) Schematic representation of the unilateral model B) Meniscus defect model C) Meniscus treated with wrapping and CS-PRP

e —
Injection of
—a Wrap CS-PRP_

Complextear (black) ;..

Channels (green)

e

Vertical sutures (red)

= ¥ R Lateral K\
{7\ meniscus ; \
\.;':v - \ "y = | \
<’ } [
J Fibula k_/J

Wrap (blue) —_J )
4

Medial meniscus =S %

D) Study design

Group Test Article Total Volume Implant (mL) # knees / time points

1 CS-PRP only 0.5mL in the tear n=2 knees at 6 weeks

2 CS-PRP + Wrap 0.5mLin the tear + n=2 knees at 6 weeks
0.5 mL under membrane

3 Wrap only None n=2 knees at 6 weeks

Figure 6.2 A) Schematic representation of the unilateral surgical model. A bone block with medial
collateral ligament attached was detached to increase access to the meniscus. A 10-mm
longitudinal tear with a horizontal component was created towards the anterior portion of the
medial meniscus (in black in A). Two 20-gauge needles were used to create trephination channels
from the capsular border of the meniscus to the tear (in green in A). 0.5 mL chitosan-PRP implant
was injected into the tear through the trephination channels and the tear was stabilized with three
sutures tightened in a vertical pattern (in red in A). A piece of collagen membrane (12.5 mm X 25
mm) was wrapped around the meniscus (in blue in A) and sutured first at the capsular border, and
then with two vertical sutures placed through the meniscal tissue. 0.5 mL chitosan-PRP implant
was then injected under the membrane. The contralateral knee was left intact. B) Schematic
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representation of the surgically induced defect model. C) Picture of a meniscus treated with

wrapping + CS-PRP. D) Six ewes (2-6 years old) were included in the study and treated with either

chitosan-PRP only (n = 2 knees), chitosan-PRP + wrap (n = 2 knees) or wrap only (n = 2 knees).

The contralateral knees were left intact (n = 6 knees).

3 weeks
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First study
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A)

Sutures

3 months
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Sutures

i

3 months
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- N
Red repair
tissue in
tear

CS-PRP + Wrap
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Contralateral intact meniscus

6 weeks

Sutures
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2mm

Figure 6.3 The tears were macroscopically visible at the time of necropsy 3 weeks, 6 weeks and

3 months after surgery and the edges of the tears were usually well apposed (A to G). A reddish

repair tissue and signs of neo-vascularization were visible in two chitosan-PRP treated tears at 6

weeks (E) and at 3 months (B) post-surgery (white arrowheads). Sutures were apparent in all

treatment groups. Aside from the surgically-induced tears, no other sign of macroscopic meniscal

degeneration was observed.
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Figure 6.4 Histological sections of the repaired tissue stained with safranin O/fast green were used
to evaluate tissue repair in the bilateral model. A highly cellular repair tissue was seen in one
chitosan-PRP treated tear at 3 weeks post-surgery (A&B). Partial integration between the repair
tissue and the original meniscal tissue was achieved in this treated tear (B). Complete healing with
a highly vascularized repair tissues and seamless repair tissue integration were seen in one
chitosan-PRP treated tear at 3 months (E&F). There was no repair tissue synthesis in the PRP
controls at 3 weeks or at 3 months (C&D and G&H), and in the other CS-PRP treated tears. The
surgical approach induced some fibroplasia in the outer portion of the menisci at 3 weeks and 3
months (A, C, E, & G). Rectangles in panels A, C, E, & G indicate regions where the higher
magnification images B, D, F, & H were taken. Histological sections were scored based Zhang et
al for overall meniscal tissue quality (i, ranging from 0 for the best to 26 for the worst quality) and
repair tissue quality (j, ranging from O for the best to 7 for the worst quality) and were consistent

with the histological observations*-
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Figure 6.5 Histological sections of the repaired tissue stained with safranin O/fast green were used
to evaluate tissue repair in the unilateral model. One tear treated with chitosan-PRP only showed
complete repair (A-C), while one tear treated with chitosan-PRP with wrapping was partially
healed (D-F). There was no repair tissue in the group treated with wrapping only (G-1). In the two
cases where repair was observed, the repair tissue was highly cellular, well integrated to the
adjacent meniscal tissue, but structurally different than the contralateral intact menisci (j-L).
Significant cell recruitment into the outer portion of all treated menisci was observed compared to
contralateral intact menisci. Suture tracks were frequently observed in menisci treated with the
wrapping technique, along with sparse foreign body giant cells (FBGCs) in the outer vascularized
area (D-1). Rectangles in A, D, G & J demonstrate regions where the higher magnification images
B, C,E, F, H, I, K& L were acquired. Histological sections were scored based on Zhang et al for
overall meniscal tissue quality (m, ranging from O for the best to 26 for the worst quality) and
repair tissue quality (n, ranging from 0O for the best to 7 for the worst quality) and were consistent

with the histological observations. N/A: Non-applicable.
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6.3.2 Mild changes to other joint tissues were observed and were independent of specific

treatments

All animals tolerated the operative approach well and no postoperative complications were
seen after the surgery. The sheep had some intermittent lameness and effusion for the first few
weeks post-surgery but recovered thereafter. Mild to moderate synovitis was present at 3 weeks
and at 6 weeks post-surgery (Figure 6.6.D&F), but scores were closer to normal at 3 months
(Figure 6.6.E). Changes included intimal hyperplasia, some subintimal fibrosis, and an increase
in vascularization (Figure 6.6.A-C) and were not associated with any specific treatment (Figure
6.6.D-F). Mild to moderate histological changes were apparent in the articular cartilage surfaces
as shown by safranin-O/fast green stained sections of osteochondral cores collected from the
medial femoral condyle and medial tibial plateau (Figure 6.7). Changes include a loss of
glycosaminoglycan and some structural abnormalities (Figure 6.7.B&C) and were not specific to
any treatment (Figure 6.7.D-F). The average quantitative parameter (QP) calculated for the medial
femoral condyles and for the medial tibial plateau were similar in all treatment groups at all time-

points, with values indicative of good load-bearing capacity (Figure 6.8).
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Figure 6.6 Hematoxylin and eosin stained sections of synovial membrane (A to C). There was a
mild to moderate transient synovitis in most treated knees. Changes included intimal hyperplasia,
inflammatory cell infiltration (B), some sub-intimal fibrosis, and an increase in vascularization
(C). Histological sections were scored as in Little et al (D to F, ranging from 0 to 12 for severe

abnormalities) and scores reflected those observations.
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Figure 6.7 There were mild to moderate changes to the articular surfaces as shown by safranin
Offast green stained sections of osteochondral cores collected from the medial femoral condyles
(A to C) and from the medial tibial plateau (not shown). Changes included depletion of
glycosaminoglycan (B&C) and some structural abnormalities (C). Histological sections were
scored according to Mankin (D to F, ranging from 0 to 14 for severe abnormalities) and scores

reflected those observations. There was no effect of treatment on the histological scores.
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Figure 6.8 Electromechanical properties of the tibial plateau and the distal femurs were mapped
across the entire articular surfaces using the hand-held Arthro-BST device (A&B). Panels a and b
are representative examples of mapping of distal femurs (A) and tibial plateau (B) with
corresponding QP. A high QP (shown in red) indicates weak electromechanical properties and
poor load-bearing capacity and a low QP (in blue) shows strong electromechanical properties and
high load-bearing capacity. Average QP values for medial femoral condyles and medial tibial
plateau are shown in panels C to E and showed that articular surfaces displayed good load-bearing

properties. There was no effect of treatment on QP values.

6.4 Discussion

The purpose of these pilot studies was to investigate the feasibility of using CS-PRP
implants to improve meniscus repair in ovine models. In the first study, we found that CS-PRP
implants stimulated repair tissue synthesis in 1 out of 4 treated tears while PRP alone did not,
which supports our starting hypothesis. In the second study, in contrast to our original hypothesis,

we found that using the meniscus wrapping technique in conjunction with CS-PRP implants did
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not further improve repair, and that CS-PRP implants alone was sufficient to stimulate repair in 1

out of 2 treated tears.

The bilateral model in the first study (Figure 6.1) was conceived to control for inter-
individual variability and minimize the number of required animals. However, we found that it
was challenging since it did not permit the sheep to protect their treated knee from weight-bearing
post-operatively, which we believe caused some implant loss and led to only partial retention of
the CS-PRP implant in the tears (Figure 6.1) and thus a minority of tears that healed (1 out of 4).
The unilateral model in the second study (Figure 6.2) utilizing a medial collateral bone block
approach to the entire meniscus provides increased access to the tear site and allowed us to
introduce the meniscus wrapping technique, as well as the T-shaped tears to mimic clinically
relevant complex tears. Furthermore, we found that the sheep were protecting the operated knee
from weight-bearing post-operatively, which is one potential reason why the success rate was
improved to 1 out of 2 treated tears by switching from the bilateral model to the unilateral model.
Some form of post-operative immobilization, analogous to the gradual return to weight-bearing
protocols used clinically, would be expected to further improve implant retention and the
reproducibility of the healing response. Although the tears located closer to the periphery might
be expected to heal better, there was no effect of defect placement on healing in our pilot studies
(Erreur ! Source du renvoi introuvable.). Vascular penetration in sheep is less than in humans a
nd is limited to the 11-15% outer region of the meniscus**, so that all of the tears were in the
avascular portion of the meniscus, which may explain why defect placement had no significant

effect here.

CS-PRP implants were found to induce cell recruitment as early as one day post-surgery.
An immature highly cellular partially integrated tissue filled the tears at 3 weeks (Figure
6.3Figure 6.4), which was remodeled into a vascularized integrated repair tissue between 6 weeks
and 3 months (Figure 6.3Figure 6.4Figure 6.5). The origin of the cells that filled the gap at the
defect site was not identified in the current study; however, the cells may originate from extrinsic
and/or intrinsic sources. The synovial membrane, the peripheral blood supply, and meniscal
fibrochondrocytes themselves have all been suggested to be the source of repair in animal studies
of meniscus repair®®>*>4’. Meniscal fibrochondrocytes possess the capability to further differentiate
towards chondrogenic, adipogenic, and osteogenic lineages*® and exogenous synovial-derived

mesenchymal cells have the capacity of homing and attaching to meniscus tears to mediate
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reparative process®®. A combination of healing techniques (e.g. trephination, tear rasping,
wrapping and application of CS-PRP) were used in our 2 pilot studies. We used trephination
channels to deliver our implants efficiently to the tear site and stimulate healing from the meniscus
periphery in a fashion similar to what was previously done in pre-clinical models®®-°2, and observed
cells migrating towards the channels at 1 day post-surgery, although it is uncertain if those channels
remained open and if the cells actually entered the channels to migrate to the tears. Our purpose in
rasping the tears was to create a rough surface for the implant to adhere to, but others have
suggested that tear rasping can induce cytokine release beneficial to healing®. Although this was
not done here, synovial rasping is often performed clinically to stimulate ingrowth of synovial-
derived cells. Further characterization of the type of cells migrating into the defect (for example
progenitor cells versus inflammatory cells) and evaluation of cell survival would provide
mechanistic information on the repair process, including the origin of the repair cells. Similar to
what was observed with CS-GP/blood implants in the context of cartilage repair?®, CS-PRP
implants also displayed the potential to induce neovascularisation. Based on the histological
appearance of our contralateral intact menisci and on previously published data on vascular
penetration in sheep meniscus*, we can state with some confidence that the blood vessels observed
in the vicinity of the tears in CS-PRP treated menisci are in fact new blood vessels, and not pre-
existing vessels. A better understanding of the vascular response induced by CS-PRP implants
would be of high interest for future studies. Our data are also consistent with the notion that
remodeling of the meniscus is essential for good tissue integration®*, and it is interesting to note
that CS-PRP implants have previously been shown to promote tissue remodeling in the context of

cartilage repair®®.

Most available pre-clinical studies have not shown a beneficial effect of applying
leukocyte-rich-PRP to meniscal tears®®>°, and clinical data is lacking. We postulate that one reason
for the poor performance of PRP is its poor residency in vivo. In line with this, we have previously
shown that recalcified PRP degrades in a single day when implanted in vivo, while CS-PRP
implants reside for several weeks and induce cell recruitment and neo-vascularization?.
Lyophilized chitosan scaffolds have been proposed as delivery tools for PRP®-2 and those studies
as well as our own preliminary data®® suggest that chitosan scaffolds can provide sustained release
of PRP-derived growth factors, although it is difficult to extrapolate such in vitro data regarding

platelet derivatives to pre-clinical and clinical settings®*. Exposure to PDGF-AB has been shown
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to induce meniscal fibrochondrocytes to proliferate and synthesize new matrix in vitro®. It
therefore becomes logical to suggest that sustained release of platelet-derived growth factors is
one mechanism by which CS-PRP implants improved meniscus repair in the current pilot studies.
Of note, the single pre-clinical study that reported improved meniscus repair outcomes in the rabbit
used a combination gelatin hydrogel for delivery of PRP®, another biomaterial-PRP combination.
N-carboxymethyl chitosan by itself has been shown to modulate the healing sequence in a rabbit
model of meniscus repair’®, and we hypothesize that the sustained presence of chitosan at the tear
site was another mechanism by which repair was modulated and ultimately improved in the current

pilot studies.

Using the wrap in conjunction with CS-PRP implants did not further improve repair and
the additional sutures needed to secure the wrap created significant damage to the meniscus
(Figure 6.5). In addition, the wrap appeared to stimulate a foreign body giant cells in wrapped
meniscal tissues that was not seen with CS-PRP alone (Figure 6.5), although foreign body
reactions are often observed when very slowly degrading biomaterials are implanted in the body®®.
Although the sheep meniscus is considered an acceptable model*%°, no animal model is truly like
the human, which may account for the poor performance the of the meniscus wrapping technique
in the animal model that has uncontrolled post-operative weight bearing compared to humans®®.
The combination of the meniscus wrapping technique with the CS-PRP implants could still prove
to be a good option for the clinical treatment of degenerated, complex meniscal tears. CS-PRP
implants were well-tolerated and induced only a transient synovitis in the knee (Figure 6.6).
Meniscal damage can easily induce osteoarthritis in the sheep’®, which was not observed here. The
histological changes that were observed on the articular surfaces (Figure 6.7) appear to be normal
for sheep of that age and weight’*, and electromechanical mappings (Figure 6.8) revealed that the
articular surfaces had good load-bearing properties®®.

Our study was intended as a pilot feasibility study and had several limitations. The major
limitation is the low number of animals used, which precluded statistical analysis, and associated
conclusions. Results should therefore be viewed appropriately. Performing these pilot studies
allowed us to refine our procedures for design and implantation of the product. We further propose
that controlled post-operative weight-bearing would allow for better implant retention and
increased reproducibility and efficiency. Clearly, these pilot feasibility studies need to be

substantiated in a longer-term follow-up study with a larger number of animals. In light of the
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results obtained during the second pilot study, groups of n=25 would be sufficient to allow us to
see a statistical difference between the histological quality of the repair tissue elicited by CS-PRP
versus wrap treatment (using significance level o of 5% and power 1-f3 of 80% for calculations).
In addition, the mechanical strength of the repair tissue was not assessed, an important factor to
prevent recurrent tears. Ideally, functional assessment of the repaired meniscus tissue would be
evaluated by biomechanical testing in the future. Another limitation which would be addressed in
a subsequent study design would be the addition of sham operated animals and a suture-only group
which was absent in the current studies. Finally, sheep are a convenient large-animal model due to
availability, geometric similarities between the joints of sheep and humans, ease of handling and
housing. Nonetheless, the distribution of forces is quite different in quadruped compared to

humans®®.

Meniscus repair remains a significant challenge for orthopaedic surgeons and developing
a viable augmentation option is still needed. Freeze-dried chitosan formulations can be rapidly
solubilized in autologous PRP to form injectable in situ solidifying implants that have tissue
regeneration capacity. Even with our pilot studies’ limitations, data in this study makes an
important advance in showing the importance of using unilateral meniscal repair model, that
untreated tears fail to remodel, and that CS-PRP implants displayed some potential to improve
repair of meniscal tears, including complex tears. Although further work is required to support
these early findings, CS-PRP implants could eventually assist in restoring meniscus structure and

function in the future.
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Abstract

BACKGROUND: Platelet-rich plasma (PRP) has been used to solubilize freeze-dried chitosan
(CS) formulations to form injectable implants for tissue repair.

OBJECTIVE: To determine whether the in vitro performance of the formulations depends on the

type of PRP preparation used to solubilize CS.

METHODS: Formulations containing 1% (w/v) CS with varying degrees of deacetylation (DDA
80.5-84.8%) and number average molar mass (Mn 32-55 kDa), 1% (w/v) trehalose and 42.2 mM
calcium chloride were freeze-dried. Seven different PRP preparations were used to solubilize the

formulations. Controls were recalcified PRP.

RESULTS: CS solubilization was achieved with all PRP preparations. CS-PRP formulations were
less runny than their corresponding PRP controls. All CS-PRP formulations had a clotting time
below 9 minutes, assessed by thromboelastography, while the leukocyte-rich PRP controls took
longer to coagulate (> 32 min), and the leukocyte-reduced PRP controls did not coagulate in this
dynamic assay. In glass culture tubes, all PRP controls clotted, expressed serum and retracted (43-
82 % clot mass lost) significantly more than CS-PRP clots (no mass lost). CS dispersion was

homogenous within CS-PRP clots.

CONCLUSIONS: In vitro performance of the CS-PRP formulations was comparable for all types
of PRPs assessed.

Keywords: Chitosan, Platelet-rich plasma, Injectable implants

Level of evidence: Exprimental work (in vitro)

Disclaimer: None
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7.1 Introduction

Platelet-rich plasma (PRP) is an autologous blood-derived product that contains platelet
concentrations above physiological levels. PRP is thought to modulate the tissue healing process
by supplying growth factors, cytokines, and other bioactive compounds which play fundamental
roles in hemostasis as well as tissue repair and remodeling. PRP safety profile, ease of preparation
and application, low potential for disease transmission and minimal tissue rejection are some
advantages. Initially, PRP’s first clinical applications were limited to dentistry, oral and
maxillofacial surgery to improve bone healing with platelet gels®, but PRP is now used to treat
several musculoskeletal and orthopaedic conditions, including osteoarthritis, meniscus tears,

tendinopathy, rotator cuff tears and ligament tears?.

To date, numerous PRP preparation systems are available, which produce PRP that contain
varying concentrations of platelets, leukocytes and erythrocytes. On the basis of the platelet
concentration, inclusion or exclusion of leukocytes, and fibrin architecture, Dohan Ehrenfest et al
classified 4 families of PRP preparations®: 1) Leukocyte-rich PRP; and 2) Leukocyte-poor (or
leukocyte-reduced) PRP, both of which are liquid suspensions that form solid clots upon activation
of the coagulation cascade; and 3) Leukocyte-rich platelet-rich fibrin (PRF); and 4) Leukocyte-
poor (or leukocyte-reduced) PRF, both of which are in solid format. Regarding the therapeutic
effects of the different types of PRP preparations, platelet content has been a primary focus, since
platelet-derived growth factors contribute to tissue repair, however, it is well established that
concentration of erythrocytes and leukocytes are also important factors to consider. The exact role
of these cells in the PRP-mediated reparative process has not been completely elucidated yet.
Leukocytes are thought to induce a proinflammatory response by releasing some inflammatory
mediators and catabolic enzymes such as interleukin (IL-1), tumor necrosis factor (TNF-o) and
IL-6. This has clearly been shown in vitro*®, which led to the notion that leukocyte-reduced PRP
preparations would be superior to leukocyte-rich PRP preparations. However, increased levels of
platelet-derived growth factor (PDGF)-ab, PDGF-bb, vascular endothelial growth factor (VEGF)
and transforming growth factor (TGF)-p from leukocyte-rich PRP compared to leukocyte-poor
PRP have been reported in vitro”#, which could potentially contribute to the improved tissue repair.
In addition, the inflammatory response induced by leukocyte-rich PRP preparations appears to be
limited to the early post-treatment period in viva®. Furthermore, there is clinical evidence that a
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single ultrasound-guided injection of leukocyte-rich PRP is beneficial for treating tendinopathy°.
As of now, it is still unclear what type of PRP preparation should be used to treat specific

conditions.

Chitosan (CS) is a nontoxic, biodegradable and biocompatible polysaccharide composed
of glucosamine and N-acetyl-glucosamine units, which is derived by alkaline deacetylation of
chitin'. Our laboratory has developed freeze-dried formulations of CS that can be solubilized in
PRP to form injectable CS-PRP implants that coagulate in situ and can be used for different tissue
repair applications!?. Previous studies showed that CS-PRP implants resist platelet-mediated
retraction post-clotting, release increased amounts of platelet-derived growth factors and have
prolonged residency in vivo compared to PRP alone'®. CS-PRP implants have also shown potential

to improve repair of rotator cuff, meniscus and cartilage in small and large animal models**?’.

The goal of the current study was to answer multiple questions regarding this technology.
First, in all of our previous studies, we used a leukocyte-rich PRP preparation that was prepared
manually by double centrifugation, and not PRP preparations isolated with commercially available
kits. Second, acceptable CS specifications for combination with PRP need to be defined.
Therefore, the purpose of the current study was to 1) Assess compatibility of this technology with
the various types of PRP preparations that can be isolated with commercially available systems
and 2) Define a range of CS degree of deacetylation (DDA) and the number average molecular
weight (M) that would yield freeze-dried formulations with acceptable performance
characteristics. Our starting hypothesis was that although the different PRP preparation systems
would yield PRPs with varying properties, all PRP preparations would be compatible with this

technology.

7.2 Materials and methods

7.2.1 Preparation of freeze-dried chitosan formulations

Five CS (Raw material purchased from Primex) were deacetylated by alkaline treatment,
depolymerized with nitrous acid, characterized by NMR spectroscopy® and analytical size
exclusion chromatography/multi-angle laser light scattering®®. DDA, M and polydispersity index
(PDI) of the CS were: 1) 82.5% DDA M 45 kDa PDI 1.83, 2) 80.7% DDA M, 35 kDa PDI 1.81,
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3) 80.5% DDA My 49 kDa PDI 1.97, 4) 84.8% DDA M, 32 kDa PDI 1.90 and 5) 84.6% DDA My
55 kDa PDI 1.95 (Table 7.1). These ranges of CS DDA and M, were chosen based on the precision
with which the deacetylation and depolymerization processes can be controlled. CS were dissolved
in nuclease-free water and acid overnight at room temperature with sufficient HCI (Fluka, Product
N° 1135328) added to protonate 60% of glucosamine groups. Trehalose (Life Sciences, Product
N° TDHO033) was added as lyoprotectant and calcium chloride (CaClz, Spectrum, Product N°
CA95032) was added as a clot activator to final concentrations of 1% (w/v) and 42.2 mM
respectively. The solutions were sterilized with a 0.22 pm polyvinylidene difluoride filter
(Millipore) and dispensed into individual 3 mL sterile glass vials (1-mL per vial) for freeze-drying
using a MillRock stoppering freeze-drier (LAB series). The freeze-drying process was divided into
3 phases: 1) ramped freezing to -40°C in 1 hour, isothermal for 2 hours at -40°C (without applying
vacuum), 2) -40°C for 48 hours, at 100 millitorrs, 3) ramped heating to 30°C in 12 hours, isothermal
for 6 hours at 30°C, at 100 millitorrs.

Table 7.1 Properties of the CS used in the study.

Degree of deacetylation | Number average molar | Polydispersity index (PDI)
(DDA) mass (Mn)

82.5% 45 kDa 1.83
80.7% 35 kDa 1.81
80.5% 49 kDa 1.97
84.8% 32 kDa 1.90

84.6% 55 kDa 1.95
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Isolation of platelet-rich plasma preparations

113

The male subject enrolled in this research responded positively to an Informed Consent

Form (Certificate #CER-15/16-17 dated Jan 28™ 2016) which was approved by the Polytechnique

Montreal institutional committee (Comité d’éthique a la recherche avec des étres humains). Blood

was drawn from the same donor twice; once to isolate PRP using the ACE EZ-PRP system, and

once to isolate PRP using the following systems: 1) Arthrex Angel set at 2% hematocrit, 2) Arthrex
Angel set at 7% hematocrit, 3) Harvest SmartPrep 2, 4) RegenLab RegenKit-BCT, 5) RegenlLab

RegenKit-THT, 6) Arthrex ACP double syringe system. Isolation protocols are further described

in Table 7.2. Complete blood count analysis was performed on whole blood and PRP preparations

using the Advia 120 hematology system (Siemens).

Table 7.2 Characteristics of the different PRP preparations used for the study.

Device Company Type of Hematocrit Blood Centrifugal force Features and Final volume
name PRP setting drawn (rpm) & time (min) method of (mL)
(mL) preparation
ACE ACE Surgical | Leucocyte- | Unavailable 10mL | 1.1300 rpm for 10 min Manual 1.5 mL per tube;
EZ-PRP Suppl rich
PRy 2. 2000 rpm for 10 min 4 tubes processed
Angel Arthrex Leukocyte 2% 120 mL Centrifugation for 22 Automated, Cellular 6 mL
-reduced hematocrit min photospectrometry
and fractionation
Angel Arthrex Leucocyte- 7% 60 mL Centrifugation for 18 Automated, Cellular 6 mL
rich hematocrit min photospectrometry
and fractionation
SmartPr Harvest Leucocyte- | Unavailable 60 mL 1. 2500 rpm for 4 min Automated 6 mL
ep 2 Technologies rich .
2. 2300 rpm for 10 min
RegenKi RegenLab Leukocyte Unavailable 8 mL 3500 rpm for 5 min Automated, 2.5 mL per tube;
t-BCT -reduced Thixotropic gel
3 tubes processed
RegenKi RegenLab Leucocyte- | Unavailable 8 mL 3500 rpm for 9 min Automated, 4 mL per tube;
t-THT rich Thixotropic gel

2 tubes processed
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ACP Arthrex Leukocyte Unavailable 16 mL 1500 rpm for 5 min Automated 6 mL
double- -reduced
syringe s

ystem

7.2.3 Solubilization of freeze-dried CS formulations

Each 1 mL cake was solubilized with 1 mL PRP, hand-shaken vigorously for 10 seconds
and different performance characteristics were immediately assessed (Figure 7.1). All five
different CS formulations were solubilized with each PRP preparation, producing n=5 CS-PRP
samples per PRP preparation. Controls were prepared by recalcifying PRP to a final concentration

of 42.2mM CacCly, yielding n=1 PRP control per PRP preparation.

Study design
Freeze dried-chitosan formulations Devices used to extract PRP
1) 1% wiv CS (82.5% DDA M, 45 kDa), 29 mM HCI, 1% wiv trehalose, 42.2 mM calcium chloride ACE EZ-PRP 1) Solubility
2) 1% whv CS (80.7% DDA M, 35 kDa), 28 mM HCI,1% wiv trehalose, 42.2 mM calcium chloride Angel with 2% hematocrit 2) pH and osmolality post-solubilization
3) 1% wiv CS (80.5% DDA M, 49 kDa), 28 mM HCI, 1% wiv trehalose, 42.2 mM calcium chloride I Angel with 7% hematocrit !
4) 1% wiv CS (84.8% DDA M, 32 kDa), 30 mM HCI, 1% wiv trehalose, 42.2 mM calcium chloride SmartPrep 2 : 3) Paste-like properties with runniness
5) 1% wiv CS (84.6% DDA M, 55 kDa), 30 mM HCI, 1% wiv trehalose, 42.2 mM calcium chloride RegenKit-BCT L 4) Clotting prop with thr aphy
—_ RegenKitTHT :
'ACP double syringe system 5) Clot with
6) Clot homogeneity with histology
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Figure 7.1 Study design. Five different CSs (with Mn ranging from 32 to 55 kDa and DDA ranging
from 80.5 to 84.8%) were used to prepare freeze-dried formulations that also contained trehalose
as lyoprotectant and calcium chloride as clot activator. Freeze-dried cakes were solubilized with 7
different PRP preparations (Angel with 2% hematocrit and Angel with 7% hematocrit are pictured

here). Performance characteristics of the solubilized CS-PRP mixtures were assessed in vitro.
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7.2.4 Assessment of formulation paste-like properties

A previously developed runniness test was used to assess paste-like properties'?. Briefly, a
40 ul drop of each CS-PRP formulation was pipetted onto a rigid piece of plastic fixed at 38
degrees to horizontal, pictures were acquired after 10 minutes and the drop mobility was measured
using Image J 1.47v. Note that in this assay water runs off the plate and has a runniness exceeding
310 mm.

7.2.5 Assessment of formulation coagulation

360 ul of each CS-PRP formulation was loaded into a standard specimen
thromboelastography (TEG) cup pre-warmed to 37°C. TEG measurements were carried out for 60

min using a TEG Model 5000 hemaostasis analyzer system (Haemoscope Corp).

7.2.6 Assessment of clot retraction

250 pl of each CS-PRP formulation was dispensed into glass tubes and placed in a heat
block set at 37°C and left to clot for 60 min. Serum expressed from the clots was removed and %

mass lost was measured.

7.2.7 Assessment of clot homogeneity

CS-PRP clots were fixed in 10% neutral buffered formalin (NBF), paraffin-embedded,
sectioned at 5 um using a RM2155 microtome (Leica) and stained with Fast Green/Iron
Hematoxylin. Stained slides were scanned at 40X with a Nanozoomer RS scanner NDPView

(Hamamatsu, Japan) and NDPView (Hamamatsu) was used to export images.

7.2.8 Statistical analysis

All analyses were performed with SAS Enterprise Guide 7.1 and SAS 9.4. For each PRP

preparation, data obtained with the 5 different CS were averaged (n=5) and compared to its
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corresponding recalcified PRP control (n=1). Data are presented as either dots (for the PRP
controls) or boxes where median (line); Box: 25" and 75" percentile; Whisker: Box to the most
extreme point within 1.5 interquartile range. Correlations between the different performance
criteria assessed and CS M, CS DDA, PRP platelet content, PRP leukocyte content and PRP
erythrocyte content were analyzed by calculating the Pearson correlation coefficients. p-values <

0.05 were considered significant.
7.3 Results

7.3.1 There were important differences in the properties of the different PRP preparations

The lowest platelet concentration was obtained with the RegenLab BCT system (207 X
10E9/L, 1.0X that of whole blood), and the highest platelet concentration was obtained with the
Harvest SmartPrep 2 system (905 X 10E9/L, 4.3X that of whole blood) (Erreur ! Source du renvoi i
ntrouvable. and Figure 7.2). Similarly, the lowest leukocyte concentration was obtained with the
RegenLab BCT system (0.3 X 10E9/L, 0.1X that of whole blood), and the highest leukocyte
concentration was obtained with the Harvest SmartPrep 2 system (11.5 X 10E9/L, 2.4X that of
whole blood) (Erreur! Source du renvoi introuvable. and Figure 7.2). Again, the lowest
erythrocyte concentration was obtained with the RegenLab BCT system (0.02 X 10E12/L, 0.002X
that of whole blood), and the highest erythrocyte concentration was obtained with the Harvest
SmartPrep 2 system (2.0 X 10E12/L, 0.4X that of whole blood) (Erreur ! Source du renvoi
introuvable. and Figure 7.2). Erythrocyte concentration determined the color of the different PRP

preparations, ranging from pale yellow to dark red (Figure 7.2.d).
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Figure 7.2 Complete blood count (CBC) analysis of whole blood and resultant PRP from each
system is shown in panels a (platelet concentration), b (leukocyte concentration) & ¢ (erythrocyte
concentration). Macroscopic appearance of different PRP preparations is shown in panel d.

Erythrocyte concentration (panel c) influenced the colour of PRP preparations (panel d).

Table 7.3 Complete blood count (CBC) analysis in whole blood and different PRP preparations.

Platelets (X 10E9/L) Leukocytes (X 10E9/L) Erythrocytes (X 10E12/L)
Device name
Whole Fold Whole Fold Whole Fold
PRP PRP PRP

blood change blood change blood change

ACE EZ-PRP 254 905 3.6 6.7 4.4 0.7 4.4 1.7 0.380
Angel-2% HCT 212 419 2.0 4.7 18 0.4 5.0 0.05 0.010
Angel-7% HCT 212 650 31 4.7 7.7 1.6 5.0 0.6 0.124
SmartPrep 2 212 903 43 4.7 11.5 24 5.0 2.0 0.402
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RegenKit-BCT 212 207 1.0 4.7 0.3 0.1 5.0 0.01 0.002
RegenKit-THT 212 299 14 4.7 3.4 0.7 5.0 0.08 0.016
Arthrex ACP 212 253 12 4.7 1.4 0.3 5.0 0.02 0.004

7.3.2 CS cakes were soluble in all PRP preparations tested

Macroscopically, the cakes were white, homogenous and were slightly retracted from the
vial walls following lyophilisation. Cake solubility was rated as excellent in most cases, except for
the cakes prepared with CS M, 55 kDa, which had to be shaken for a few extra seconds to become
completely homogenous. pH of the CS formulations was between 6.27 and 6.47 before freeze-
drying. Osmolality of the CS formulations was between 147 and 192 mOsm prior to freeze-drying.
Post-solubilization, pH of the CS-PRP formulations was lower than physiological (from average
6.56 to average 7.12), and always lower than that of the recalcified PRP preparations (from 7.10
to 8.10) (Figure 7.3.a). Post-solubilization, osmolality of the CS-PRP formulations was higher
than physiological (from average 389 mOsm to average 448 mOsm) and higher than that of the
recalcified PRP preparations (from 282 mOsm to 320 mOsm) (Figure 7.3.b).
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Figure 7.3 pH (panel a) and osmolality (panel b) of formulations post-solubilization with PRPs

isolated with the different devices. pH of CS-PRP formulations was lower than recalcified PRP

controls (a). Osmolality of CS-PRP formulations was higher than recalcified PRP controls (b).

Data are presented as box plots where median box indicates the 25" and 75™ percentile; Whisker

extends to the most extreme data point within 1.5 times the interquartile range of data. n=5 samples

for each type of CS-PRP formulation and n=1 for each recalcified PRP control.
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7.3.3 CS-PRP formulations were more paste-like than PRP controls

A representative example illustrating runniness of CS-PRP (prepared with CS 84.6% DDA
M 55 kDa and ACE EZ-PRP) and its recalcified PRP control is shown in Erreur ! Source du renvoi i
ntrouvable..a. Runniness of the CS-PRP formulations (from average 7 mm to average 32 mm) was

always lower than that of the recalcified PRP controls (from 25 mm to 86 mm).

/ CS-PRP PRP

[

1

Paste-like

Runny

& o CS-PRP = PRP CNTL
80

60

W0y T

Runniness (mm)
L]
.

Figure 7.4 Runniness of the CS-PRP and PRP formulations was assessed on an inclined plate.
Panel a shows runniness of CS-PRP and a recalcified PRP control prepared with CS 84.6% DDA
Mn 55 kDa and ACE EZ-PRP as an example. CS-PRP formulations were paste-like and less
runny than the recalcified PRP controls panel b). Note that in this assay water runs off the plate
and has a runniness exceeding 310 mm. Data are presented as box plots where median box
indicates the 25" and 75™ percentile; Whisker extends to the most extreme data point within 1.5
times the interquartile range of data. n=5 samples for each type of CS-PRP formulation and n=1

for each recalcified PRP control.
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7.3.4 CS-PRP formulations clotted rapidly with all PRP preparations tested

Representative TEG tracings obtained for formulations prepared with CS 84.6% DDA Mn
55 kDa and RegenLab RegenKit-BCT or RegenKit-THT and their recalcified PRP controls are
shown in Figure 7.5.b. Clot reaction time of the CS-PRP formulations (from average 2 min to
average 9 min) was lower than that of the recalcified PRP preparations (from 32 min to 57 min)
(Figure 7.5.c). Clot maximal amplitude of the CS-PRP formulations was between 42 mm and 84
mm (Figure 5d). Recalcification of the leukocyte-reduced PRP preparations was insufficient to
induce coagulation in this dynamic system, while the leukocyte-rich PRP preparations clotted
(Figure 7.5.c&d). Of note, the Harvest SmartPrep 2 control had barely started to clot when the
assay was terminated so that its clot reaction time was high (57 minutes) (Figure 7.5.c) and its clot

maximal amplitude was low (11 mm) (Figure 7.5.d).
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Figure 7.5 A thrombelastograph (panel a) was used to assess clotting properties of formulations
in vitro. Panel b shows TEG traces obtained for formulations prepared with CS 84.6% DDA My
55 kDa and RegenKit-BCT or RegenKit-THT as an example. Clot reaction time (R) is the time in
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minutes from initiation of the tracing to the point where branches have diverged by 2 mm. Maximal
amplitude (MA) is the maximal distance in mm between the two diverging branches and
corresponds to clot strength. All CS-PRP formulations clotted and had average clot reaction times
between 2 and 9 minutes (panel c). Clot reaction times of the recalcified leukocyte-rich PRP
controls were greater, between 32 and 57 minutes (panel ¢). CS-PRP formulations had average
clot maximal amplitude above 42 mm (d). Recalcification of the leukocyte-reduced PRP controls
with 42.2 mM was insufficient to induce clotting in this dynamic system (c & d). Recalcified
SmartPrep 2 PRP control had barely started to clot when the assay was terminated so that its clot
reaction time was high (57 minutes) (c) and its clot maximal amplitude was low (11 mm) (d). Data
are presented as box plots where median box indicates the 25" and 75" percentile; Whisker extends
to the most extreme data point within 1.5 times the interquartile range of data. n=5 samples for
each type of CS-PRP formulation and n=1 for each recalcified PRP control.

7.3.5 CS-PRP hybrids did not express any serum with all PRP preparations tested

Images of a CS-PRP hybrid clot prepared with CS 84.8% DDA M, 32 kDa and Harvest
SmartPrep 2 and its recalcified PRP control are shown in Figure 7.6.a. Images of a CS-PRP hybrid
clot prepared with CS 82.5% DDA My 45 kDa and Arthrex ACP and its recalcified PRP control
are shown in Figures 6b. The absence/presence of erythrocytes in the two PRP preparations is
easily observed by the yellow/red hue of the preparation. None of the CS-PRP formulations
expressed serum and the hybrid clots remained voluminous after clotting for 1 hour at 37°C
(Figure 7.6.a, b & c). Recalcification with 42.2 mM CaCl was sufficient to induce coagulation
of all PRP preparations in this static assay in glass tubes, and PRP clots lost up to 82% of their

original mass through serum exudation upon clotting (Figure 7.6.a, b & c).
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Figure 7.6 Clot retraction was assessed by gravimetric measurement. Panel a show a CS-PRP
hybrid clot and a recalcified PRP control prepared with CS 84.8% DDA My 32 kDa and SmartPrep
2 as an example. Panel b shows a CS-PRP hybrid clot and a recalcified PRP control prepared with
CS 82.5% DDA M, 45 kDa and Arthrex ACP as an example. All CS-PRP hybrid clots remained
voluminous after clotting for 1 h at 37°C and did not express any serum (panel c). Recalcification
with 42.2 mM CaCl, was sufficient to induce coagulation of all PRP controls in this static assay.
Recalcified PRP controls expressed a lot of serum upon clotting and lost 43% to 82% of their
original mass upon clotting (panel c). n=5 samples for each type of CS-PRP formulation and n=1

for each recalcified PRP control.
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7.3.6 Chitosan dispersion was homogenous within all hybrid clots

Histological sections of a CS-PRP hybrid clot prepared with CS 84.8% DDA M, 32 kDa
and Arthrex Angel with 7% hematocrit and its recalcified PRP control are shown in Figure 7.7a-
d. Histological sections of a CS-PRP hybrid clot prepared with CS 84.8% DDA M, 32 kDa and
Arthrex Angel with 2% hematocrit and its recalcified PRP control are shown in Figure 7.7e-h. As
expected, erythrocytes were more abundant and densely packed in clots prepared with Arthrex
Angel with 7% hematocrit compared to Arthrex Angel with 2% hematocrit. CS dispersion was
homogenous within most CS-PRP clots (Figure 7.7 a, b, e & ), while a minority of clots contained

some larger CS aggregates.
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Figure 7.7 Clot homogeneity was assessed with Fast Green and Iron Hematoxylin staining of
paraffin sections. Panels a & b show a CS-PRP hybrid clot prepared with CS 84.8% DDA M, 32
kDa and Angel with 7% hematocrit as an example and panels ¢ & d show the recalcified PRP
control. Panels e & f show a CS-PRP hybrid clot prepared with CS 84.8% DDA M, 32 kDa and

Angel with 2% hematocrit as an example and panels g & h show the recalcified PRP control.

Dispersion of CS within the hybrid clots was usually homogenous (b & f). Erythrocytes were more
abundant in clots prepared with Angel with 7% hematocrit compared to Angel with 2% hematocrit
(compare panel d to h). Outlines in panels a, ¢, e & g show where higher magnification images b,

d, f & h were acquired.
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7.3.7 Chitosan and platelet-rich plasma properties did not affect the in vitro performance

characteristics of the CS-PRP implants

There were no significant correlations between runniness, clot reaction, and clot maximal
amplitude of the CS-PRP hybrids and CS M,, CS DDA, platelet concentration, leukocyte
concentration and erythrocyte concentration (Erreur ! Source du renvoi introuvable.). In a
ddition, there were no significant correlations between runniness, clot reaction, and clot maximal
amplitude of the recalcified PRP controls and platelet concentration, leukocyte concentration and

erythrocyte concentration (Erreur ! Source du renvoi introuvable.).

Table 7.4 Pearson correlation coefficients r and corresponding p values between the performance
characteristics of the CS-PRP formulations and the properties of the CS and PRP preparations used
to prepare the formulations. * % clot mass lost was 0 for all CS-PRP formulations assessed; N/A
= Non -applicable.

Performance Platelet Leukocyte Erythrocyte
characteristic Chitosan M Chitosan DDA concentration concentration concentration
assessed (X 10E9/L) (X 10E9/L) (X 10E9/L)
Runniness -0.161 -0.138 0.354 0.330 0.139
(mm) (0.357) (0.430) (0.059) (0.070) (0.457)
Clot reaction time | -0.173 0.235 0.008 0.218 -0.007
min
(min) (0.319) (0.174) (0.965) (0.230) (0.969)
Clot maximal | 0.289 -0.105 0.115 -0.095 0.240
amplitude (mm

P (mm) (0.093) (0.550) (0.510) (0.586) (0.165)
Clot retraction (% | N/A N/A N/A N/A N/A
clot mass lost) *

Table 7.5 Pearson correlation coefficients r and corresponding p values between the performance
characteristics of the recalcified PRP controls and the properties of the PRP preparations.
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Performance characteristic Platelet concentration Leukocyte concentration Erythrocyte concentration (X

assessed 10E9/L
(X 10E9/L) (X 10E9/L) )

Runniness 0.662 0.206 0.513

(mm) (0.105) (0.657) (0.239)

Clot reaction time 0.048 0.567 0.315
(min) (0.952) (0.433) (0.685)

Clot maximal amplitude (mm) -0.347 -0.819 -0.547
(0.653) (0.181) (0.453)

Clot retraction 0.389 0.386 0.242

(% clot mass lost) (0.388) (0.393) (0.602)

7.4 Discussion

The main objectives of the current study were to define CS specifications for the
previously developed technology*? and assess its compatibility with the various types of PRPs that
can be isolated with commercial systems. We found that in vitro performance of CS-PRP implants
was similar for all PRP preparations tested, so that our starting hypothesis was supported. We also
found that freeze-dried cakes prepared with CS of DDA between 80.5-84.8% and M, between 32-
55 kDa had acceptable performance characteristics when solubilized with PRP. In the current
study, two families of PRPs were prepared according to the definition of Dohan Ehrenfest®:
Leukocyte-rich PRPs (ACE EZ-PRP, Arthrex Angel with 7% hematocrit, Harvest SmartPrep 2
and RegenLab RegenKit-THT) and leukocyte-reduced PRPs (Arthrex Angel with 2% hematocrit,
RegenLab RegenKit-BCT and Arthrex ACP). As expected, and earlier shown by others”820-23 the
various PRP preparation devices varied in their abilities to concentrate platelets, leukocytes and
erythrocytes (Erreur ! Source du renvoi introuvable. and Figure 7.2). This might explain the
significant variability in the clinical effectiveness of PRP which has been published in the literature
and supports the notion that PRP should always be characterized when used. Variability in donor

blood parameters and PRP’s poor stability in vivo?* are two other possible reasons why results
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have been inconsistent so far. Although some authors have stated that PRP should possess a 3 to
5 -fold increase over baseline in platelet concentration (~1 million platelet/pl) to be effective?, the

optimal PRP recipe has yet to identified, and could very well be different for different indications.
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Interestingly, recalcified PRP controls performed differently from one another with respect
to runniness, coagulation and clot retraction in the current study, and this could not be attributed to
platelet, leukocyte and erythrocyte concentrations individually. Other properties that were not
assessed here might control performance characteristics or a combination of several properties.
One unexpected finding in this study is that recalcification with 42.2 mM was insufficient to induce
clotting of the leukocyte-poor PRP preparations in the dynamic thromboelastography assay, which
suggests that leukocytes also contribute to coagulation, possibly through release of coagulation
factors or by contributing to platelet activation?. In addition, the leukocyte-poor PRP preparations
were also the ones that had the lowest concentration of erythrocytes, which are believed to also
participate in thrombin generation?’. We should highlight that this finding was restricted to the
thromboeastography assay, that higher concentrations of CaCl; or the addition of another platelet
agonist might have induced coagulation, and that the thromboelastrography assay is not

representative of the in vivo situation.

Combinations of freeze-dried CS and PRP have been described by other authors?®3°, but,
to our knowledge, these have all been solid scaffolds intended to remain solid for implantation. In
contrast, our aim here was to solubilize freeze-dried CS formulation with PRP so that they become
liquid and coagulate post-injection. As expected, CS-PRP formulations had pH lower than their
respective PRP controls and lower than physiological (Figure 7.3), due to the presence of acid, but
we do not expect that this would negatively affect tissues in vivo. In addition, osmolality of CS-
PRP formulations was higher than physiological and their respective PRP controls (Figure 7.3)
since the cakes contained excipients (trehalose and CaCl.), but not enough to impair coagulation
and associated events as previously shown*?. Regardless of the PRP preparation used to solubilize
the freeze-dried cakes, CS-PRP formulations were all paste-like due to the presence of the
polysaccharide (Erreur ! Source du renvoi introuvable.) and clotted rapidly since CS contributes t
o platelet activation in this system?*3, and possibly through inducing red blood cell agglutination3%2
(Figure 7.5). Resulting CS-PRP clots did not retract post-coagulation (Figure 7.6) due to CS
ability to physically impair platelet-mediated clot retraction'® and were for the most part
homogenous (Figure 7.7), since the CS selected to prepare the cakes had Mx close to 40 kDa, which

has been shown to result in homogenous distribution of CS throughout the blood components®*2.

Since rather narrow ranges of CS DDA and Mn were selected, it was not surprising to find
that all CS-PRP formulations tested behaved similarly in vitro. However, although the in vitro
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performance characteristics assessed were similar for all PRP preparations tested, we expect that
other assessments would most likely show differences between the various PRP preparations. For
example, release of platelet-derived growth factors and inflammatory factors and cytokines would
be expected to depend on the cellular profile of the PRP preparations used to solubilize the
formulations*®, and this could very well modulate repair events in vivo. Further studies are required
to determine the bioactivity level of the CS-PRP formulations and how this would influence the
repair process. It is possible that some PRP preparations would be preferable for indications, while

others should be avoided.

This study had some limitations. First, although a single donor was used to generate all PRP
preparations in order to avoid inter-individual variability and allow direct comparisons between
the different separation systems, it would be useful to increase sample size and isolate PRP from
additional donors. Second, we chose the commercial isolation systems based upon their availability
and we are aware that other systems are also widely used in the clinic. Third, the release of platelet-
derived growth factors and inflammatory factors and cytokines was not measured in this study.
Fourth, the runniness test is insufficient to fully characterize viscoelastic behavior of the CS-PRP
formulations. Fifth, the study was limited to an in vitro assessment of product performance. The
current study allowed us to establish the CS specifications (DDA and M) for the product and that
it is compatible with different PRP preparations isolated with commercial systems. However,
further in vitro and in vivo studies are necessary to understand how the properties of the PRP

preparations used to solubilize the CS will affect bioactivity and healing potential of the implants.

7.5 Conclusion

PRP remains controversial in the orthopaedic field, and inconsistent results in the literature
may have resulted from inter-individual variability in blood parameters, the heterogeneity of the
PRP preparations used, or its poor stability in vivo. Freeze-dried CS formulations containing a
lyoprotectant and a clot activator can be solubilized in different types of PRP preparations to yield
injectable implants that are paste-like and coagulate rapidly to form homogenous CS-PRP hybrid
clots that remain voluminous. These could possibly be used as implants to treat different

orthopaedic conditions in the future.
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CHAPTER 8 OPTIMIZATION OF FREEZE-DRYING CYCLES OF
CHITOSAN-BASED FORMULATIONS

8.1 Introduction

Lyophilization, or freeze-drying (FD), is a cost-effective and low-temperature dehydration process
for the preservation of labile materials for long-term storage at room temperature while maintaining
physicochemical and biological properties. FD is a process in which bulk water is frozen and
involves the direct transition between the solid and the gaseous state without going through the
liquid phase, first by sublimation under vacuum which is followed by desorption (22, 174-176).
FD overcomes some of the storage limitations for macromolecules such as peptides or
nanoparticles which include chemical instability and reactivity during the storage. The process is
useful for the pharmaceutical, biotechnology, and the food industry. Stability of pharmaceutical
products, storage, choice of excipients and collapse temperature (T¢) of the formulation is of
paramount importance for optimization of FD process. The T¢ of a formulation corresponds to the
temperature above which the frozen product collapses during FD because of a too high molecular
mobility. The T is equals to the eutectic temperature (Tey) in the case of solutes that are crystallized
in the frozen state or is about 2° C above the glass transition temperature of the maximally
cryoconcentrated phase (Tg’) in the case of amorphous solutes. In order to avoid product collapse,
the product temperature in the course of the sublimation process should always be lower than Te.
FD product should possess specific favorable features such as stability, short reconstitution time,
elegant cake appearance, maintenance of the characteristics, and (near) isotonicity upon
reconstitution toward clinical uses. Lyophilization remains a slow and energy-intensive process,
and it needs to be optimized (22, 177). The lyophilization process consists of three stages: 1.

freezing, 2. primary drying, and 3. secondary drying Figure 8.1 (175).

» Freezing (solidification): Freezing is the first step in which the liquid suspension is cooled,
and crystals of ice generated. It represents the main dehydration step of a FD process. Typically,
this step takes a few hours and is performed at high chamber pressure (Pc) using a moderate cooling
rate (~ 1°C/min) with a final shelf temperature (Ts) below Tc. As the freezing process evolves, ice
crystals form and exclude solutes which becomes highly concentrated in a phase referred to as the

maximally cryoconcentrated (or freeze-concentrated) phase. Typically, at the end of the freezing
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process, more than 99% of water is in the ice phase and the cryoconcentrated phase contains about
20% of water (w/w) for an amorphous product (22).

« The primary drying (ice sublimation): This stage involves sublimation of ice from the frozen
cake which occurs by decreasing the chamber pressure and increasing the shelf temperature. It is
the longest stage of the FD process and its duration can be reduced by optimizing the shelf
temperature (Ts) and the chamber pressure (Pc). There are several physicochemical events that
occur during this stage: i) heat is transferred from the shelf to the frozen solution via the tray to the
vial, ii) the ice sublimes and the water vapor passes through the surface of the sample, iii) the water
vapor is transferred from the surface of the product via the chamber to the condenser, then
condenses and is deposited on the coils which are cooled continuously. The direction of heat and
mass transfer from the shelf to the top of the vial is shown in Figure 8.2 (22, 173, 174, 175). The
sublimation process is endothermic and the product temperature during this phase can thus be
significantly lower than the shelf temperature. The rate of sublimation is controlled by the
difference between the vapor pressure of ice and the chamber pressure. Since the vapour pressure
of ice is strongly dependent upon temperature, a slight temperature increase can significantly
accelerate sublimation and reduce primary drying duration. This step is optimized by selecting
operating conditions for which product temperature is maintained as high as possible, without

inducing any collapse.

« Secondary drying: This step involves the removal of water that did not freeze (water in the
cryoconcentrated phase) from the cake by desorption. This is performed by raising the temperature
of the product by increasing the Ts while taking care of not melting the product by never exceeding
the glass transition temperature of the dry cake (increases as water content is reduced). For
pharmaceuticals, a residual moisture content of 1% or less is more desired as high moisture contents
may cause crystallization of the formulation, post-collapse, or degradation during long-term
storage. This step typically takes a few hours. At the end of this stage, chamber of the lyophilizer

is backfilled with an inert gas, vials are capped, and the process is finished.
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Figure 8.1 Schematic of the freeze-drying process (175).
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Figure 8.2 The diagram showing the freeze-drying process in a shelf-type instrument (175).

The current freeze-drying cycle duration for chitosan-based formulation is three days and the cycle
must be optimized, especially the primary drying step for which the shelf temperature of -40°C is
too low (slow sublimation). The goal of the present study was to optimize and reduce the FD cycle
from 3 days to 1 or 2 days and to assess the performance of the product with benchtop human PRP
and human commercial plasma. Formulation containing 1% w/v chitosan DDA 82-84% Mn 45-55
kDa with 1% wi/v trehalose, and 42.2 mM calcium chloride were prepared for FD. The FD cycles
were designed based on recommendations and a theoretical model from the seminal paper of Tang
and Pikal (22).

Following FD, the cakes that were non-collapsed were solubilized either in citrated pooled
normal plasma or benchtop human PRP to assess different performance characteristics, namely: 1)
Solubility, 2) pH and osmolality, 3) Clotting properties with TEG, 4) Clotting properties with a
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modified Lee-White method, 5) Runniness, 6) Liquid expression, 7) Clot mechanical strength, 8)
Clot homogeneity.

Our starting hypotheses were that:

I The current FD cycle can be optimized (mostly primary drying) to decrease FD time
from 3 days to 1-2 days and produce cakes that are not collapsed.

Il. The FD cakes prepared with the shorter cycles will be soluble in benchtop human PRP
to yield chitosan-PRP formulations which are paste-like, coagulate rapidly, and produce
mechanically robust homogenous hybrid clots.

M. Commercial citrated plasma can be used instead of PRP to assess formulation

performance.

8.2 Materials and methods

This study was separated into 2 different phases. In phase I, FD cycles were optimized to identify
candidate cycles that produce non-collapsed cakes. In phase I, performance of products obtained
using candidate cycles identified in phase | was assessed.

8.2.1 Experimental study design and comparison of theoretical model with experiment for
phase |

The goals for phase | of the study were to:

1. Optimize primary drying conditions and set points (Ts, P, and duration) to minimize cycle time.

2. Optimize the secondary drying conditions to minimize cycle time and maximize water

desorption.

Design of freezing drying cycles:

General guidelines and recommendations for amorphous products from Tang and Pikal were

followed to design the freezing and secondary drying stages. The freezing step conditions where
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the same for all cycles tested while two different sets of operating conditions were evaluated for
the secondary drying step. The theoretical model from Tang and Pikal was used to guide the
optimization of the primary drying step. Relying on tabulated thermodynamic quantities such as
ice vapour pressure and ice heat of sublimation, vials thermal properties and formulation
characteristics, the model allows for the calculation of the shelf temperature (Ts) and chamber
pressure (P¢) required to achieve a given product temperature (Tp) during the primary drying phase.
Some of the parameters required for calculations are defined and numerical values provided in
Table 8.1 and Table 8.2. The thermal properties of the vials reported by Tang and Pikal were used.
A key parameter of the model that is determinant for the sublimation rate is the dry layer resistance

to vapour flow (R,). Previous experiments in the laboratory allowed for the estimation of the
normalized dry layer resistance (Rp) of the formulation used in this study. A value of 1.67 cm? -
Torr - h/g was found (Note that R, = Ry /Ap where A,, is the sample surface area). In the Phase |

of this study, FD cycles for which calculated product temperature during the primary drying step
was varied to get progressively closer to the estimated product collapse temperature were tried in
sequence. More specifically, theoretical Tp values 2, 3.5 and 5°C lower than the estimated
formulation T of -28.5°C were used (T, = -30.5, -32 and -33.5 °C) to determine (calculate) the
corresponding set of values of Ts and Pc to use in the primary drying phase (22). Detailed

parameters for the freeze-drying cycles used in phase | of the study are shown in Table 8.3 (22).

Freeze-drying experiments:

For each cycle tested, 3 mL of the CS-based formulation were added into 4 vials of 10 mL (2 vials
were tested with thermocouples/2 without). The thermocouple probe was placed carefully at the
bottom of the vial and centered for consistency of measurement in different vials. The primary
drying step duration was extended to a value larger than the theoretical value (safety factor).
Following the end of the FD process, each cake was photodocumented and assessed for collapse
and shrinkage. Note that cake shrinkage cannot be avoided with this type of formulation which
does not contain any crystalline component (177). The cakes were stored at 4°C, and the data log
of the cycle was saved. From the data log file, the curves showing the temperature of the shelf and
the temperature readouts from the thermocouples that were placed into the vials were generated.

For each sample, the time point at which the primary drying is complete was identified as the time
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at which sample temperature reaches that of the shelf (see Figure 8.3 for an example) (22).
Temperature of the product during the sublimation process (primary drying) and the duration of

the primary drying step were compared to values predicted from the model.
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Table 8.1 Definition of parameters and their values for the freeze-drying cycles used in phase | of

this study

Symbol
T L]

g

T

c

eu

KC

KD

Description

Glass transition temperature in
the frozen sate

Collapse temperature (estimated
fromT ")
9

Eutectic temperature (for
crystalline solutes)

Target product temperature
during primary drying

Stopper resistance

Normalised dry layer resistance
to vapour flow (Normalized
product resistance)

Dry layer resistance to vapour
flow

Chamber pressure

Temperature of shelf

Outside cross-sectional area of
10 mL vial

Inside cross-sectional area of 10
mL vial

Sum of the contact and radiative
heat transfer parameters of 10
mL vial

Parameter that is related to the
average distance between shelf
and 10 mL vial bottom

Value used in this
study

-30.5

-28.5 (Trehalose)

Varies with cycle,
controlled by Ts, P¢
and vial and sample
properties

0

1.67

0.439

Calculated from
model for a given
target T,

Calculated from
model for a given
target T,

471

3.8

2.64x10*

3.64

Units
°C
°C
°C

°C

Torr*h/g

cm>*Torr*h/g

Torr*h/g

mTorr

cm?

cal/s-cm?-K

Torr?

Comments

See table 7.2

See table 7.2

Should be below T¢
to avoid product
collapse

Negligible
compared to dry
layer resistance
Value estimated
from previous
experiments
performed on the
same formulation

Ry = ﬁp/Ap



Table 8.2 T4, T¢, and Tey of the formulation components (22, 176, 177).

Component

Chitosan
Trehalose

CaCl
2

% wiv Conc. mM
1 -
1 -
0.47 42.2

TIC) | T, (0)
~ 17 i
-29 -
. 52

T (°C)

~-15-
~-28.5*

141

Tg (°C)

118

* We estimated the collapse temperature of the chitosan-based formulation tested in this study to that of trehalose.

Table 8.3 Detailed parameters for the freeze-drying cycles used in phase | of the study.

FD
cycle

Cycle 1

Cycle 2

Cycle 3

Cycle 4

Cycle 5

Freezing phase

Step cool to 5 C, then
isothermal 30 min,
step cool to -5 C,
isothermal 30 min,
ramp freeze to -40 C
in 35 min, isothermal
for 2h.

Total duration: 2.8h.

Primary Drying phase

Target Tp=-335C
Ts=-7 (0.5 C/min).
Pc =67 mTorr.
Theoretical duration of
primary drying: 11.1 h
Total duration: 22.3h

Target Tp=-32C

Ts =0 (0.5 C/min).

Pc =72 mTorr.
Theoretical duration of
primary drying: 9.1h
Total duration: 18.3h

Tp=-335C
Ts=-7 (0.5 C/min).
Pc =67 mTorr.

Theoretical duration of
primary drying: 11.1 h
Total duration: 18h

Tp=-32C

Ts =0 (0.5 C/min)

Pc =72 mTorr.
Theoretical duration of
primary drying: 9.1h
Total duration: 13h

Tp=-305C

Ts =8 (0.5 C/min).

Pc =76 mTorr.
Theoretical duration of
primary drying: 7.4h
780 min 13h

Secondary Drying phase

Conditions 1:

Ts =30 C (0.1 C/min).
Holding time at 30C of 6 h
Pc =67 mTorr.

Conditions 1:

Ts=30C (0.1 C/min).
Holding time at 30C of 6 h
Pc =72 mTorr.

Conditions 2:

Ts =40 C (0.15 C/min).
Holding time at 40C of 6 h
Pc =67 mTorr.

Conditions 2:

Ts =40 C (0.15 C/min).
Holding time at 40C of 6 h
Pc =72 mTorr.

Conditions 2:

Ts =40 C (0.15 C/min).
Holding time at 40C of 6 h
Pc =76 mTorr.

FD total
duration
(h)

385

335

33.2

21.7

27

Comments

Based on
cycle 1 with
reduced
primary
drying
duration and
conditions 2
for secondary
drying
Based on
cycle 2 with
reduced
primary
drying
duration and
conditions 2
for secondary
drying
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8.2.2 Experimental study design and characterization of cakes for phase 11

Any cycle tested that didn’t lead to product collapse was a potential candidate cycle for phase II of
this study. The selection of candidate cycles for phase 1l was made by considering that cycle
duration should be as short as possible and there should be a sufficient difference between product
temperature and approximate collapse temperature of the FD-CS. For phase I, 3 mL glass vials
were filled with 1 mL of formulation or 10 mL glass vials were filled with 3 mL of formulation.
Thermocouple probes were added in selected vials to monitor sample temperature during the FD
process. The vials were freeze-dried according to conditions detailed in Table 8.4 .Cakes from
phase Il were solubilized in either benchtop human PRP or citrated pooled normal plasma as
described below to assess: 1) Solubility, 2) pH and osmolality, 3) Clotting properties with
thromboelastography (TEG), 4) Clotting properties with a modified Lee-White method, 5)

Runniness, 6) Liquid expression, 7) Clot mechanical strength, 8) Clot homogeneity.

Table 8.4 Detailed parameters for the freeze-drying cycles used in phase 1l of the study.

FD cycle Freezing phase Primary

phase

Drying = Secondary Drying phase = FD total duration (h)

Target Ts=-40C
(0.5 C/min).
Pc =100 mTorr.

Ts=30C

Pc =100 mTorr. 69
Holding time at 40C of 6

h

3-day FD cycle

Total duration: 48h

Target Tp=-335C

Ts =40 C (0.15 C/min).

Cycle 1 (Phase Ts=-7(0.5C/min). | Holding time at 40C of 6 | 344
1 Step cool to 5 C, then Pc =67 mTorr. h
isothermal 30 min, step Lo Pc =67 mTorr
to -5 C, isothermal 30 Total duration: 19h
min, ramp freeze to -40
C in 35 min, isothermal | Target Tp=-32 C Ts =40 C (0.15 C/min).
%/cle 2 (Phase for 2h. Ts=0 (0.5 C/min). Holding time at 40C of 6 | 277
Total duration: 2.8h Pc =72 mTorr. E’c - 72 mTorr
Total duration: 13h
Target Tp=-30.5C Ts =40 C (0.15 C/min).
Cycle 3 (Phase Ts=8(0.5C/min). | Holding time at 40C of 6 | 249

D)

Pc =76 mTorr.
Total duration: 10.8h

h
Pc =76 mTorr
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8.2.3 Preparation of CS formulations

Two CSs (82.5% DDA M, 45 kDa and 84% DDA M, 55 kDa) were used to prepare formulations
containing 1% (w/v) chitosan with 1% (w/v) trehalose and 42.2 mM CacCl; according to methodoly

previously described (19).

8.2.4 Preparations and isolation of PRP

The male subject enrolled in this research responded positively to an Informed Consent Form
(Certificate #CER-15/16-17) which was approved by the Polytechnique Montreal institutional
committee (Comité d’éthique a la recherche avec des étres humains). Whole blood was extracted
and mixed with 3.8% (w/v) trisodium citrate dihydrate solution (9 mL blood to 1 mL sodium
citrate). The blood was centrifuged in an ACE E-Z PRP centrifuge at 1300 rpm for 10 minutes at
room temperature. The supernatant fractions containing plasma and the buffy coat as well as the
first 1-2 mm of the erythrocyte layer was removed and further centrifuged at 2000 rpm for 10
minutes at room temperature to separate platelet-rich plasma (PRP) from platelet poor plasma
(PPP). Complete blood count analysis was performed on whole blood and PRP preparations with

the Advia 120 hematology system (Siemens).

8.2.5 Properties of human pooled normal plasma

Pooled normal plasma was purchased commercially (Precision Biologic, Product N° CCN-10).
Pooled normal plasma is described by the manufacturer as consisting of platelet-poor plasma from
20 or more carefully screened male and female donors aged 18 to 66. Each lot number is verified
to be normal for factors I, V, VII, VIII, IX, X, XI, and XII (factor assay value sheet available upon

request) as well as fibrinogen.

8.2.6 Solubilization of FD chitosan with pooled plasma hybrids and benchtop PRP

For each freeze-dried formulation (1 or 3-mL per vials), 1 or 3 mL of pooled normal plasma or

benchtop PRP was pipetted into the vial. The vial was shaken vigorously for 10 secs to mix. The
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assays described below were run immediately. PRP-only controls were prepared by recalcifying 1
mL PRP with 200 pL 3% (w/v) CaCl: solution. These controls contain 42.2 mM calcium chloride,
the same concentration as the solubilized chitosan formulations. Testing solubility of clots with
pooled normal plasma and PRP, paste-like properties of formulations, coagulation, clot retraction,

clot homogeneity was processed according to methodology previously described (19).

8.2.7 Assessment of clot mechanical strength

The clot was placed in the left gloved hand and the right index finger was used to put pressure on

the clot in one smooth motion.

8.3 Results

8.3.1 Freeze-drying cycle adjustments

For all cycles tested, the sample temperature (Tp) during the primary drying step and the theoretical
Tp value were compared. Predicted and measured primary drying durations were also compared
(see Table 8.5). A representative graph of product and shelf temperatures vs time is shown in
(Figure 8.3). From the experimentally measured primary drying duration (from the
thermocouples), the FD cycles where no collapse was observed were repeated with the following
adjustment: 1) The primary drying duration was adjusted to the experimentally measured primary
drying duration with a safety factor of 20%. 2) The secondary drying step ramp rate was increased
from 0.1 to 0.15°C/min, and the final temperature was increased from 30 to 40°C. The changes to
the secondary drying described above were made to reduce the duration of this step and to ensure
maximum water desorption. These changes were made according to the recommendations for the
secondary drying of an amorphous product (the case for the tested formulations): Ramp rate
between 0.1 and 0.15°C/min and final temperature between 40 and 50°C held for 3 to 6 hours (22).
By optimizing the primary and secondary drying steps, the duration of the cycle was reduced from

3 days to about 1 day. The 3-day and 1-day cycle are compared in Table 8.6.



145

-
Freeze-Drying Cycle 2 (Tp=-32, Ts=0, Pc=72 mTorr) 1
Time (min) Tm (C) vs Time (min)
40
Where the primary
! cycle finishes and
0 ] second cyfle start
l :
20 ;
Secondary drying
Duration of primary dry 10,7h ~7.6h hase
10 f 1

Tsatoc- 0
H\“ 2

-10 {

A

-30

1
0 600 /(. 1000 1200 ba00 1600 1800 2000

/ Product at risk of collapse, aimed
" at reduce this duration bykeeping

0 / s
~ | a good safety margin
.‘J i
N ‘—\<y TCs, variations in the TCs derived from 1- differences in
/ \ crystal size nucleation phase (uncontrolled or non

Tp calculated during .40
primary dry phase is
at ~-32C which is
close to Tp which
was set

uniform nucleation) 2- varying crustal structure in a vial
(we khow lowering of product tm caused by ice
-50 sublimation)

-60

-70

—Shelf —TC1 (10mlvial) TC2 (20mlvial) TC3 (20mlvial) — TC4 (10mlvial)

Figure 8.3 Example graph of product and shelf temperature vs time from a cycle (cycle 2) tested
in phase I.

Table 8.5 Comparison of measured and theoretical values of product temperature (Tp) and primary

drying duration for 5 selected cycles.

FD Theoretical Measured Tp Theoretical duration time (h) | Estimated duration time (h)
Cycle Te
1 -33.5 -32.9 111 15.6
2 -32 -31.8 9.1 10.7
3 -33.5 -32.6 111 16.3

4 -32 -31.9 9.1 10.8



146

S -30.5 -31 7.5 10.0

Table 8.6 A summary of all optimization of cycles from 3 day to 1-day cycle.

Percentage
Cycles 3-day cycle 1-day cycle ?Zéﬁﬁ!on
time
§tep cool to 5 C.’ Step cool to 5°C, isothermal
Freezin R 30 min, step cool to -5°C
ng cool to -5°C, isothermal . , Step ; '
Duration time t0 30 min. ramp freeze to isothermal to 30 min, ramp i
-40°C in éS miFr)1 freeze to -40°C in 35 min,
. ' isothermal for 2h
isothermal for 2h Total: 2.8 h
Total: 2.8 h T
Primary dryin
o yPCy g 100 mTorr 76 mTorr
. TS -40 C 8C i
T -40 C -30.5
* P 48 h 10.8 h
e Duration time
Secondary drying
e Pc 100 mTorr 76 mTorr -
e Ts 30C 40 C
e Duration time 18.2h 9.5h
Total duration time 69h 23.1h 64%

8.3.2 Preparation of FD-chitosan formulation and cake appearance for phase Il

Chitosan (82.5% DDA M, 45 kDa) was used for phase | of the study. pH of the formulations was
between 6.0 and 6.2 before FD. The osmolality of the formulations was between 135 and 160
mOsm before FD (Table 8.& Table 8.). Shrinkage was observed in most of the vials which cannot
be avoided with the current formulation. Cakes produced with 4 different FD cycles are shown
with sample ID A to D in Figure 8.. Cake shrinkage was observed during the lyophilization process

were reported.



147

Table 8.7 Osmolality and pH of test article prior to FD for vials to be later reconstituted in PRP.
Vial A indicates 3-day FD cycle the duration at 69.9h (3-day cycle). B. FD cycle with the duration
of 34.5h. C. FD cycle with the duration of 27.7h. D. FD cycle with the duration of 24.4h.

Sample name Test article formulation | Osmolality
mOsm

Al-3ml vial 82.5%DDA, 45 kDa
n A3-3ml vial 82.5%DDA, 45 kDa 154 6.2
n B1-3ml vial 82.5%DDA, 45 kDa 160 6.2
KN B3-10mlvial 82.5%DDA, 45 kDa 160 6.2
BN ci-3mlvial 82.5%DDA, 45 kDa 150 6.0
n €3-10ml vial 82.5%DDA, 45 kDa 150 6.0
n D1-3ml vial 82.5%DDA, 45 kDa 146 6.2
BN 03-10mlvial 82.5%DDA, 45 kDa 146 6.2
n Recalcified PRP - 280 7.7

Table 8.8 Osmolality and pH of test article prior to FD for vials to be reconstituted in pooled
normal plasma. Vial A indicates 3-day FD cycle the duration at 69.9h (3-day cycle). B. FD cycle
with the duration of 34.5h. C. FD cycle with the duration of 27.7h. D. FD cycle with the duration
of 24.4h.

Sample name Test article Osmolality
formulation mOsm

A2-3ml vial 82.5%DDA, 45 kDa
“ A4-3ml vial 82.5%DDA, 45 kDa 154 6.2
“ B2-3ml vial 82.5%DDA, 45 kDa 160 6.2
' B4-10ml vial 82.5%DDA, 45 kDa 160 6.2
“ C2-3ml vial 82.5%DDA, 45 kDa 150 6.0
“ C4-10ml vial 82.5%DDA, 45 kDa 150 6.0
“ D2-3ml vial 82.5%DDA, 45 kDa 146 6.2
n D4-10ml vial 82.5%DDA, 45 kDa 146 6.2
“ Plasma = 350 8.4
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R e it ; &
CHIT-101 (Reconstitution of FO-chitosan with PRP and citrated plasma) e e

CHIT-101 (Reconstitution of FD-chitosan with PRP and citrated plasma)

-

Sample name Solubilized in

C1-3ml vial PRP

Sample name Solubilized in
A1-3ml vial PRP

A2-3ml vial Plasma C2-3ml vial Plasma
A3-3ml vial PRP C3-10ml vial PRP
A4-3ml vial Plasma C4-10ml vial Plasma

D1-3ml vial PRP
D2-3ml vial Plasma
D3-10ml vial PRP

D4-10ml vial Plasma

B1-3ml vial PRP
B2-3ml vial Plasma
B3-10ml vial PRP

B4-10 ml vial Plasma

Figure 8.4 Cake appearance for each FD cycle and its sample IDs which is solubilized either in
PRP or pooled normal plasma in 10 mL and 3 mL vials for phase Il. Vial A indicates 3-day FD
cycle the duration at 69.9h (3-day cycle). B. FD cycle with the duration of 34.5h. C. FD cycle with
the duration of 27.7h. D. FD cycle with the duration of 24.4h.

8.3.3 Result of blood analysis

The PRP which was used for the in vitro assays, contained 368 X 10%L platelets (2X the
concentration of whole blood), 0.7 X 10*?/L erythrocytes (0.2X the concentration of whole blood)
and 3.2 X 10%L leukocytes (0.7 X the density of whole blood). The FDA definition of PRP is a

blood-derived suspension that contains a platelet concentration > 250 X 10%/L platelets.
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8.3.4 Cake solubility and chitosan-PRP handling properties

All formulations reconstituted with PRP or plasma had acceptable solubility and handling
properties. C1 (PRP, 3 mL vial, Cycle 27.7h) and D4 (Plasma, 10 mL vial, Cycle 24.9h) vials
appeared to be slightly less soluble than other formulations right when PRP or plasma was pipetted

in but were soluble after shaking for 10 seconds.

8.3.5 pH and osmolality of the solubilized chitosan mixtures

pH of the formulations was between 6.7 and 7.2 after reconstitution with PRP (Table 8.). pH of
the formulations was between 6.8 and 7.2 after reconstitution with plasma (Table 8.). pH of
recalcified PRP control was at 7.7, and pooled normal plasma was at 8.4. The osmolality of the
formulations was between 388 and 432 after reconstitution with PRP (Table 8.). The osmolality of
the formulations was slightly higher, and it was between 464 and 660 after reconstitution of with
plasma (Table 8.). The osmolality of recalcified PRP control was at 280 mOsm and pooled normal
plasma was at 350 mOsm.

Table 8.9 Osmolality and pH of chitosan formulations for cakes reconstituted in PRP. Vial A
indicates 3-day FD cycle the duration at 69.9h (3-day cycle which has been used so far in our lab).
B. FD cycle with the duration of 34.5h. C. FD cycle the duration of 27.7h. D. FD cycle the duration
of 24.4h.

Sample name Test article Solubility in Osmolality
formulation PRP mOsm

A1-3ml vial 82.5%DDA, 45 kDa
' A3-3ml vial 82.5%DDA, 45 kDa 4+ 408 7.1
' B1-3ml vial 82.5%DDA, 45 kDa 44 404 7.1
' B3-10ml vial 82.5%DDA, 45 kDa 4+ 388 6.9
i C1-3ml vial 82.5%DDA, 45 kDa 3+ 400 7.2
i C3-10m vial 82.5%DDA, 45 kDa 4+ 740 6.7
n D1-3ml vial 82.5%DDA, 45 kDa 4+ 412 7.0
“ D3-10m| vial 82.5%DDA, 45 kDa 4+ 384 6.8
n Recalcified PRP - 4+ 280 7.7
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Table 8.10 Osmolality and pH of chitosan formulations for cakes reconstituted in plasma. Vial A

indicates 3-day FD cycle the duration at 69.9h (3-day cycle). B. FD cycle with the duration of

34.5h. C. FD cycle the duration of 27.7h. D. FD cycle the duration of 24.4h.

Sample name Test article Solubility in Osmolality
formulation Plasma mOsm

A2-3ml vial

Ad-3ml vial

B2-3ml vial

B4-10ml vial

C2-3ml vial

C4-10ml vial

D2-3ml vial
D4-10ml vial

Plasma

8.3.6 Chitosan-PRP formulations have higher paste-like properties than PRP control

82.5%DDA, 45 kDa
82.5%DDA, 45 kDa

82.5%DDA, 45 kDa

82.5%DDA, 45 kDa

82.5%DDA, 45 kDa

82.5%DDA, 45 kDa

82.5%DDA, 45 kDa

82.5%DDA, 45 kDa

4+

4+

4+

4+

4+

4+

3+

4+

492

464

616

744

616

660

652

350

7.1

7.1

6.8

71

6.8

7.2
6.8

8.4

Chitosan-PRP formulations were more viscous, less runny, and were more paste-like than the

recalcified PRP control (Figure 8.). Chitosan-Plasma formulations were also less runny than

plasma alone (Figure 8.).
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Possibly Pfansthiel trehalose
Cake C3-PRP, 10 ml vial, Cycle 27.7h

Cake B1-PRP, 3ml vial, Cycle 34.4h
Cake B3-PRP, 10ml vial, Cycle 34.4h
Cake C1-PRP, 3ml vial, Cycle 27.7h
Cake D1-PRP, 3ml vial, Cycle 24.9h
Cake D3-PRP, 10ml vial, Cycle 24.9h
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Figure 8.5 Runniness of the chitosan-PRP mixtures (top panel). The bottom panel shows runniness
in mm of n =1 chitosan-PRP mixtures. Clot A indicates 3-day FD cycle the duration at 69.9h (3-
day cycle). B. FD cycle with the duration of 34.5h. C. FD cycle the duration of 27.7h. D. FD cycle
the duration of 24.4h.
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Possibly Pfansthiel trehalose
Cake C4-Plasma, 10 ml vial, Cycle 27.7h

Cake B2-Plasma, 3ml vial, Cycle 34.4h
Cake B4-Plasma, 10ml vial, Cycle 34.4h
Cake C2-Plasma, 3ml vial, Cycle 27.7h
Cake D2-Plasma, 3ml vial, Cycle 24.9h
Cake D4-Plasma, 10ml vial, Cycle 24.9h
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Figure 8.6 Runniness of the chitosan-plasma mixtures (top panel). The bottom panel shows
runniness in mm of n = 1 chitosan-plasma mixtures. Clot A indicates 3-day FD cycle the duration
at 69.9h (3-day cycle). B. FD cycle with the duration of 34.5h. C. FD cycle the duration of 27.7h.
D. FD cycle the duration of 24.4h.

8.3.7 Thromboelastography

The PRP control was recalcified with 42.2 mM calcium chloride prior to TEG, which is the

concentration used in the chitosan cakes in our lab. PRP control clotted in the TEG machine, but
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much slower than chitosan-PRP formulations so that its clot reaction time was the highest at 28
min compared to less than 4 min for CS-PRP formulations (Figure 8.). Clot maximal amplitude
was above 78 mm for all formulations solubilized in PRP (Figure 8.). Clot maximal amplitude was
usually lower when formulations were solubilized in plasma, most were below 60 mm, with B2
being an outlier (Figure 8.). Clot reaction time of formulations solubilized in plasma were all 5
min or below (Figure 8.). Note that recalcifying commercial plasma with 42.2 mM CaCl; is not

sufficient to induce coagulation.
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Figure 8.7 Clot maximal amplitude (MA) and clot reaction time R of the chitosan-PRP mixtures
(panels a and b). Clot reaction time was higher for recalcified PRP (28 min) compared to CS-PRP
formulations (all below 4 min). Clot maximal amplitude was all above 78 mm. Clot A indicates 3-
day FD cycle the duration at 69.9h (3-day cycle). B. FD cycle with the duration of 34.5h. C. FD
cycle the duration of 27.7h. D. FD cycle the duration of 24.4h.
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Figure 8.8 Clot maximal amplitude (MA) and clot reaction time R of the chitosan-plasma mixtures
(panel ¢ and d). Clot maximal amplitude was usually below 60 mm, with B2 being an outlier. Clot
reaction time was all 5 min and below. Clot A indicates 3-day FD cycle the duration at 69.9h (3-
day cycle). B. FD cycle with the duration of 34.5h. C. FD cycle the duration of 27.7h. D. FD cycle
the duration of 24.4h.

8.3.8 Liquid expression

None of the chitosan-PRP hybrids expressed any serum upon clotting for 1 hour at 37°C (Figure
8. & Figure 8.). The recalcified PRP controls clotted in glass tubes placed at 37°C for 1 hour and
expressed some serum upon clotting (Figure 8.). None of the chitosan-plasma hybrids expressed

any serum upon clotting for 1 hour at 37°C (Figure 8.).
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Cycle 69h Cycle 34.4h

Cake A1-PRP, 3mlvial  Cake A3-PRP, 3ml vial Cake B1-PRP, 3ml vial Cake B3-PRP, 10ml vial
82.5% DDA, 45 kDa 82.5% DDA, 45 kDa 82.5% DDA, 45 kDa 82.5% DDA, 45 kDa

C
..

v
e
°
Q
& Cycle 27.7h Cycle 24.9h
o Cake C1-PRP, 3ml vial Cake C3-PRP, 10 ml vial Cake D1-PRP, 3ml vial Cake D3-PRP, 10 ml vial
82.5% DDA, 45 kDa 82.5% DDA, 45 kDa 82.5% DDA, 45 kDa 82.5% DDA, 45 kDa

G Serum -

PRP control,no CS
Re-calcified with
CaCi2

.
J

Clot retraction assay

25
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0
Cake Al- Cake A3- Cake B1- Cake B3- Cake C1- Cake C3- Cake D1- Cake D3- PRP-c
PRP PRP PRP PRP PRP PRP PRP PRP

Figure 8.9 Liquid expressed by chitosan-PRP hybrid clots solubilized with PRP left to clot for 1
hour (panels A to H) and from recalcified PRP control (panel I). Panel J shows % Clot mass loss
of n =1 or n = 2 clots of chitosan-PRP clots and recalcified PRP only controls. None of the CS-
PRP clots expressed serum upon clotting. Clot A indicates 3-day FD cycle the duration at 69.9h
(3-day cycle). B. FD cycle with the duration of 34.5h. C. FD cycle the duration of 27.7h. D. FD
cycle the duration of 24.4h.
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Cycle 69h Cycle 34.4h
Cake A2-Plasma, 3mlvial Cake A4-Plasma, 3mlvial Cake B2-Plasma, 3ml vial Cake B4-Plasma, 10 ml vial
82.5% DDA, 45 kDa 82.5% DDA, 45 kDa 82.5% DDA, 45 kDa 82.5% DDA, 45 kDa
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g Cycle 27.7h Cycle 24.9h

(0  Cake C2-Plasma, 3 ml vial Cake C4-Plasma, 10 ml vial Cake D2-Plasma, 3ml vial Cake D4-Plasma, 10 ml vial
e 82.5% DDA, 45 kDa 82.5% DDA, 45 kDa 82.5% DDA, 45 kDa 82.5% DDA, 45 kDa

Figure 8.10 Liquid expressed by chitosan-plasma hybrid clots solubilized with plasma left to clot
for 1 hour (panels A to H). None of the CS-plasma clots expressed serum upon clotting. Clot A
indicates 3-day FD cycle the duration at 69.9h (3-day cycle). B. FD cycle with the duration of
34.5h. C. FD cycle the duration of 27.7h. D. FD cycle the duration of 24.4h.

8.3.9 Crush test

All chitosan-PRP clots were firm with a 3+ or 4+ clot strength (Figure 8.). All chitosan-plasma

clots were too fragile, soft, and delicate to handle to do the crush test.



157

3ml vial, Cycle 69h 10ml vial, Cycle 34,4h 3ml vial, Cycle 24.9h
Cake ALPRP Cake A1-PRP Cake B)-PRP Cake 83.PRP Cake D1-PRP Cake D1.PRP
B2.5% DDA, 45 kD3, Before crush  82.5% , 45kDa, After crush 82.5% DDA, 45 kDa, Before crush  82.5% , 45 kDa, After crush 82.5% DDA, 45 kDa, Before crush  B2.5% , 45 kDa, After crush

3ml vial, Cycle 69h 10ml vial, Cycle 27.7h 10ml vial, Cycle 24.9h

Cake A3-PRP Cake A3PRP Cake C3-PRP Cake C3-PRP Cake D3-PRP Cake D3-PRP
82.5% DOA, 45 kD, Before crush  82.5% , 45 kDa, After crush B2.5% DDA, 45 kDa, Before crush  82.5% , 45403, After crush 82.5% DOA, 45 kDa, Before crush  82.5% , 45 kDa, Ater crush

PRP clots

Recal-PRP, Before crush Recal-PRP, After cruth

Figure 8.11 Chitosan-PRP clots before (panels a, e, i, ¢, g, & k) and after (panels b, f, j, d, h, & i)
the crush test. Recalcified PRP controls before (panels m) and after (panels n) the crush test. Clot
A indicates 3-day FD cycle the duration at 69.9h (3-day cycle). B. FD cycle with the duration of
34.5h. C. FD cycle the duration of 27.7h. D. FD cycle the duration of 24.4h.

8.3.10 Histology result

Fast-Green/Iron hematoxylin stained sections of chitosan-PRP clots and chitosan-plasma clots
showed that chitosan distribution was mostly homogeneous (Figure 8.Figure 8.). Most samples

received a score of + and the remaining a score of +/- for homogeneity.
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Figure 8.12 Fast-Green/Iron hematoxylin stained sections of chitosan-PRP clots and recalcified
PRP control. Clot A indicates 3-day FD cycle the duration at 69.9h (3-day cycle). B. FD cycle with
the duration of 34.5h. C. FD cycle the duration of 27.7h. D. FD cycle the duration of 24.4h.
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Cake A2-Plasma, 3ml vial Cake A2-Plasma, 3ml vial
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Cake A4-Plasma, 3ml vial
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Figure 8.13 Fast-Green/lron hematoxylin stained sections of chitosan-plasma clots. Clot A
indicates 3-day FD cycle the duration at 69.9h (3-day cycle). B. FD cycle with the duration of
34.5h. C. FD cycle the duration of 27.7h. D. FD cycle the duration of 24.4h.

8.3.11 Summary of performance characteristics

Performance characteristics of the FD-chitosan-PRP and FD-chitosan-plasma formulations for
different freeze-dried cycles are summarized in Table 8.11 Table 8.11.



Table 8.11 Summary of the performance characteristics of chitosan-PRP.
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Property 96h cycle 96h cycle 34.4hcycle | 34.4hcycle | 27.7h 27.7h 24.9h 24.9nh PRP
assessed cycle cycle cycle cycle control
Al1-3ml A3-3ml B1-3ml B3-10ml
vial-PRP vial-PRP vial- PRP vial- PRP C1-3ml C3-10ml | D1- D3-10ml
vial- vial- 3ml vial-
PRP PRP vial- PRP
PRP
Excellent + + + + + + + + Not
solubility and relevant
handling
properties
Close to | + + + + + + + + Not
physiological relevant
pH upon
solubilisation
Close to | + + + + + + + + Not
physiological relevant
osmol upon
solubilisation
Viscous and | + + + + + + + + -
paste-like
Timely + + + + + + + + -
coagulation
Fully resists | + + + + + + + + -
clot
retraction
Mechanically | + + + + + + + + +
strong clot
CS + + + + + + + + Not
dispersion in relevant
clot
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Table 8.12 Summary of the performance characteristics of chitosan-plasma.

24.9h
96h 96h 34.4h 34.4h 27.7h 27.7h 24.9h cycle
cycle cycle cycle cycle cycle cycle cycle
D4-
Property Control
; } : } } . ; ontro
assessed A2-3ml | A4-3ml | B2-3ml B4-10ml C2-3ml C4-10ml D2-3ml 10ml
vial- vial- vial- vial- vial- vial- vial- vial-
plasma | plasma | plasma plasma plasma plasma plasma plasm
a
Excellent
solubility and Not
+ + + + + + + +
handling relevant
properties
Close to
physiological Not
+ + + + + + + +
pH upon relevant
solubilization
Close to
physiological Not
+ + + + + + + +
osmol upon relevant
solubilization
Viscous  and
+ + + + + + + + -
paste-like
. Not
Timely
. + + + + + + + + assesse
coagulation
d
. Not
Fully resists
. + + + + + + + + assesse
clot retraction d
. Not Not Not
Mechanically Not Not Not Not Not Not
assesse assess | assesse
strong clot d assessed | assessed assessed assessed assessed assessed i d
el
. . Not
CS dispersion
+ + + + + + + + assesse
in clot d
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8.4 Discussion

The objective of this study was to optimize the freeze-drying cycle of the CS formulation and to
assess the performance characteristics of the non-collapsed and acceptable cakes upon
reconstitution in benchtop human PRP and human commercial plasma. Guided by a theoretical
model, we optimized the primary drying step by successfully predicting the product temperature
(Tp) for a set of shelf temperature (T,) and chamber pressure (Pc) values. Interestingly, the model
underestimated the primary drying duration for all cycles tested. This could be due to the fact that
the dry layer resistance to vapour flow increases during the sublimation process, while we used a
constant value in our calculations. All FD cycles tested produced cakes with acceptable
macroscopic appearance. Visual assessment of cakes suggests that there is no correlation/relation
between the changes in the different FD cycle paremeters, including temperature of shelf,
temperature of product, and percentage of shrinkage in the vials. The second and third hypotheses
were also supported in that all cakes were soluble in benchtop human PRP and that commercial
plasma was successfully used to test performance characteristics. Resulting formulations were
paste-like, coagulated rapidly, and produced mechanically robust homogenous hybrid clots that
resisted platelet-mediated clot retraction. Preventing hyper-osmolarity is an important element for
formulation development since high osmolality will prevent coagulation. We observed a large
variation of osmolality upon reconstitution of chitosan with commercial plasma. We expected the
osmolality of the CS-plasma formulation to be higher than for the CS-PRP formulations, since
commercial plasma has higher osmolality. The 600 mOsm measurements were higher than what
we expected, but, fortunately, were not high enough to prevent the formulations from clotting. We
speculated that this large variability may come from interaction of large proteins such as albumin
or globulins which in plasma with trehalose of the formulation may alter freezing-point (180).
Another reason would be due to heterogeneity in the reconstituted product. In this framework, we
would suggest repeating the phase Il to assess reproducibility. Addition of mannitol could also
minimize the shrinkage of the cakes, although it will change the final formulations which might
affect the performance for in vitro and in vivo studies. In summary, guided by the recommendations
and theoretical model from Tang and Pikal, we optimized the freeze-drying process by significantly
reducing the duration of the primary drying phase. We found that there was no difference in

performance characteristics of formulations freeze-dried using the shorter and optimized FD
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cycles. Shorter FD cycles will allow for faster preparation of chitosan-based formulations and will
also significantly reduces the production cost at the commercial scale.
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CHAPTER 9 GENERAL DISCUSSION

Knee meniscal pathologies are a common problem for which current treatment options are limited.
Existing surgical treatment options for menisci are meniscectomy and repair. Arthroscopic partial
meniscectomy (PM) remains the treatment of choice for meniscal lesions to restore function and
minimize pain with more than 465,000 people undergoing the procedure annually only in the USA.
Meniscus tears can be of traumatic or degenerative origin. In the case of traumatic tears, which are
mostly seen in young and active athletes, first-line choice for treatment is repair. These types of
lesions mostly affect the vascularized segments of menisci. However, degenerative meniscal
lesions with significant mechanical retardation symptoms in middle to aged patients are
predominantly indicated for resection (52, 56). Degenerative complex tears which occur in the
avascular zones of meniscus have a limited healing potential and options are less. This could be
due to the pattern of these tears, quality of tissue, and old patient profile (181). For example, vertical
longitudinal tears in the peripheral zones have good indications for effective meniscal repair while
horizonal degenerative component tears in inner avascular are usually resected. Further, menisci
tears are associated with several macroscopic and histopathologic structural and functional changes
such as attachment at tibial, femoral, and inner borders, tissue fraying, partial tears or complete
tears, loss of tissue, calcium deposition, tissue alterations in surface characteristics, cellularity,
collagen fiber organization, and Safranin-O matrix staining intensity (182). Although both PM and
repair have been reported to minimize morbidity and faster clinical recovery, they are associated
with complications during surgery, poor clinical outcome, and OA changes in the long-term. More
than 30% failure rates are observed for tears which are considered ideal for repair. Current
therapeutic options for meniscus deficiency are allograft and meniscus substitutes. Also, there are
increased data support that application of allograft, substitutes and other replacement grafts lack
universal efficacy and availability.

For all these reasons, biological approaches and tissue engineering strategies for meniscus repair
are becoming important for orthopedic surgeons as alternatives. The histopathologic and imaging
of different in vivo and preclinical studies have demonstrated the importance of new alternative
approaches of treatment modalities. Biologic augmentation techniques have been attempted to
promote the healing of torn meniscus to overcome some of the inherent limitations such as lack of
cell proliferation, poor vascularity, limited chemotactic responses, and heterogeneous
microstructure at the repair site. Nevertheless, the literature suggests that mechanical stimulation
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of the adjacent synovium or the meniscus by rasping and trephination, augmentation with fibrin
clots and platelet-rich plasma (PRP), stem cell therapy, and biomaterial augmentation via wrapping
the meniscal tear (e.g., collagen membrane scaffold) in combination with sutures improve the
meniscal healing rate and enhance meniscus repair (183). Also, the aim of the tissue engineering
approaches is to enhance host target tissue regeneration by the employment of cells, scaffolds, and
growth factors to improve damaged tissue. The ultimate goal of meniscus repair is to restore
patients knee function to back to normal. However, there is still no consensus regarding the best
cell resource for meniscal regeneration due to the lack of comparative studies (13, 181, 184).

It is worth noting that limited blood supply and cell density pose challenges for meniscus repair.
Preclinical studies have shown that abrasion therapies such as trephination and rasping encourage
vascular and cell migration from the reduced vascularized zone of the meniscus to the defect site
to improve repair. Applicability, the cost-effectiveness, as well as damage to the menisci collagen
organization resulting in poor menisci function needs to be further validated with clinical studies.
Meniscus and synovial rasping have also been shown to augment healing through cytokine
expression. However, the location of the tear from the capsule and the type of defect will affect the
healing. Moreover, the addition of collagen membrane and wrapping technique is still at the initial
stage for clinical use and is known to be technically demanding and time-consuming. Complete
meniscus regeneration remains a challenge because of the difficulty in reproducing the complex
meniscal collagen fiber arrangements and biochemical composition which limits treatment options
(13, 185).

Chitosan (CS), a naturally derived polysaccharide has shown promise for soft and hard tissue
healing. Molar mass (Mn) and degree of deacetylation (DDA) of chitosan are key structural features
which influence in vivo biodegradation rate, healing capacity, and its performance for polymer-
tissue interactions (186). Freeze-drying (FD) has been considered as good technique to improve
the long-term stability of chitosan-based products for manufacturing. Recently, in vitro studies
demonstrated CS could induce extracellular matrix expression in cartilage and reduce catabolic
mediators which are generated by chondrocytes. Several studies have also shown that chitosan-
based scaffolds could promote chondrogenic differentiation of mesenchymal stem cells. Also, in
vivo studies suggested that chitosan prevented cartilage degradation and severity of synovial
membrane inflammation in surgically-induced rabbit model of osteoarthritis. Chitosan possesses

superior properties such as biocompatibility, biodegradability, low immunogenicity, and the
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chemical structure of chitosan is similar to glycosaminoglycan (GAGSs) in cartilage (186).
Therefore, chitosan is an exciting candidate for cartilage lesion repair and intraarticular sustained
drug release.

The idea of using blood products for augmentation of menisci repair was first proposed by
Arnoscky et al., who implanted fibrin clots. Factors within the blood clot promote healing in a
fashion similar to what happens during the healing process. Clots act as a scaffold that bridge the
defect between menisci tear fragments, thus allowing cells from synovium and meniscus to repair
torn tissue. Following these principles, application of PRP as a biologic was proposed. PRP is a
heterogenous blood-derived product with a higher concentration of platelets and growth factors. It
has been employed in the clinic for promoting of soft tissue healing such as rotator cuff, cartilage,
and meniscus. More clinical trials are required to find out what is the optimal treatment for
meniscus tears. Growth and clotting factors derived from centrifugation of blood stimulate menisci
fibrochondrocytes, increase cell proliferation and extracellular matrix synthesis and repair process
in the context of meniscus repair. Despite the theoretical advantages of PRP, its injection alone is
not sufficient to promote meniscus repair. One of the potential reasons for this is that PRP seems
to be quickly dissolved from the tissue while combination of a natural biomaterial such as chitosan
and PRP enhances its retention in vivo. Several research groups investigated the conjunction of
chitosan scaffolds and PRP. They found promotion of platelet activation and increases platelet-
derived growth factor release from PRP (19, 116).

Our laboratory has been working with chitosan for cartilage repair applications since several
years ago. Bone marrow stimulation (BMS) is a cartilage repair technique that initiates repair by
drilling into subchondral bone and is considered as the first-line operative treatment for
osteochondral lesions. This technique stimulates mesenchymal stem cells and the formation of a
blood clot in the lesion to promote cartilage tissue healing. We initially hypothesized that
stabilizing the blood clot in cartilage defects would induce cell recruitment and improve neotissue
formation. CS, a thrombogenic biomaterial with the ability to modulate several phases of the wound
healing cascade, appeared to be an ideal candidate for this. Near-neutral solutions of chitosan-
glycerol phosphate (GP) can be mixed with autologous whole blood to form hybrid clots that
significantly resist retraction (157, 158). These CS-GP-blood formulations can be utilized as
injectable implants and adhere to cartilage lesions treated with BMS (158-160). Some of the

mechanisms responsible for this improved repair are an increase in inflammatory and marrow-
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derived stromal cell recruitment to the microdrill holes, increased vascularization and subchondral
bone remodeling at early post-surgical time-points (187), as well as a polarization of macrophage
phenotype towards the alternatively-activated pro-wound healing lineage (188) and increased bone
remodeling and osteoclast activation leading to better repair tissue integration (189). CS-GP-blood
implants (BST-CarGel™) were tested in a a randomized controlled trial for the treatment of focal
cartilage. BST-CarGel is currently commercialized in several countries by Smith and Nephew.

More recently, we have developed freeze-dried formulations of chitosan that can be solubilized
in PRP to form injectable implants that solidify in situ and are used for tissue repair. These CS-
PRP implants were shown to reside for several weeks and induce vascularization and cell
recruitment in a subcutaneous implantation model, both of which are desirable in the context of
meniscus repair. Chevrier et al., used a systematic approach to adjust chitosan number average
molar mass, chitosan concentration, and lyoprotectant concentration to obtain freeze-dried CS
formulations that are completely and rapidly solubilized in PRP and coagulate quickly to form
mechanically stable implants (19). Deprés-Tremblay et al., demonstrated that platelet aggregation
and clot retraction were suppressed through chitosan covering the blood components. They also
showed that CS-PRP implants release more platelet-derived growth factors than PRP alone. CS-
PRP implants were then used to augment repair of rotator cuff and cartilage in small and large
animal models. Based on all of the above, it is expected that a combination of chitosan and PRP
would be successful in improving the healing of the meniscus (21, 25, 190).

The effect of CS-PRP implants was tested in ovine meniscus surgical repair models in two
sequential pilot feasibility studies. One of our findings for the first study was that CS-PRP hybrid
implants enhanced repair tissue synthesis, induced complete healing, and seamless repair tissue
integration in 1 out of 4 treated defects after 3 months post-surgery, while injection of PRP alone
did not. One of the possible reasons for the low success rate was that a bilateral longitudinal surgical
laceration model was used and did not allow the sheep to protect their treated knee from weight-
bearing post-operatively which posed some complications such as minimal implant retention and
reproducibility of the model. Developing the unilateral complex laceration model for the second
study allowed us to overcome some of these limitations. To achieve full access to the medial
compartment of the knee, a displacement of the extensor mechanism was performed, and the medial
collateral ligament was detached from its femoral insertion with a bone block. The human meniscus

is structurally and functionally heterogeneous. Sheep is a well-established and preferred large
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animal model for meniscus tissue repair and replacement technique. The ovine meniscus represents
a scaled-down version of the human meniscus due to anatomical and compositional. It should be
noted that no animal model is known to totally mimics the human joint (63, 138). The human
meniscus experiences 3 histological phases after rupture: a reactive phase, a perimeniscal
proliferation phase, and a remodeling phase. Previous investigations indicated that there are some
differences and similarities between the response to injury in animal models of meniscus injury
and human one (190, 191). In human, the tissue bridging is poor at the rupture site and the presence
of a perimeniscal proliferation phase lasts between 12 to 36 weeks.

The current findings indicate that in animal studies both the perimeniscal proliferation phase
and synovial ingrowth were found to be critical for repair and the proliferation phase takes longer.
Poor intrinsic cell density and revascularization has been reported in both human and animal
studies. In addition, our histological results showed there was a broad strip of reparative tissue
which was invaded by cells in CS-PRP treated tears after 6 weeks and 3 months, respectively.
Although the repair tissue was still not organized, and Safranin-O matrix staining intensity was
negative in the gap meaning that meniscus is still in the reactive phase or beginning at the stage of
proliferation. Further, our studies indicated that repair reactive phase started as partially integrated
after 3 weeks of implantation of CS-PRP and progressed to a full repair after 6 weeks and 3 months.
The origin of the cells filling the defect in the meniscus is, to a great extent, uncertain. Source and
type of cells that fill the gap in meniscus in sheep in the current study needs to be further examined.
There is a possibility that synovial cells (synovium-derived mesenchymal stem cells) and
surrounding meniscal cells play a part in the process of meniscal repair (191). The factors that
influence meniscal cell migration are not well-understood, nevertheless outer surface meniscus
cells migrate quickly and exhibit lower adhesion. There is possibility that healing of the superficial
layers is a consequence of the arrival of cellular elements from the synovial fluid and the
fibrochondrocytes. Healing of the deeper area could be as a result of the synovial autograft.
However, the trigger factor of the healing process remains unknown and the synovium could be a
source of repair contributing to healing (54). The cell source for meniscus repair is yet to be fully
analyzed. In a recent study, the controlled applications of connective tissue growth factor and
transforming growth factor beta-3 have been shown to induce seamless healing of avascular
meniscus tears by inducing recruitment and differentiation of synovial mesenchymal stem

progenitor cells into the incision site to form an integrated fibrocartilaginous matrix (138).
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Generally speaking, the repair response is dependent on the synovial cell ingrowth, the response
of fibroblasts, and the vasculature supply. Addition of trephination channels, rasping, and CS-PRP
not only allowed us to deliver the implant to the defect site but also stimulated the tear site for
further cytokine production which induced regeneration process. Chitosan-PRP demonstrated
potential of neovascular formation and tissue remodeling in the context of cartilage repair which
was in line with what we found in the meniscus repair process. In addition, the formation of new
blood vessels at the proximity of tears treated with chitosan-PRP, cell recruitment, migration of
cells through suture channels, presence of immature highly cellular tissue from 6 weeks as early
phases of study to 3 month are consistent with the previous publications in goat and sheep models
(85, 86, 192).

Chondro-Gide is the bilayer natural collagen matrix membrane widely employed for autologous
chondrocytes implantation for cartilage regeneration. Currently, it is the most promising approach
to cell-based cartilage repair treatments. Given the similarities between articular cartilage and
menisci microstructures, we hypothesized that use of the Chondro-Gide membrane might be
beneficial and favorable for the treatments of complex tears in the avascular zones of menisci,
allowing prevention of meniscus degeneration or delaying early stages of ostheoarthtics. This
biopolymer in combination with sutures was tested clinically for treating complex human meniscal
tears with or without bone marrow aspirate deep to the membrane wrap with 2.5 years follow-up.
These collagen scaffold membranes could serve a similar purpose to that of fibrin clot by allowing
menisci fibrochondocyte cells to migrate to the defect area and become involved in the healing
process. Consistent with our result and as was shown previously, introducing of wrapping
technique at the same time with implantation of surgical complex defect was technically
challenging. One important finding from our study was the difficulties we faced in implementation
of the complex defect and the wrapping technique during surgery (185). Addition of Chondro-Gide
demands more sutures which disturb meniscus collagen tissues and stimulates formation of foreign
body giant cells which were not observed in the other groups. The healing was not achieved with
PRP or wrapping alone in this study though some authors have reported good result with the
addition of PRP, bone marrow aspirate, and expanded autologous chondrocytes in sheep and goat
models (85, 86, 192).

Creation of complex tear with horizontal component in the medial meniscus was more in line

with the type of lesions found in clinical setting. Therefore, the animal model used in the present
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study was relevant to the pathological joint disease condition discovered in human and results of
this study suggest that CS-PRP implants are a promising approach for the treatment of menisci
injuries with the potential to prevent degeneration in early stages. To properly consider what are
the biological processes during menisci repair, we also should consider the whole joint, which is
why we examined the synovial membrane and articular cartilage. CS-PRP hybrids were well-
tolerated in the joint environment with minimal effect on the adjacent joint (193). Transient
synovitis was only observed at the initial stages of the study, demonstrated by an increase of
vascularization and a probable subset population of macrophages in the synovial membrane tissue
which is responsible for inflammatory phenotype but decreased after 3 months. In other words,
degradation of CS-PRP under physiological loading and integration after 3 months did not induce
the inflammatory response in joints with a minimal cartilage degradation and with no adverse
effect. CS-PRP implants exhibited good biocompatibility.

It is crucial to keep in mind that both the humoral immunity and the cellular immunity play a
role in the early stages of healing after implantation. Although PRP-derived growth factors showed
positive effects on meniscus cell proliferation and differentiation, the impact of PRP on enhancing
healing of the degenerative meniscus tears is still uncertain (151, 194). The most appropriate type
of PRP needs to be determined to treat meniscus injuries. All these signs of regenerative tissue
process could be derived by application of CS-PRP since this implant has been shown to modulate
macrophage phenotype and tissue remodeling in the context of cartilage repair with evidence of a
pro-angiogenesis process. To observe the proliferation ingrowth phase for meniscus repair, we need
to expand the time and number of animals. However, it is difficult to draw a definitive conclusion
based on the small number of animals in these two pilot studies. In another in vitro study we
conducted, the freeze-dried cakes of chitosan with a specific and narrow range of DDA between
80.5-84.8% and M, between 32-55 kDa were tested with various types of PRPs that can be isolated
with different commercial systems. Our data showed that the performance of CS-PRP formulations
was comparable for all PRP systems.

Obviously, there were differences between the concentration of the blood components including
platelets, leukocytes, erythrocytes, and presumably growth factors from each PRP preparation
systems. The concentration of platelets is of great importance since cytokines and growth factors
released from alpha-granule are partly responsible for the mechanisms of action of PPR and
contribute to the healing process. Our results with the combination of chitosan formulations with
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leukocyte-poor PRP demonstrated that presence of leukocytes and erythrocytes play a role in
platelet activation and thrombin generation. In the current study, two types of PRPs were tested
with biopolymer of chitosan which is the leukocyte-poor or rich PRP. Leukocyte-poor PRP
encompasses a lower concentration of leukocytes and erythrocytes. All this heterogeneity in the
blood-derived devices might explain conflicting therapeutic results since the effect of leukocytes
on the repair process is not yet fully understood (172).

Therefore, depending on the targeted tissue, the inclusion or exclusion of leukocytes in PRP
preparations is gaining more attention in recent years. In the treatment of ostheoarthritis of the
knee, leukocyte-poor PRP seems to be superior to leukocyte-rich PRP because it does not introduce
inflammatory factors in the joint, while in chronic tendinopathy, use of leukocyte-rich PRP has
been shown to be superior. Not many studies have evaluated the effect of PRP for degenerative
menisci tears. On the one hand, the presence of leukocytes in leukocyte-rich PRP is associated with
the increase of the concentration of growth factors such as vascular endothelial growth factor. On
the other hand, leukocytes increase apoptosis and decrease cell proliferation by the release of
inflammatory and catabolic factors (195). Freeze-dried chitosan cakes were easily solubilized in
PRP to form CS-PRP formulations that had paste-like properties to adhere to the defect site and
modulate the healing tissue process (19). The chitosan biopolymer in CS-PRP formulations coats
platelet and blood cells and prevents clot retraction and platelet aggregation (172). In addition,
platelets are activated, and growth factors released from granules due to the presence of chitosan.
Delivery of PRP alone to the defect site is challenging due to the PRP low residency time and
physical stability. Donor-to-donor variations in growth factor content is also a significant concern
which could be mitigated by pooling of PRP from different donors as a strategy.

Subsequently, freeze-dried cycle for CS was optimized. Performance characteristics of cakes
upon reconstitution in benchtop human PRP and human commercial plasma were evaluated. Our
findings showed that a one-day FD cycle produced cakes that were non-collapsed, had acceptable
macroscopic appearance, and were soluble in benchtop human PRP and commercial plasma. This
provided an optimized freeze-drying process with significantly reduced duration that preserves the
quality of the final lyophilized product. In our lab, with the modifications implemented, decreased
the freeze-drying process duration was reduced by 44 hours (64%).

In every experimental work there are a number of possible errors, including equipment errors,

data analysis, and human errors. We have done our best to minimize these errors and eliminate
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them as far (much?) as possible. For instance, in the animal studies, the animals were randomly
allocated to the different treatment groups and histological assessment was performed in a double
blinded fashion.

In summary, in study 1, we carried out 2 pilot feasibility studies in ovine models by injecting
freeze-dried chitosan-PRP surgical implants to improve meniscus repair. In study 2, we showed
that multiple PRP preparations can solubilize freeze-dried chitosan formulations to form injectable
implants for orthopedic indications and evaluated compatibility of this freeze-dried technology
with various types of PRP preparations. In study 3, we optimized the freeze-drying cycle of FD-
CS for orthopedic conditions and assessed performance with human platelet rich plasma (PRP) and
human commercial plasma. Subsequently we drew the following conclusions based on the
understanding gained from the three studies: CS-PRP implants showed the potential to augment
meniscus repair through tissue integration, cell infiltration and vascularization in large animal
models. CS PRP hybrids was compatible not only with benchtop PRP but also with other
commercial PRP preparation devices suggesting its broad application for orthopedic indications.
We successfully reduced duration of the FD cycle of chitosan formulations from 3-days to one-day
producing cakes had an acceptable macroscopic appearance and were non-collapsed before
reconstitution in benchtop human PRP and human commercial plasma and met critical quality
attributes. Shorter FD cycles will allow for faster preparation of chitosan-based formulations and
will also significantly reduce the production cost at the commercial scale. We believe that these
integrated approaches will improve healthcare by reducing the socio-economic burden of menisci

injuries.
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CHAPTER 10 CONCLUSION AND RECOMMENDATIONS

Repair of degenerative meniscus lesions is a significant challenge in the clinic. The poor intrinsic
meniscus healing response and technical difficulties are associated with the high failure rate of
repair and meniscectomy outcome. Progression of meniscus tear pathologies is dependent on many
factors such as the size of the defect, patient age, and joint stability. Inferior mechanical properties
result in removal of the tissue, increasing the likelihood of developing progressive joint
degeneration and ostheoarthtics. Recently, there has been a significant shift toward meniscus
preservation and repair rather than resection. Current therapeutic approaches either don’t
regenerate the native tissue or outcomes are not certain in the long-term. There is a great deal of
debate about what is the optimal treatment for meniscus injuries in the field of musculoskeletal
tissue repair. Although various new repair strategies are available, additional clinical trials are
needed to find the optimal therapy for meniscus repair. Application of augmentation strategies may
be an effective way to enhance the slow physiologic meniscal healing response for patients who
have high demand and elderly individuals. A successful meniscus repair requires synthesis of new
tissue containing viable meniscal cells to bridge the defect, differentiation into the proper
phenotype, remodeling into the native tissue, and creation of fibrocartilage tissue.

The primary objective of the current thesis was to improve knee meniscus repair by application
of freeze-dried (FD)-chitosan (CS) platelet-rich plasma (PRP) implants in ovine models. We tested
the feasibility of using FD-CS PRP hybrids, which are a combination of natural biopolymer of
chitosan and PRP, in large animal models of meniscus repair and followed-up outcomes at different
short and mid-term time-points. Injectable chitosan-PRP implants were shown to induce cell
infiltration to the defect, vascularization, integration, and promote repair tissue synthesis.

Our data from first to the second pilot study in sheep meniscus provided support that addition
of a horizontal component to the tear likely contributed to implant retention and reproducibility of
the meniscus healing response from 25% to 50% success rate. The unilateral model also allowed
the sheep to protect their knees from post-operative weight-bearing. Freeze-dried chitosan
formulations can be rapidly and wholly solubilized in autologous PRP to form injectable in situ
solidifying implants that have tissue regeneration capacity. Chitosan-PRP implants showed a
superior regenerative effect over wrapping the meniscus with a collagen membrane or injecting
PRP alone. Using the wrap in conjunction with chitosan-PRP implants did not further improve
repair and the additional sutures needed to secure the wrap created significant damage to the
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menisci. The latter suggested that chitosan-PRP implants by themselves could be safe in
overcoming the current inherent limitations of meniscus repair. One important finding was the
different treatments did not induce any lasting adverse effect on the other joint components aside
from transient mild-to-moderate synovitis at 6 weeks’ post-surgery. Restoration and healing of
meniscus tears are expected to have a chondroprotective effect at longer repair time-points.
Chitosan-PRP implants have several features revealing a higher potential than PRP alone to
improve repair outcomes and restore meniscus function.

In the next study, we tested the compatibility of different PRPs with a rather narrow range of
chitosan formulations. All CS cakes were soluble in different PRP preparations. Although the
commercial PRP preparations are vastly heterogenous, the CS-PRP technology was found to be
compatible with all of them. In this study 6 different commercially available separation systems
were used: 1) Arthrex Angel set at 2% hematocrit, 2) Arthrex Angel set at 7% hematocrit, 3)
Harvest SmartPrep 2, 4) RegenLab RegenKit-BCT, 5) RegenLab RegenKit-THT, 6) Arthrex ACP
double syringe system. All these systems were either plasma-based or buffy coat-based in terms of
PRP production. We found that all these technologies differ regarding the type of PRPs, hematocrit
setting, initial blood volume, number of centrifuges, centrifugal force and time, the type of
anticoagulant, the method of preparation, and even final volume of PRP. Majority of these systems
have a single spin centrifugation method. Both the force and total centrifugation time differ
between systems. Also, there is a wide variation in the prices between the systems.

There was a slight variation in pH and osmolality of CS-PRP formulations; however, it is
expected that they would be cytocompatible. The concentration of platelets and other blood
components differ compared to whole blood. Formulations prepared with the low, mid, and high
range of chitosan M, and DDA performed equally well. CS-PRP cakes were white, and
homogenous and contained chitosan, trehalose as lyoprotectant, and calcium chloride as clot
activator. CS-PRP formulations were less runny and were more paste-like than PRP controls due
to the presence of the chitosan polymer. The platelet, leukocyte and erythrocyte concentration of
the PRPs used to solubilize the cakes did not appear to affect the in vitro performance of the CS-
PRP hybrids. CS-PRP formulations coagulated rapidly to form homogenous hybrid clots that
resisted platelet-mediated clot retraction. We would expect properties of PRP such as leukocyte
content, activation of platelet, fibrin, and other proteins in plasma to affect the outcome. The
proposed specifications for the product of chitosan My 35-50 kDa and DDA 80-84% are adequate
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for use with different commercial PRP systems. There are still little regulation and evidence for
PRP and other blood-derived formulations for soft tissue injuries. Biological activity level of
various PRP formulations needs to be rigorously defined. To date, not all the studies provide
detailed data regarding the platelets, leucocytes content, and platelet enrichment factors. Therefore,
next-generation approaches should concentrate more on a universal formulation with a defined
growth factor content.

In the last study, we successfully optimized and reduced duration of the FD cycle of chitosan
fromulations from 3-days to one-day. The produced cakes had an acceptable macroscopic
appearance and were non-collapsed before reconstitution in benchtop human PRP and human
commercial plasma and met critical quality attributes.

The following suggestions are worth considering for future research direction within the theme of

my work:

1. Biomechanical testing of (suture) repair for menisci: In this dissertation, we did not directly
consider the contribution of biomechanical stimuli to meniscal repair. However, in general
a tensile testing machine could be used to determine the failure rate. In this case, the anterior
and posterior portions of the menisci would be trimmed and prepared for clamping for the
device. Menisci would clamp in a machine, preload, and then load up to failure at the same
rate. Ultimate load, ultimate elongation, and stiffness would be determined from the load-
to-failure for repair stability. All tests could be performed at room temperature, and the

menisci would continuously be kept moist with saline solutions.

2. Additional animals and more end time-point of meniscus repair in ovine: Investigation is
somewhat limited on meniscus implants in large animal models while there are significant
publications on cartilage repair by using biomaterials or biologics. Based on the literature
review which was performed at the beginning of my study we selected 3-time points for
meniscus repair. Although our time points were selected based on our published work and
the existing papers, further time-points must be added to evaluate the long-term meniscus

repair outcome, as well as the interaction of biomaterial and tissue in the future.
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To follow up process of meniscus repair by implants and and mimic degenartion of OA
which happens in human, a long-term study will be proposed. Conducting a statistically
powered pivotal study in 16 sheep for repairing of meniscus tears with surgical suturing
and applying chitosan solubilized in PRP in the tear for 6-months would be suggested.
Meniscal tissues should be analyzed by optical microscopy for tissue composition and
integrity. Safranin-O staining, collagen type Il and | expression, blood vessel density, and
cell recruitment would be quantified using histology. We would propose to add polarized
light microscopy and scanning environmental electron microscopy for collagen fiber
organization assessment. Tissue biopsies would be collected from adjacent to the tear in the
meniscus to quantify meniscal biochemical content (GAG, collagen, and DNA content).
Global indicators of joint function would be assessed through a lameness test, a
macroscopic scoring system, analysis of adjacent tissues including medial condyle and
tibial plateau cartilage via electromechanical mapping, biochemistry and histology, and
joint inflammation as will judged by macroscopic assessment and synovial tissue histology.

Investigate the biological effects of CS PRP on meniscus tissue and synovial membrane
cells and explants in vitro: To identify the most appropriate cell source for meniscus repair
and understand potential anabolic and catabolic influence of implants, we would suggest
isolating ovine cells and explants from the outer meniscus, inner meniscus, and synovial
membrane and culture them in the presence of CS-PRP for 7 and 14 days. The outcome
measures could be analyzed by: gene expression, DNA, collagen, and GAG content, the
release of anabolic/catabolic factors in the culture medium, histostaining,
immunostaining, and cell migration. Synovium has been shown to play a key role in the
natural course of the meniscal healing process. It is demonstrated that synovial stem cells
adhered to the injured site, differentiated into cartilage cells, and participated in joint

intraarticular tissue injuries with improved functional properties.

. Application of bone marrow aspirate concentrate (BMAC): BMAC is a great source of
progenitor cells, MSCs, and associated growth factors which are obtained by iliac crest
aspiration. Recent reports showed good to excellent outcomes and pain relief regarding the
application of BMAC for treatment of focal chondral lesions and OA. CS-PRP has been
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shown to improve and stimulate repair in the rotator cuff, cartilage lesions, and meniscus
in preclinical animal models. Both PRP and BMAC have been used for treatment of knee
pathologies. Until now there was no document or protocol confirming what is the optimal
method for preparing of PRP and BMAC. To identify and compare the therapeutic effect
of chitosan-PRP with chitosan-BMAC, | would suggest performing another in vitro study.
Blood would be extracted from ovine, BMAC and PRP would be isolated, and used to
solubilize a range of CS formulations. In vitro performance could be assessed for paste-like

properties, coagulation, clot retraction, and clot homogeneity.

Altogether, CS-PRP implants showed the potential to augment meniscus repair by tissue
integration and vascularization in large animal models. Histological assessment, electromechanical
potential, macroscopic, and microscopic analysis of repaired meniscus demonstrated that implants
were resident in the tears and trephination channels and induced cell recruitment from the
vascularized periphery of the menisci which led to complete or partial repair and seamless repair
tissue integration in contrast to PRP or wrapping. CS-PRP implants may have chondroprotective
effect on articular surfaces.

CS PRP hybrids was compatible not only with benchtop PRP but also with other commercial
PRP preparation devices suggesting its broad application for orthopedic indications. The collection
of work described in the current thesis presented several novel findings in the area of orthopedics
meniscus repair, by development and validation of a surgical technique which has set the
groundwork for future evaluation of the menisci and other connective tissues with the possibility
of translation to clinical trials in the future. Augmentation of complex defects in the avascular zones
of menisci would be a way for avoiding of meniscectomy and restore meniscus function.
Techniques are now focusing to be minimally invasive. We believe that these integrated approaches

improve healthcare by reducing of the socio-economic burden of menisci injuries.
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APPENDIX

APPENDIX A - CLINICAL STUDIES OF MENISCUS REPAIR

Table 1 Level I and Level Il clinical studies of meniscus repair.
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Study Design Inclusion Type of tear || Surgical Sampl || Mean FU rate || Mean FU times || Outcome Definition of || Results
criteria treated approach e size || age (%) (months) measures failure
(% (years)
males)
Bryant et al., || Levell Patients with || Vertical tears in || 1)  All-Inside || 100 25 86 28 Retear rate Retear was || Retear rates were
20074 .|| @ vreducible || the R/R  or || with meniscus || (62) determined 22% for both
Randomi WOMET
sed vertical R/W?zones arrows (n = 51) by repeat || groups
meniscal tear ) ACL QofL || arthroscopic o
controlle 2) Inside-out Clinical outcome
> 10 mm in evaluation of
d trial RofM similar for both
length and (n=49) patients with
groups
not > 3 mm Synovial follow-up for
i OR time longer in
displaced abrasion symptoms of g
into the joint persistent or || Group2
in the R/R, or 65% with new  pain,
R/Wzones, concomitant catching, or
that was ACL locking that
amenable to reconstruction was possibly
repair using related to the
sutures or meniscal
arrows repair
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Kise et al., || Levell Patients aged | Vertical 1)  All-inside || 46 26 100 for re- || 24 Reoperatio Reoperation Reoperation rates
20151 Randomi 18-40 years || longitudinal tears || with meniscal || (57) operation n rate within 2 || were 43% for
with an MRI- || in the R/R or || arrows (n=21) years as a | Group1and 12%
zed 61 for KOOS
verified R/Wzones . . consequence for Group 2
controlle 2)  All-inside clinical
. vertical, . . Tegner of complaints || (significant)
d trial with FasT-Fix
longitudinal due to .
Clinical outcome
meniscal (n=25) rerupture or | . .
similar for both
tear, 10-40 . impaired
Rasping of .p groups
mm long, tears primary
located in the healing
peripheral or 22% with
the  middle concomitant or
third of the earlier  ACL
meniscus, reconstruction
with a
preserved
central
bucket
handle
eligible  for
reduction and
repair  with
all-inside
technique
Albrecht et || Level Il Between 18 || Longitudinal 1)  All-inside || 68 26 96 3-4 Second- Menisci were || 91% of patients
al., 19994 Randomi and 40 years vertical, bucket- || with meniscus || (81) look defined as || had healed or
. handle tears || arrows (n = 34) arthroscop healed if || partially healed in
zed Reliable
displaced or in there was no || Grou 1
controlle patients (no (disp 2) Inside-out (n y P
. situ) in the R/R or . residual tear || compared to 75%
d trial abuse) =34) Clinical
R/Wzones L left and as || in Group 2 (non-
) examinatio
Full- Rasping of . partially significant)
thickness tears healed if
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rupture > 10 27% with there was a || OR time longerin
mm in length concomitant residual cleft || Group 2
ACL less than 10
Less than 6
reconstruction mm and the
mm from the
meniscus was
capsule
otherwise
No  former stable to
ipsilateral probing
meniscus
All other
surgery )
arthroscopic
No complex cases  were
ruptures defined  as
No non-healed
arthroscopic
arthritis
Informed
consent prior
to surgery
Hantes et al., || Level Il Longitudinal Longitudinal full- || 1) Outside-in(n || 57 27 100 22 Clinical Using Healing rates
2006112 Randommi full-thickness || thickness tears in || =17) (77) examinatio || Barrett’s were 100% for
tear greater | the R/R  or . n criteria, a || Group 1, 95% for
zed 2) Inside-out .
than 10 mm | R/Wzones repaired Group 2 and 65%
controlle IKDC
d trial in length (n=20) meniscuswas | for Group 3
i
. considered significant
Location ~ of 3)  All-inside (sig )
i healed if
the tear less with Clinical outcome
than there was no worst for Group 3
RapidLoc (n = joint line
6 mm from 20) tenderness, OR time longer
the Rasping of effusion, and | for Group 1
meniscocaps tears a  negative

ular junction
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No former 51% with McMurray’s
. concomitant test
Meniscus
ACL
surgery If one or
reconstruction
. more of these
No evidence
- parameters
of arthritis
. was present,
during P
the result was
arthroscopy
classified as a
Fixation  of failure
the meniscus
using  only
one
technique (no
hybrid
fixation)
Jarvela et al., || Level Il Traumatic Traumatic 1)  All-inside || 42 31 100 27 Clinical Partial Failure rates were
201013 Randomi longitudinal longitudinal with  meniscal || (69) examinatio meniscal 17% for Group 1
i
sed unstable unstable tears in || screws (n=21) n resection at || and 30% for
meniscal tear || the R/R or R/W . second-look Group 2 (nhon-
controlle 2)  All-inside Lysholm
. in the R/R or || zones . . arthroscopy significant)
d trial with meniscus
R/W zones IKDC because  of .
arrows (n = 21) ) Clinical outcome
ersistent .
Less than 6 ) MRA P similar for both
_ Rasping of knee pain or
months’ time ) groups
tears mechanical
delay More  chondral
. symptoms of
between the 33% with Y p. damade for
injury and the concomitant catching  of g
. the knee Group 1
operation ACL
reconstruction
Absence of

degenerative

meniscal tear
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or OA of the

knee

No previous
surgery of the
knee

Bryant et al., || Level Il Patients with || Longitudinaltears || 1)  All-inside || 85 27 84 27 Lysholm Identified Failure rates were
2005 longitudinal inthe R/R zone (< || with BioStinger | (64) during 9% for Group 1,
Nonrand Tegner
omized meniscal 3 mm from the || (n=47) second-look 0% for Group 2
|| tears in the | synovial meniscal ) Cincinnati || arthroscopy and 15% for
prospecti 2)  Inside-out
R/R or R/W || junction) or in the due to || Group 3
ve cohort J ) (n=29) IKDC P
zones of the || R/W zone (3to 5 persistent .
study . Clinical Clinical outcome
meniscus mm from the || 3) Hybrid of symptoms similar for all
synovial meniscal || both (n=13) examinatio
o n groups
junction) Rasping of tear
L No chondral
Trephination
damage due to
82% with device
concomitant
ACL
reconstruction
Choi et al, || Levelll Patients that || Longitudinaltears || 1)  All-inside || 48 28 100 36 Lysholm The meniscus || 71.4% of menisci
20094 underwent of the posterior || with  sutures || (92) was were healed in
Nonrand Tegner
omized ACL horn of the medial || (n=14) considered Group 1 and
|| reconstructio || meniscus in the . Lachman healed if || 70.6% in Group 2
prospecti ) W 2)  Inside-out "
ns usin R/R or R/W zones : : there was no || as per MRI
ve cohort g (n=34) Pivot-shift P
hamstring with or without fluid  signal .
study . Arthromet Clinical outcome
tendon additional Rasping of tear within ~ the ||
] er ) similar for both
autograft posterior horn 100% with meniscus on groups
combined tears of the lateral concomitant MRI
with repairs || meniscus

of the medial
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meniscus in a ACL Clinical
single center reconstruction examinatio
by a single n
surgeon
MRI
Spindler et || Level Il Medial Longitudinal, 1) Inside-out || 145 24 86 Median 48 KOOS Clinical Failure rates were
al., 2003% meniscal bucket-handle (n=47) (55) success was || 18% for Group 1
Nonrand WOMAC
. repairs of the || and degenerative . defined as no || and 8% for Group
omized 2)  All-inside
|| peripheral tears i ) SF-36 reoperation 1 (non-
prospecti hirg with meniscus ; failed -
thir or or aile significant
ve cohort arrows (n=98) Lysholm g )
junction  of medial .
study ) . ) IKDC ) Clinical outcome
the peripheral 100%  with meniscal .
. similar for both
third with the concomitant repair
groups
middle third ACL
performed by reconstruction Three-year
the senior success rates
surgeon with (proportions with
patellar no reoperations)
tendon ACL were 88% for
reconstructio Group 1 versus
n during a 89% for Group 2
certain time
period
Biedertetal., || Level Il Patients with || Isolated and || 1) Conservative || 40 30 100 27 Clinical Not defined Near-normal  or
2000%2 || an isolated || painful  medial (53) examinatio normal findings
Randomi ) ) therapy (n=12) )
sed and painful || intrasubstance n for 75% npatients
|| medial meniscal lesions 2) Arthroscopic in Group 1, 90%
prospecti . IKDC
intrasubstanc suture  repair in Group 2, 43%
ve cohort ) .
stud e  meniscal with  access Radiograp in Group 3 and
uay
lesion, with channels hs 100% in Group 4
clinical (n=10) MRI (significant)

symptoms of
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a  meniscal
tear and a
MRI
high grade 2

linear

signal
intensity in
the  medial

meniscus

3) Arthroscopic
minimal central
resection,
intrameniscal
fibrin clot and
suture
(n=7)

repair

4) Arthroscopic
partial

meniscectomy

(n=11)

Table 2 Clinical studies of meniscus repair augmentation by trephination, rasping and abrasion.

pain with

Study Design Inclusion Type of tear || Surgical Sample Mean FU rate || Mean FU times || Outcome Definition of || Results

criteria treated approach size (% || age (%) (months) measures failure

males) (years)

Zhang Level Il Patients with || Longitudinal tears || 1) Inside-out || 64 (N/S) 22 100 47 Clinical Patients Failure rates were
&Arnold longitudinal and examinatio || complaining 6% in Group 1
et al., tears of the trephination n of recurrence || and 28% in Group
1996°° white zone at (n=36) of knee || 2 (significant)

mid-third 2) Inside-out swelling and

area from episodes of

peripheral (n=28) locking  or

rim to inner 95% with catching with

rim of concomitant sign of joint

meniscus ACL line

tenderness,
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reconstructio

squatting, or

n positive
McMurray
test were
considered to
possibly have
a retear of the
meniscus
Shelbourn Level Il Patients with || Peripheral 1) Abrasion || 548 23 79 Objective 58 Clinical Clinical Failure rates were
e & Rask nondegenerat || vertical medial || and L examinatio || failure of || 6% in Group 1,
) ] ) o Subjective 88 ) )
et al., ive peripheral || meniscustears>1 || trephination n meniscal 10.8% in Group
2001% vertical cm in length (n=233) Noyes treatment 2, 136% in
medial . was Group 3and 2.9%
2) Left in situ
meniscus described as || in Group 4 (non-
(n=139) . N
tears that any patient || significant)
were deemed 3) Inside-out who required
Group 3 reported
salvageable (n=176) subsequent )
more pain and
arthrosco|
4) No tear Y lower activity
for meniscal
(n=526) levels
symptoms
100%  with that required
concomitant removal  or
ACL further repair
reconstructio
n
Shelbourn Level 111 Patients that || Posterior  horn, || 1) Abrasion || 332 (57) 23 72 79 Noyes Subsequent Failure rate was
e & had lateral || radial flap, || and IKDC surgery for || 2.4%
Heinrich et meniscus peripheral or || trephination the lateral
al., 200414 tears  that || posterior tears (n=43) Radiograp || meniscus
were left in hs
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situ or that
underwent
abrasion and

trephination

2) Left in situ
(n=289)
100%  with

concomitant
ACL

reconstructio

Clinical outcome
similar for both

groups

n
Shelbourn Level Il Patients that || Peripheral 1) 881 22 69 69 Objective IKDC Patients were || Failure rates were
e et al, had an || nondegenerative Trephination Objective . e . considered to || 16.3% in Group 1
) ) ) 85 Subjective Cincinnati )
2015% isolated ACL || medial meniscus || (n=419) 85 have a | and 58% in
tear, tears at least 1 cm L symptomatic Group 2
heral o lenath 2) No tear Subjective sial i
eriphera in lengt medial significant
perip 9 (n=462) (sig )
vertical meniscus tear .
d 100%  with " Clinical outcome
nondegenerat after surger
g . gery similar for both
ive  medial concomitant when  they
. groups
meniscus tear ACL sought
treated  with reconstructio treatment for
trephination n subsequent
alone, no injury or
lateral disabling
meniscus symptoms

tears, normal
radiographs
before
surgery, and
no bilateral
knee

involvement

that resulted
in a
subsequentop
eration  for
partial medial

meniscectom

y
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Fox et al.,
199462

Level IV

Patients that
had
preoperative
subjective
and objective
findings of a
meniscal
tear,
coinciding
with the
compartment
of the knee
with an
incomplete
meniscal
tear, at the
time of

arthroscopy

Vertical,
longitudinal tears
that were

incomplete

Trephination

17%  with
concomitant
ACL
reconstructio

n

30 (83)

33

97

20

Clinical
examinatio

n

Lysholm

N/S

90% patients
reported good to
excellent

subjective results

Talley &
Grana et
al., 20007

Level IV

Patients with
partial stable
meniscal
tears who
were treated
with
parameniscal
synovial
abrasion at
the time of
ACL
reconstructio

n

Longitudinal,
double
longitunidal and

radial

Synovial

abrasion

100%  with
concomitant
ACL
reconstructio

n

40 (50)

22

100

40

Clinical
examinatio

n

Arthromet

er
Tegner

Modified
AAOS

Failure was
defined as a
symptomatic
meniscal tear
requiring
subsequent

surgery

Failure rate was
11%

More failures on
the medial side

(non-significant)
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Tetik etal., || Level IV || Patients that || Horizontal tears || Rasping of (| 25 (68) 23 100 15 UK-ACL Excellent 88% patients
2002% had medial || in the posterior || tear result was no || classified as
joint line pain || half of the medial . pain, no || excellent
Synovial
that meniscus . subjective
abrasion
interfered symptoms,
with  daily 0% with full return to
living concomitant sports,  no
activies ACL objective
reconstructio pathologic
n findings
Uchio et || Level IV || Patients Full-thickness Rasping of || 47 (42) 24 100 21 Second- “No healing” || 8% did not heal
al., 2003% treated by || and partial- || tear look indicated that
] ) No effect of age,
rasping at a || thickness . arthroscop the tear .
Synovial sex, the time
particular longitudinal tears . y length  had .
) abrasion between injury
center during not shortened .
o . . Arthromet and rasping, the
a certain time 67%  with at the | .
. . er ) ) time between
period concomitant repaired  site )
rasping and
ACL or a new tear
second-look

reconstructio

n

had
developed

arthroscopy and
concomitant ACL
reconstruction on

healing

Healing better for
partial-thickness

tears, shorter
tears, tears near
the capsule, tears

in stable menisci
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symptoms of
a  meniscal
tear and a
MRI
high grade 2

linear

signal
intensity  in
the  medial

meniscus

with  access
channels

(n=10)

3)
Arthroscopic
minimal
central
resection,
intrameniscal
fibrin  clot
and  suture

repair (n=7)

4)
Arthroscopic
partial

meniscectom

y

Study Design Inclusion Type of tear || Surgical Sample Mean FU rate | Mean FU times || Outcome Definition of || Results
criteria treated approach size (% || age (%) (months) measures failure
males) (years)
Biedert et || Level Il Patients with || Isolated and || 1) 40 (53) 30 100 27 Clinical Not defined Near-normal  or
al., 2000 . || an isolated || painful  medial || Conservative examinatio normal findings
Randomi
and painful || intrasubstance n for 75% npatients
zed therapy
|| medial meniscal lesions in Group 1, 90%
prospecti (n=12) IKDC
intrasubstanc in Group 2, 43%
ve cohort .
study e  meniscal 2) Radiograp in Group 3 and
lesion, with Arthroscopic hs 100% in Group 4
clinical suture  repair MRI (significant)
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(n=11)
Ishimuraet || Level IV || Patients who | Longitudinal and | Fibrin glue 32 (25) 18 63 for || 46 Second- Patients Failure rate was
al., 19917 had bucket-handle . second- look complained 6%
Reduction 6 for second-look
arthroscopic tears . . look arthroscop of meniscal .
with suturing arthrocopy Twenty  repairs
meniscal arthrosco| symptoms
in  unstable P y ymp rated as good,
repair using y .
tears four as fair, and
fibrin glue
one as poor by
arthroscopic
evaluation
criteria
Ishimuraet || Level IV || Patients who || Longitudinal and || Fibrin glue 40 (33) 20 68 for || 96 Second- Patients Failure rate was
al., 1997 had bucket-handle . second- look complained 15%
) ] Reduction 10for second-look )
arthroscopic tears in all zones . . look arthroscop of meniscal .
with suturing arthroscopy 77% repairs rated
meniscal . arthroscop y symptoms
) ) in the case of d ved as good, 11.5%
repair usin and receive
P g unstable tears y fair and 11.5%
fibrin glue partial
. ) poor by
Rasping  of meniscectom .
arthroscopic
tear y ]
evaluation
84%  with criteria
concomitant
Recurrence  of
ACL

reconstructio

n

meniscal
symptoms
correlated  with

insufficiency

of the
reconstructedAC
L, repair of fresh
tears, and repairs

requiring
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supplementary

meniscal sutures

Van Level IV || Patients that || Radial tears Outside-in 5 (N/S) 20 60 71 Second- Meniscus All cases healed
trommel et had complete look was deemed
Exogenous
al., 19987 radial split at - arthroscop to be healed
fibrin clot
the level of y if there was
the popliteus Rasping  of MR no fluid
fossa tear imbibition
extending 20%  with into the
from the concomitant substance of
periphery to ACL the
the  central reconstructio fibrocartilage
part of the n on MRI
lateral
meniscus
Kamimur Level IV || Patients that || Horizontal All-inside 9 (N/S) N/S 100 12 Second- N/S Cleft had closed
&Kimura had cleavage tears with  FasT- look and had healed
et al., horizontal Fix arthroscop with a layer of
20018 cleavage y vascular synovial
Exogenous
tears  with - tissue extending
fibrin clot
meniscal over the proximal
degeneration surface of the
lateral meniscus
Kamimur Level IV || Patients that || Horizontal All-inside 18 (60 || 36 56 41 Lysholm N/S Complete healing
&Kimura had a || cleavage tears with  FasT- || for in 70% of patients
7 for second-look || IKDC
et al., horizontal Fix second- as assessed by
arthroscopy
2014% cleavage tear look Tegner arthroscopy
Exogenous
associated arthrosc
. fibrin clot Second-
with opy) look

degeneration
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identified 17% with arthroscop
using  MRI concomitant y
and ACL
arthroscopy reconstructio
Clinical n
findings
limited to a
positive
McMurray
test or pain
during
movement,
especially in
full flexion
Tenderness
of the
femorotibial
joint line
No limitation
of range of
motion
Jang & Ra || Level IV || Patients that || Radial, Suturing 41 (N/S) N/S 100 Second- N/S Failure rate was
et al., had a radial || longitudinal in Exogenous look 5%
20117 tear that was || R/Wzone, o arthroscop
fibrin clot
deemed transverse  and y
repairable oblique tears Rasping  of MRl
tear
Synovial

abrasion
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Ra et al, || Level IV || Patients that || Radial tears Inside-out 12 (92) N/S 100 30 IKDC N/S Complete healing
2013% had complete in 92% patients
Exogenous 11 for MRI Lysholm
radial tears of - on MRI
fibrin clot
the meniscus MRI
Raspin of
pIng Second-
tear
look
Synovial arthroscop
abrasion y
17% with
concomitant
ACL
reconstructio
n
Table 4 Clinical studies of meniscus repair augmentation by platelet-rich plasma.
Study Design Inclusion Type of tear || Surgical Sampl || Mean age | FU rate || Mean FU times | Outcome Definition of || Results
criteria treated approach e size || (years) (%) (months) measures failure
(%
males)
Griffin et || Level Il Patients who || Bucket  handle || Inside-out 35 31 100 48 IKDC Known Failure rates were
al., 2015% underwent and  horizontal, o (80) recurrence of || 27% in PRP+
All-inside Tegner-
arthroscopic eripheral reoperation roup and 25% in
P perp Outside-in 15 Lysholm P group °
meniscus horizontal, ith PRP- group
L wi
repair during || peripheral Application Return  to o
PRP Clinical outcome
a particular || longitudinal, of  Cascade sport o
. . PRF similar for both
period at one || horizontal, Return  to groups
itudi delivered
center and || longitudinal  at work

R/W  junction,

arthroscopica




210

were over 18 || longitudinal, Iy and || 20 RofM
years bucket-handle, sutured into || withou
vertical and || the repair site || tPRP
undersurfacetears || using a PDS
suture
0% with
concomitant
ACL
reconstructio
n
Pujol etal., || Level Il Patients Horizontal Open 34 30 100 32 KOOS Failure was || Failure rates were
2015% younger than || cleavage tears || suturing (71) IKDC defined as a || 5.8% in PRP+
40 years with || extending into the . reoperation group and 11.8%
Injection of || 17
a avascular zone . MRI on the same || in PRP- group
GPSIIl PRP || with
symptomatic . . knee for a .
directly into || PRP Clinical
horizontal . meniscectom
the repair outcomes  were
cleavage ) ) 17 y or an ) )
lesion  prior . slightly improved
(Grade Il or withou iterative .
to closure . by the addition of
1) of the t PRP repair of the .
. PRP (pain and
meniscus and Rasping  of same .
- . sports  activity
persisting tear meniscus .
) subcategories)
pain after 0% with
complete concomitant
medical ACL
treatment reconstructio
(rest, n
physiotherap
Y,

intraarticular
injections of
corticosteroi
ds) for at
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least 6

months

Table 5 Clinical studies of meniscus repair augmentation by wrapping.

and bucket-

handle tears

concomitant ACL

reconstruction

Study Design Inclusion Type of tear | Surgical Sample size | Mean FU rate (%) Mean FU | Outcome Definition of | Results
criteria treated approach (% males) age times measures failure
(years) (months)
Henning Level IV Patients aged | Single Rasping of tear 153 (N/S) 23 100 4 Arthrogram | Healing over | Failure rate
et al., 14 to 45 years | longitudinal, . less than 50% | was 12%
Suturing Second-
1990% with  unstable | double of the vertical .
) o . . look ) Failure rate
torn meniscus | longitudinal, Wrapping  with height  was
. arthroscopy greater  for
that underwent | triple fascial sheath considered a
. . — . complex tears
repair during a | longitudinal, Exogenous  fibrin failure
particular radial, flap, clot Exogenous
period horizontal split blood  clots
92% with decreased

failure rate in
isolated tears
(41% to 8%)

Exogenous
blood
with

clots
fascial
sheath
decreased

failure rate in
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complex tears
(22% to 11%)

Henning | Level IV Patients  with | Double Rasping of tear 31 with sheath | N/S 100 6t09 Arthrogram | Healing over | Failure rates
et al., unstable longitudinal, . (N/S) less than 50% | were 8% with
Suturing Second-
1991% complex tears | double flap and . of the vertical | sheath  and
. . 58  without look
that underwent | radial tears Wrapping  with . height ~ was | 24% without
. sheath in arthroscopy
repair during a fascial sheath ) considered a | sheath
) previous ]
particular Exogenous fibrin | series (N/S) failure
period clot
81% with
concomitant ACL
reconstruction
Jacobi & | Level IV Patients  with | Complex, Inside-out 30 (63) N/S 100 30 Clinical Persistence of | Failure rate
Jacob et tears in the R/R | bucket-handle . . examinatio | symptoms was 10%
Wrapping  with
al., or R/W zones, | and longitudinal . n
collagen matrix
2010% complex tears, | tears
de|ayed 33% with
traumatic tears concomitant ACL
with reconstruction
degenerativeas
pects, or repeat
sutures
Piontek Level IV Full-thickness, Combined All-inside  with | 53 (75) 37 94 24 IKDC Failure if at | Failure rate
et al., combined (horizontal and | FasT-Fix the follow-up | was 4%
Lysholm
2016% meniscal  tear | radial or . . process n
Wrapping  with Clinical
greater than 20 | longitudinal . Barret patient
collagen matrix outcome
mm in length component) and underwent
g P ) ) MRI improved in
Horizontal and complex 0% i partialicomple 86.8% of the
.07/0
concomitant ACL WORMS

radial tear

meniscal  tears

(tear extended

reconstruction

te

meniscectomy
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Tear location | through or knee | intended to
reaching more | avascular zones replacement treat cases
than 6 mm from | or/and

Non-
the composed with

homogeneous

meniscocapsula | two or more . .
signal without

r junction | morphological .
meniscal tear

including the | tear pattern)

in 76% of
avascular zone

cases on MRI
Both (WORMS
degenerative Grade 1)

and non-
degenerative

meniscus  (i.e.,
horizontal and
radial tears,
involving  the
W/W and R/W
zones, as well
as  extensive
tears of the
bucket-handle
type)

FU: Follow-Up; N/S: Not Specified; R/R: Red-Red; R/W: Red-White; W/W: White-White; ACL: Anterior Cruciate Ligament; WOMET:
Western Ontario Meniscal Evaluation Tool; QofL: Quality of Life; RofM: Range of Motion; KOOS: Knee Injury and Osteoarthritis
Score; IKDC: International Knee Documentation Committee; MRA: Magnetic Resonance Arthrography; MRI. Magnetic Resonance
Imaging; WOMAC: Western Ontario and McMaster Universities Osteoarthritis Index; SF-36: Short-Form 36; WORMS: Whole Organ
MRI Score; AAOS: American Association of Orthopaedic Surgeons; UK-ACL: University of Kentucky Anterior Cruciate Ligament
Test.



