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Abstract

Bone presents high mechanical properties and is the main support of the musculoskeletal
system. Additionally, bone structure is able to remodel and readapt under external mechanical
solicitations, and the remodeling mechanism is the result of the activity of osteocytes,
osteoblasts and osteoclasts. Despite its ability to remodel, bone loss occurs as result of aging,
disease, or injury. Therefore, medical intervention (conventional surgery or minimal invasion
surgery) is required to maintain skeletal functionality. Conventional surgery is associated with
higher risk of infection, while minimal invasion surgery has the advantage of lowering the
risk of infection and allowing faster recovery of patients, leading to gain in terms of patient
comfort as well as decreased hospital stay. Hence, many studies have been focused on the
development of injectable materials in order to improve minimal invasion surgeries. In this
project a novel injectable and osteoinductor material is described.

The injectable system was prepared from hydroxyapatite (HAp) microspheres and polymeric
vehicles. Hydroxyapatite microspheres with diameter around 500 pum were obtained with
enough strength to withstand extrusion procedures. To optimize the vehicle three polymers
were tested: carboxymethylcellulose, hydroxypropylmethylcellulose and alginate.
Rheological properties of the polymeric solutions were evaluated. The alginate solution
7.25% (w/w) was selected as vehicle for future studies since it presented the best rheological
properties. Finally, the stability of the alginate solution was analyzed for 3 months, showing
that either at 4 °C or 25 °C the rheological properties were maintained.

The gelation and the injectability of the mixtures (alginate solution/HAp microspheres) were
further analyzed for clinical applications. The vehicle gelation conditions were optimized in
order gelify in 10 to 15 minutes. To accomplish this objective, CaCOs as source of Ca* and
GDL as acidifying agent were used. Additionally, the pH of the solution was maintained in
the range of physiological conditions. Using ratios of CaCO;/GDL=0.5 and
Ca’"/CO0™=0.288 allowed gelation in about 11 minutes. Finally, several mixtures were
injected and allowed to gelify in order to evaluate their mechanical properties. Mixtures
prepared using 35% (w/w) of microspheres originated the best compromise between
injectability and mechanical properties. This system (vehicle/microspheres) may be adequate

for future clinical application, since it allowed gelification at 37 °C, used biocompatible
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compounds, and its compression strength was closer to that of trabecular bone than most of

the materials that have been used in vertebroplasty.

To overcome the osteoinduction limitations of the injectable system studied, in the second
part of this work, a novel osteoinductor system with improved bone regeneration ability was
developed. It explored the endochondral mechanism using a 3D structure of chitosan
(sponges) as scaffold for chondrocyte culture.

Both in vitro and in vivo studies were completed to test the hypothesis that a mature cartilage
scaffold carries all the signals to make new bone. During in vitro studies the chitosan sponges
were seeded with chondrocytes harvested from caudal (CD) and cephalic (CP) regions of 14
days chick embryo sterna. Sponges seeded with CD cells worked as control whereas sponges
seeded with CP cells were the experimental group. Both groups were cultured for 20 days and
treated with retinoic acid (RA) over the last 10 days of culture to induce chondrocytes
maturation. Chondrocytes proliferated into the sponges and after 20 days pores were
completely filled with cells and matrix. However, only CP cells responded to the RA
treatment, undergoing hypertrophy characterized by high amounts of type X collagen and
active alkaline phosphatase enzyme. To investigate the ability of these scaffolds to induce
new bone formation, in vivo studies using nude mice were conducted. Both control and
experimental cartilage/chitosan scaffolds were implanted subcutaneously in the same animal,
and the formation of ectopic bone was evaluated over time. Animals were sacrificed monthly
for five months. In experimental scaffolds, mineralization was observed one month after
surgery and a bone-like layer was formed after two months. Moreover, the amount of mineral
and bone deposited increased during the period of study in those experimental scaffolds. After
five months, bone trabeculae and bone marrow cavities were formed inside the scaffolds, and
the bone deposited was similar to the bone of the mice vertebra. Interestingly, no bone
formation was observed in control implants. In conclusion, an engineered transient cartilage

template carries all the signals necessary to induce endochondral bone formation in vivo.
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Resumo

O osso como o principal componente que sustenta estruturalmente o sistema musculo-
esquelético apresenta elevadas propriedades mecanicas. Além disso, a estrutura dssea tem a
capacidade de se regenerar ¢ adaptar quando solicitada mecanicamente. Essa capacidade
regenerativa resulta da actividade de ostedcitos, osteoblastos e osteoclastos. No entanto, a
perda de massa dssea ocorre ao longo do tempo devido ao envelhecimento, a doengas ou a
acidentes. Assim, para manter o sistema esquelético funcional, ha necessidade de intervencao
médica, sendo as principais intervengdes em estruturas Osseas realizadas através da cirurgia
convencional ou da cirurgia minimamente invasiva. Enquanto que a cirurgia convencional
estd associada a um elevado risco de infec¢do, a cirurgia minimamente invasiva torna esse
risco mais baixo e possibilita uma mais rapida recuperagdo dos pacientes ganhando-se em
conforto para estes e em recursos hospitalares mobilizados. Por essas razdes, diversos
trabalhos tém sido orientados no sentido de desenvolver materiais injectaveis apropriados a
cirurgias minimamente invasivas. No presente trabalho sdo descritos novos materiais
injectaveis e osteoindutores.

O sistema injectavel foi preparado a partir de hidroxiapatite (HAp) e de polimeros naturais. A
HAp foi usada para a produ¢ao de microesferas, enquanto que solugdes poliméricas foram
usadas para optimizacdo de um veiculo. As microesferas obtidas apresentam didmetro médio
de aproximadamente 500 um e a sua resisténcia a compressao ¢ suficiente para suportar os
esfor¢os aplicados durante a extrusdo. Para a optimizag¢do do veiculo, foram estudados trés
polimeros: carboximetilcelulose, hidroxipropilmetilcelulose e alginato. As propriedades
reologicas das solugdes poliméricas foram avaliadas e a solugao de alginato 7,25% (w/w) foi
seleccionada como veiculo para estudos futuros. No final foi analisada a estabilidade da
solugdo de alginato durante 3 meses, tendo os resultados mostrado que as propriedades
reologicas se mantiveram, quer a solucao tenha sido armazenada a 4 ou a 25 °C.

A injectabilidade e gelificacdo das misturas (solucdo de alginato/microesferas de HAp) bem
como a caracteriza¢cdo mecanica dos compositos obtidos foram estudadas posteriormente. O
veiculo foi optimizado de modo a gelificar num periodo de tempo entre 10 e 15 minutos. Para
tal, foi usado CaCO;3 como fonte de ides Ca*” e GDL como acidificante. O pH da mistura foi
mantido semelhante ao pH fisiologico usando a razdo CaCOs;/GDL=0,5. A razao

Ca**/CO0™=0,288 permitiu gelificar a solu¢io em aproximadamente 11 minutos. No final




foram injectadas e gelificadas varias misturas para avaliagdao das propriedades mecanicas dos
compositos obtidos. As misturas com 35% (em peso) de microesferas permitiram obter a
melhor relagdo injectabilidade/propriedades mecanicas. Este sistema (veiculo/microesferas)
apresentou-se adequado para futuros testes, uma vez que gelifica a tempertura de 37 °C, ¢
composto por materiais biocompativeis e, apos gelificagdo, apresenta resisténcia a
compressao mais proxima da do osso trabecular do que os materiais aplicados habitualmente

em vertebroplastia.

Para ultrapassar as limitagdes osteoinductoras do sistema injectavel estudado, na segunda
parte deste trabalho foi desenvolvido e testado um novo sistema osteoinductor com
capacidade regenerativa melhorada. Esse novo sistema explora o mecanismo endocondral
usando estruturas 3D de quitosano (esponjas) como substrato para a cultura de condroécitos.
Para testar a hipdtese de formagdo de osso endocondral a partir de cartilagem foram
realizados estudos in vitro e in vivo. Durante os estudos in vitro, as esponjas de quitosano
foram semeadas com condrocitos recolhidos das regides caudal (CD) e cefalica (CP) do
externo de embrides de pinto com 14 dias de gestagdo. As esponjas semeadas com células CD
foram referenciadas como controlo, enquanto que as esponjas semeadas com cé¢lulas CP
funcionaram como o grupo experimental. Ambos os conjuntos foram mantidos em cultura
durante 20 dias. Durante os ultimos 10 dias em cultura foi adicionado acido retinoico (RA) ao
meio para induzir a maturagdo dos condrocitos. Foi observado que quer os condrocitos CP
quer os condrocitos CD, proliferaram para o interior das esponjas ¢ que, ap6s 20 dias em
cultura, os poros das esponjas estavam completamente preenchidos com células e matriz.
Apenas os condrocitos CP responderam ao tratamento com RA, produzindo elevadas
quantidades de colagénio tipo X e de enzima fosfatase alcalina muito activa.

Para avaliar a capacidade destas estruturas na inducao de novo osso foram realizados estudos
in vivo usando ratos imunodeficientes. Ambos os grupos (controlo ¢ experimental) foram
implantados no mesmo animal subcutaneamente, tendo o estudo decorrido durante 5 meses
com recolha de animais mensalmente. Os resultados mostraram que apds um més ocorreu
mineralizagdo no grupo experimental e que, apds dois meses, houve formacao de uma camada
de osso na superficie das estruturas implantadas. Durante o estudo a quantidade de mineral e
de osso depositado aumentaram continuamente. Apos cinco meses, foi observado osso na
seccao transversal das amostras do grupo experimental, com caracteristicas muito semelhantes

as do osso trabecular. Na superficie o osso formado ¢ semelhante a osso cortical e apresenta
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Resumo

espessura proxima da dos ossos das vértebras dos ratos. Curiosamente, nao foi observado osso
no controlo. Em conclusdo, o modelo de cartilagem transiente desenvolvido possui todos os

sinais necessarios para induzir a formagao de osso endocondral in vivo.
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Résumé

L'os comme le principal composant qui soutient structurellement le systéme muscle-
squelettique exige d'¢levés propriétés mécaniques. En outre, la structure osseuse a la capacité
de se régénérer et de s’adapter quand celle-ci sollicitée mécaniquement. Cette capacité
régénératrice résulte de l'activité d'ostéocytes, d'ostéoblastes et d'ostéoclastes. Néanmoins, la
perte de la masse osseuse peut se dérouler au long du temps di au vieillissement, a des
maladies ou a des accidents. Ainsi, pour maintenir le systéme squelettique fonctionnel, il y a
la nécessité de l'intervention médicale. En étant les principales interventions dans des
structures osseuses réalisées a travers de la chirurgie classique ou de la minimal invasive
chirurgie. Tandis que la chirurgie classique est associée a un ¢élevé risque d'infection, la
minimal invasive chirurgie rend ce risque plus bas et rend possible une récupération plus
rapide des patients en gagnant du confort pour ceux-ci et en ressource hospitaliers
disponibles. Pour ces raisons, de divers travaux ont été guidés dans le but de développer des
matériaux injectables qui permettent d'améliorer les minimales invasives chirurgies. Pendant
le présent travail sont décrits de nouveaux matériaux injectables et osteoinducteurs.

Le systéme injectable a été préparé a partir de hydroxyapatite (HAp) et de polymeres naturels.
La HAp a ¢été utilis¢ pour la production de microsphéres tant dit que les solutions
polymériques ont été utilisées pour optimisation d'un véhicule. Les microsphéres obtenues
présentent un diamétre moyen approximativement de 500 pm et sa résistance a la
compression est suffisante pour supporter les efforts appliqués pendant I'extrusion. Pour
I'optimisation du véhicule, ont ¢été étudiés trois polyméres: carboxyeméthylcellulose,
hydroxypropylméthylcellulose et alginate. Les propriétés rhéologiques des solutions
polymériques ont été évaluées et la solution d'alginate 7,25% (w/w) a été sélectionnée comme
véhicule pour futures études. A la fin s'est analysée la stabilité de la solution d'alginate
pendant 3 mois et les résultats ont montrés que les propriétés rhéologiques se sont maintenues
que la solution ait été stockée a 4 ou 25 °C.

L’injectabilité et gélification des mélanges, solution d'alginate/microsphéres de HAp, ainsi
que la caractérisation mécanique des composites obtenues se sont écoulées ultérieurement. Le
véhicule a été optimisé¢ de mani¢re a gélifier dans une période de temps entre 10 et 15
minutes. Pour cela s'est utilis¢ CaCOz; comme source d'ions Ca*" et GDL comme acidifiante.

Le pH du mélange a été maintenu semblable au pH physiologique en utilisant la raison




CaCO3/GDL=0,5. La raison Ca’/COO™=0,288 a permis gélifier la solution dans
approximativement 11 minutes. A la fin ont été injectées et gélifiées plusieurs mélanges pour
¢évaluation des propriétés mécaniques des composites obtenues. Les mélanges avec 35% (en
poids) de microspheres ont permis d'obtenir la meilleure relation injectabilités/propriétés
mécaniques. Ce systéme (véhicule/microspheres) s'est présenté approprié pour de futurs essais
vu que permet la gélification a la température de 37 °C, se compose de matériaux
biocompatibles et, apres gélification, présente résistance a la compression la plus proche de

l'os trabéculaire que les matériaux appliqués habituellement en vertébroplastie.

Dans la deuxiéme partie de ce travail s'est développé et test¢é un nouveau systeme
osteoinducteur avec la capacité régénératrice améliorée. Ce nouveau systéme explore le
mécanisme endochondral de formation de I’os en utilisant des structures 3D de quitosan
(éponges) comme substrat pour la culture de chondrocytes.

Pour se tester I'hypothése de formation d'os endochondral a partir de cartilage, des études ont
été réalisées In vitro et in vivo. Pendant les études in vitro, les éponges de quitosan ont été
semées avec des chondrocytes rassemblées des régions caudal (CD) et céphalique (CP) de
I'externe d'embryons de poussin avec 14 jours de gestation. Les éponges semées avec des
cellules CD ont été référencées comme contrdle tandis que les éponges semées avec des
cellules CP ont fonctionné comme le groupe expérimental. Les ensembles ont été maintenus
en culture pendant 20 jours. Pendant les 10 derniers jours en culture a été ajoutée acide
rétinoique (RA) au moyen pour induire maturation des chondrocytes. S'est observé que, soit les
chondrocytes CP soit les chondrocytes CD ont proliféré vers l'intérieur des éponges et que,
aprés 20 jours en culture, les pores des éponges étaient complétement remplis avec cellules et
matrice. Seulement les chondrocytes CP ont répondus au traitement avec RA en produisant des
quantités €levées de collagéne type X et d'enzyme phosphatase alcaline tres active.

Pour évaluer la capacité de ces structures dans l'induction de nouvel os ont été réalisés des
¢tudes in vivo en utilisant des souris immunodéficients. Les deux groupes (contréle et
expérimental) ont été implantés au méme animal sous-cutanée et 1'étude s'est déroulé pendant
5 mois avec collecte d'animaux mensuellement. Les résultats ont montré qu'aprés un mois
s'est produit minéralisation dans le groupe expérimental et que, aprés deux mois, il y a eu
formation d'une couche d'os a la surface des structures implantées. Durant 1'é¢tude la quantité
de minéral et d'os déposé ont augmenté continliment. Aprés cinq mois, a été observé de 1’os

dans la section transversale des échantillons du groupe expérimental trés semblable a 1’os




Résumé

trabéculaire enveloppé par moelle osseuse. Dans la surface 1'os formé est semblable a I’os

cortical et présente épaisseur proche a celle des os des vertebres de souris.
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Aim and structure of this thesis

AIM AND STRUCTURE

The search for materials to replace bone defects has been increasing over last decades.
Besides mechanical properties, most of these materials should be biocompatible and present
osteoindunction properties in order to improve bone formation. However, surgical techniques
should also be investigated in order to diminish patients’ pain. In this context, minimally
invasive surgery is becoming increasingly used, for which injectable materials have to be
developed.

Considering those aspects, the main aim of the work described in this thesis was the
development of injectable materials and the preparation of osteoinductor scaffolds able to
induce bone formation. Injectable materials were prepared using hydroxyapatite (HAp)
microspheres and an alginate solution 7.25% (w/w) as vehicle, whereas the osteoinductor

scaffolds were prepared using chondrocytes seeded in chitosan sponges.

This work is presented in VII chapters. A brief introduction is made in chapter I and the
complete experimental work is presented in the five following chapters (chapter II to VI).

Chapter VII presents the concluding remarks and future directions.

Chapter |

In this first chapter, an introduction to biomedical materials, namely ceramic and polymeric
materials, is presented. Ceramic materials (glass-ceramics and calcium phosphates) properties
and applications are discussed briefly, whereas polymeric materials (cellulose derivatives,
alginate and chitosan) structure and properties are presented in more detail. Besides the
pertinent discussion of the properties of these materials, a literature review about
biocompatibility, biodegradation, and biomedical applications (drug delivery, wound
dressing, orthopedics and cell culture) is presented. In addition, different types of injectable
systems (pastes, gels, and microspheres), their applications and preparation methods
(thermoplastic pastes and crosslinking techniques) are presented. Finally, an overview of
transient cartilage during endochondral mechanism (growth plate, mineralization, vascular

invasion, apoptosis, and ossification) is discussed.




Chapters Il, Il and 1V - Injectability

For orthopedic applications, materials strength should be similar to bone strength. Thus,
Chapter II covers the preparation and optimization of HAp microspheres able to function as
the structural phase of an injectable material. The microspheres were produced by drop-wise
of different suspensions of HAp particles (“Captal s, “Captal 20” or “Captal 30”) into a
CaCl; solution. After formed, microspheres were dried overnight and then sintered at 1100,
1200 or 1300 °C. After sintering, the compression strength and diameters of the microspheres
were evaluated. Microspheres produced from “Captal s” particles and sintered at 1200 °C for
1 hour were selected for the rest of the work. They presented a diameter of 535438 um and
their compression strength (0.35+0.08 N) was enough to withstand an injection procedure.
Among microspheres prepared from other particles, only microspheres prepared from “Captal
20” and sintered at 1300 °C for 6 hours presented strength higher than 0.35 N. However, these
microspheres presented a surface rougher than microspheres prepared using “Captal s”

particles.

Chapter III describes the selection and optimization of a biocompatible vehicle able to carry
HAp microspheres through a device used to inject bone cement in minimally invasive
surgeries. The selection of the vehicle was based on the rheological properties of different
solutions of alginate, hydroxypropylmethylcellulose and sodium-carboxymethylcellulose.
Viscosity was assessed using a viscometer fitted with concentric cylinders and injectability
was performed using the device mentioned above. Among the three polymers, alginate
solutions presented a behavior closer to a Newtonian fluid, showing a small decrease in
viscosity at shear rates below 30 s'. After preliminary injection tests using HAp
microspheres, sterile alginate 7.25% (w/w) was selected as the most appropriated vehicle.
Finally, physical stability of this solution was studied at 40, 25 and 4 °C over three months. It
was observed that rheological properties presented minor changes when the vehicle was

stored at 25 or at 4 °C.

In Chapter IV the gelation process of sterile alginate 7.25% is described, as well as the
injectability of mixtures prepared using this alginate solution and HAp microspheres. To
promote gelation, CaCO; was used as source of Ca>" and a ratio Ca®"/COO =0.288 was able
to induce gelation in about 11 minutes; therefore, this ratio was used to prepare the vehicle to

perform injectability tests. This vehicle, ready to undergo gelation at 37 °C, was mixed with




Aim and structure

different concentrations of HAp microspheres (20, 30, 35, and 40%) and, each mixture, was
extruded using the injectable device. After gelation at 37 °C, mechanical properties of the
ceramic/polymeric composites were evaluated. Composites prepared using 35% of
microspheres presented the best compromise between injectability and compression strength.
Therefore, this composition was considered the most appropriated formulation to inject in

bone defects.

Chapters V and VI - Osteoinductible constructs

Chapter V describes the preparation and properties of chitosan sponges, and reports the in
vitro studies conducted to evaluate chondrocytes proliferation and maturation in those
scaffolds. Chitosan sponges were prepared by a freeze/drying process, resulting in pores of
about 100 um of diameter. Chondrocytes were harvested from caudal (CD), permanent
cartilage, and cephalic (CP), transient cartilage, areas of the sterna of 14 days chick embryos.
After seeded in sponges, chondrocytes were cultured for 20 days, and treated with retinoic
acid to induce maturation and matrix synthesis. Results showed chondrocytes attachment,
proliferation and an abundant matrix synthesis, completely obliterating the pores of the
sponges. However, only CP chondrocytes underwent maturation and markedly changed the
mechanical properties of the CP chondrocytes/chitosan constructs. As a result, transient

cartilage scaffolds and permanent cartilage scaffolds were developed.

To investigate the ability of transient cartilage scaffolds to mimic the process of bone
formation occurring at growth plates, in vivo studies were performed. These studies are
reported in Chapter VI. After 20 days in culture, both transient and permanent cartilage
scaffolds were implanted subcutaneously into the back of nude mice. Animals were sacrificed
monthly and bone formation was evaluated over a period of five months. Mineralization was
assessed by Faxitron, micro computed tomography, scanning electron microscopy and Fourier
transform infrared spectroscopy analyses. Histological analysis provided further information
on tissue changes in the scaffolds. In transient cartilage scaffolds, bone formation was evident
as early as one month after surgery, and increased over the implantation period with bone and
bone marrow cavities developing throughout the implant. Interestingly, bone deposited was
similar to the bone of the mice vertebra and no bone formation was observed in permanent

cartilage scaffolds.




Chapter VII - Concluding remarks
In the last chapter of the thesis a short general discussion is presented, while detailed

discussions are provided in each of the preceding chapters. Possible directions for future

research are also proposed.
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Chapter I

INJECTABLE SYSTEM AND SCAFFOLDS TO PROMOTE ENDOCHONDRAL
MECHANISM FOR BONE REGENERATION

INTRODUCTION

Bone, a vigorous, well-vascularized tissue has an exceptional capability to heal and remodel,
and to rapidly activate mineral stores on metabolic demand.' Its main role is to provide
structural support for the body and to serve as a mineral reservoir. It also supports muscular
contraction resulting in motion, withstands load bearing and protects internal organs.'”
Therefore any major change in its structure due to injury or disease can significantly alter
one’s body equilibrium and quality of life.

Every year, more than a million bone-implants procedures are performed in the world, about
500,000 only in the United States, using a wide variety of bone implants materials. However,
the search for an ideal bone implant material is still going on. Although major advancements
occurred in the field of bone regenerative medicine in the past years, current therapies, such as
bone grafts still have several limitations. Despite the fact that materials science expertise has
resulted in numerous improvements in the field of bone grafting, no adequate bone substitute
has been developed. Thus, some of the severe injuries related to bone go inadequately treated.
Current orthopedic replacement materials do not perfectly adjust to the defect to be treated,
resulting in increased difficulties in adjacent tissue growth. In addition, these grafting
materials need to be produced in advance, thus increasing the risk of contamination. The fact
that the injury usually affects a large area and requires a considerable amount of time to

regenerate, also contributes to infection.

The first mention of bone transplantation goes far back to 1682 in the church literature where
a Russian soldier's cranial defect was successfully treated with a piece of dog skull.’ Since
then bone transplantation concept has changed and, nowadays, bone graft materials have been
divided in different groups on the basis of their origin: 1) Autografts or autogenous bone
grafts are considered the best grafting material in the craniofacial skeleton. They are obtained

from another site of the patient’s body. They can be cancellous (iliac crest) used to promote
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osteogenesis, or cortical (tibia) used when stability is required. They have superior capacity to
promote osteogenesis and are not associated with immunologic problems. Disadvantages
include limited supply of the grafts, donor site morbidity and additional expense and trauma.”
2) Allografts — the grafts taken from another individual of same species. They are obtained 24
hours after the donor’s death and then freeze dried and processed. Demineralized human bone
matrix is also used as allogenic graft material. These grafts are easily obtainable but are
expensive, and associated with risk of disease transmission and immunogenic problems.’ 3)
Xenografts — obtained from another species such as bovine (deproteinized bone mineral or
sintered deproteinized bone), pig (porcine amelogenin), or coral. They are available in good
supply but are associated with the risk of disease transmission such as bovine spongiform
encephalopathy — “mad cow disease”.”

Considering all the disadvantages above mentioned, a significant amount of research has been
done to develop synthetic bone graft materials or alloplastic materials. They are available in
powder, granules, blocks, cements and coatings. Those materials can be bioactive (capability
to chemically bond with surface of surrounding bone without fibrous involvement occurs), or
bioinert with no chemical bonding. Although some of alloplastic materials are
osteoconductive, they have been incorporated with growth factors and progenitor cells to
make them osteoinductive.® Alloplastic materials include ceramics (alumina, zirconia,
calcium phosphate, calcium sulphate, calcium carbonate and bioglass), polymers (resorbable
and non-resorbable) of natural origin (collagen, chitosan, alginate, etc.) or synthetic
(polyethylene, polylactic acid, polyglycolic acid), metals (titanium and its alloy), and
composites.”®

I and have appropriate pore size, with

An ideal bone graft should be biocompatible,
interconnected pores to allow cell ingrowth and an accurate cell distribution throughout the
porous structure. The porosity should facilitate the neovascularization, capillary ingrowth,
accurate diffusion of nutrients and gases, and the removal of metabolic waste resulting from
the activity of the cells that have grown into the scaffold.'? Pore size is an important issue to
address since small pores are unsuitable for tissue ingrowth while big pores would affect the
mechanical properties of the scaffold which might be important in areas of higher strength.
The scaffold should also be osteoinductive'® and present appropriate surface properties since

the chemistry and topography of surface affect both cellular adhesion and proliferation.'*"” T

n
addition, the scaffolds should withstand the hydrostatic pressures and maintain the spaces

required for cell ingrowth and matrix production, in vitro and ultimately in vivo."' Because
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bone is always under continuous stress, the mechanical properties of the implanted construct
should ideally match those of living bone in order to enable a faster mobility of the injured

site.”!!

Furthermore, an ideal scaffold’s degradation rate must be tuned appropriately with the
growth rate of the new tissue, in such a way that by the time the injury site is totally

regenerated the scaffold is totally degraded.'®

Ceramic materials

Over the past decades, ceramic materials have been given a lot of attention as candidates for
implant materials. Despite their low toughness, they possess certain highly desirable
characteristics as hardness and compression strength. For instance ceramics have been used in
dentistry for dental crowns owing to their inertness to the body fluids, high compressive

strength, and good aesthetical appearance.'”'®

The two principal ceramic material groups used
in orthopedics are glass-ceramics and calcium phosphates, which are described in next
paragraphs.

In the early 1960s, polycrystalline ceramics (glass-ceramics) made by controlled
crystallization of glass were developed.'” The most used systems are SiO,-CaO-Na,O-P,0s
and Li,0-ZnO-SiO, systems which are the base of Bioglass® and Ceravital®, respectively.
Glass-ceramics have several desirable properties compared to glasses and ceramics. The
thermal expansion coefficient is very low, typically 107/°C to 10°/°C and in some cases, it
can be made even negative. Due to the controlled grain size and improved resistance to
surface damage, the tensile strength of these materials can be increased at least a factor of
two, from about 100 MPa to 200 MPa. Another important aspect is the mechanical strength of
bone-Bioglass® which is of the same order of magnitude of the bulk glass-ceramic strength
(83.3 MPa) and about three-fourths of the host bone strength.

The main drawback of glass-ceramics is their brittleness. Hence, they cannot be used for
making major load-bearing implants, such as joint implants. However, they can be used as
fillers for bone cement, dental restorative composites, and coating material.'* %

Calcium phosphates are a type of ceramic that has been widely used as artificial bone. It has
been synthesized and used for manufacturing of various forms of implants as well as for solid
or porous coatings. Applications include dental implants, periodontal treatment, alveolar ridge
augmentation, orthopedics, maxillofacial surgery, and otolaryngology, among others.

Different phases of calcium phosphate are used, depending upon whether a resorbable or

bioactive material is desired.'®*” The applications of calcium phosphates as implants are also
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strongly influenced by their mechanical behavior. Tensile and compressive strength and
fatigue resistance depend on the total volume of porosity which can be in the form of
micropores (<Ium diameter, due to incomplete sintering) or macropores (>100um diameter,
created to permit bone growth).”

The stable phase of calcium phosphate ceramics depends considerably upon temperature and
the presence of water, either during processing or after implantation. At body temperature,
only two calcium phosphates are stable when in contact with aqueous solution such as body
fluids. At pH<4.2, the stable phase is CaHPO4.2H,0O (dicalcium phosphate, DCP), while at
pH>4.2 the stable phase is Ca;o(PO4)s(OH), (hydroxyapatite, HAp). At higher temperatures,
other phases such as Ca3(PQOy); (tricalcium phosphate, B-TCP) and CasP,0y (tetracalcium
phosphate) are present. The unhydrated high-temperature calcium phosphate phases interact
with water or body fluids at 37 °C to form HAp which is the main mineral component of
bone. Therefore, synthetic porous HAp is widely used as bone substitute due to its
biocompatibility and its osteoconduction.”***2°

Jarcho et al. described the bonding process to HAp implants. A cellular bone matrix from
differentiated osteoblasts appears at the surface, producing a narrow amorphous electron
dense band only 3 to 5 um wide. Between this area and the cells, collagen bundles were seen.
Bone mineral crystals have been identified in that amorphous area. As the site matures, the
bonding zone shrunk to a depth of only 0.005 to 0.2 um and the result was normal bone
attached through a thin epitaxial bonding layer to the bulk implant.”’

Polymeric materials

Polymeric materials represent an important group of the biomaterials used today in medical
applications, since they exhibit properties (e.g. low density and high toughness) that cannot be
achieved by the other groups of biomaterials.”® Usually, polymeric materials for biomedical
applications are divided into two groups: biodegradable and non-biodegradable.”>° In the
present text we will focus in biodegradable polymers due to their suitability for the
biomedical application.

The term biodegradable is associated with materials susceptible of decomposition by natural
biological processes, such as the action of bacteria, plants, and animals®' though other terms
like absorbable, erodible, and resorbable have also been used in the literature to indicate
biodegradation. The interest in biodegradable polymers for biomedical engineering use has

dramatically increased during the past decade. The reason is the two major advantages when
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compared with non-biodegradable materials. Firstly, they do not elicit permanent chronic
foreign-body reactions due to the fact that they are gradually absorbed and do not
permanently leave traces of residues in the implantation sites.”” Secondly, some of them have

3233 Hence, surgical implants made from

recently been found to be able to regenerate tissues.
biodegradable biomaterials could be used as a temporary scaffold for tissue regeneration. This
approach towards the reconstruction of injured, diseased, or aged tissues is one of the most
promising fields in this century.

Many biodegradable polymers have been studied however this thesis was focus only on some

of based natural polymers that have been widely used for biomedical applications, such as: cellulose
derivatives (hydroxypropylmethylcellulose and carboxymethylcellulose), alginate and

chitosan.

Cellulose derivatives

Cellulose is the world’s most abundant natural, renewable and biodegradable polymer, its
main sources are wood pulp and cotton and it can present high stiffness and high crystallinitty
serving well as a structural engineering material. Cellulose basic monomeric unit is D-glucose
which are linked through a glycosidic linkage in the B-configuration between carbon 1 and

carbon 4 of adjacent units to form long chain 1,4-glucans (Figure 1).

OH
4 CH, HO OH

HO 5 O

Figure 1. Cellulose structure.

Cellulose is not soluble in common solvents which make its use as pharmaceutical product
more difficult.™® To use cellulose as a pharmaceutical material it should be soluble and
flexible, therefore is common to prepare cellulose derivatives to undergo those limitations.
Cellulose derivatives preparation becomes an easy process since cellulose molecules contain

more than 30% of hydroxyl groups. In fact, each cellulose unit possesses one primary and two

11
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secondary hydroxyl groups and those groups can undergo addition, substitution and oxidation
reactions. Although, hydroxyl groups are active, its availability to react can diverge from as
little as 10 to 15% in highly crystalline cellulose to as 98 to 100% in regenerated non-
crystalline cellulose.”

The preparation of cellulose derivatives depends on the average number of hydroxyls
substituted in D-glucose unit, which is known as the degree of substitution (DS). As result,
DS can vary from zero (cellulose itself) to a maximum of three (fully substituted cellulose).
The substitution of hydroxyl groups using ether groups results in cellulose ethers which are
the cellulose derivatives most used in medicine field and also the most widely used
polysaccharides in pharmaceutical industries®® like sodium carboxymethylcellulose and

hydroxypropylmethylcellulose.

Sodium carboxymethylcellulose (NaCMC)

Sodium carboxymethylcellulose is manufactured by an industrial process. Basically, NaCMC
(Figure 2) is prepared by treating cellulose with aqueous sodium hydroxide followed by
reaction with sodium chloroacetate. The main applications are the food industry as a thickener

or stabilizer compound and the pharmaceutical industry for personal care product. To achieve

?CHZCOONa

4  CH, HO OH 1
N O N
NO B

1.0
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Figure 2. Sodium carboxymethylcellulose structure.

a medical grade, a more refined material has to be prepared and the excess of salt removed
washing the materials with an alcohol-water solution. The DS is also an important parameter
to be controlled since at low DS (below 0.4) the polymer becomes insoluble. The DS control
is achieved controlling the time and the temperature of the reaction. NaCMC is non-toxic, and

generally non allergenic presenting high fluid absorbance and retention for long periods

12
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directly into its fibers which make it a good material for wound dressing applications
improving the wound healing process.”’® When in contact with fluids, NaCMC forms a soft
gel or a viscous solution which has led its use for wound care, in gel formulations and in
hydrocolloid dressing.

The use of NaCMC for optical purposes has also been developed. It is common to use
NaCMC in the improvement of dry eyes and to prepare ophthalmic viscosurgical devices to
ensure the maintenance of the ocular space hence protecting of the corneal endothelium.**'
Postoperative adhesion formation is the single greatest complication of a surgery. Fibrous
adhesions form at peritoneum, central nervous system, pericardium, pleura, and synovium.
The use of NaCMC as biomaterial was used in the form of films and gels reducing adhesion

4243 Most recently, diZerega et al.** have observed a significant

in a variety of animal models.
reduction of adhesion formation in women undergoing pelvic surgery.

This cellulose derivative is also seen as material with antioxidant properties, as an anti-
inflammatory enzyme stabilizer and it is considered as a potential matrix system for drug

delivery or controlled release of bioactive agents.*”™’

Its biocompatible properties also have
pushed NaCMC into bone growth research. Rodgers et al.*® have described NaCMC either
plain or combined with bone morphogenetic proteins as encouraging bone growth, suggesting

that NaCMC influence new bone formation because it is hydrophilic.

Hydroxypropylmethylcellulose (HPMC)

Hydroxypropylmethylcellulose as a cellulose derivative like NaCMC, is also prepared using
alkali cellulose, however, the reacting groups are methyl halide and propylene oxide resulting
the methyl and hydroxypropyl substitutes (Figure 3). HPMC has a wide range of industrial
applications particularly in food industry, pharmacy and medicine (health care, orthopaedics
and opthalmics).* Specifically, HPMC is used whenever there is a need to thicken, gel,
emulsity, suspend, stabilize, water retention and good workability. In food industry, HPMC
uses are based more on the ability to gelify on heating while in pharmacy and biomedical
fields, the drug controlled-release and the biocompatibility are very important properties. In
opthalmics, the presence of extremely toxic free radicals damage the corneal endothelium
inducing corneal edema, however the protection with HPMC shows effective against it,

preventing those damages.™

In orthopaedics, HPMC (3% aqueous solution) has also been widely studied as a carrier of

13
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ceramic particles to prepare injectable bone substitute systems (IBS). Most of these studies
were performed by Daculsi and his coworkers using biphasic calcium phosphate (BCP)

granules as reinforcement phase. Besides injectability, Daculsi’s group also studied the

B (I)CH3
HO OCH; CH, o HO OH
BTO
HO |
4  CH, © HO (I) B 4 |CHz 0
OICH3CHCH2 | CH3?HCH2 OCH;
(I)H OCHj

Figure 3. Hydroxypropylmethylcellulose structure.

interactions between IBS components (HPMC and BCP) as well as IBS nontoxicity,
biocompatibility and osteoinduction.’’™ In terms of HPMC/BCP interactions, it is suggested
the formation of complexes between Ca and HPMC which improve its affinity to the mineral
phase and the exceptional results achieved in animals studies™ though Dorozhkin’s study

reports no chemical interaction between calcium phosphates and HPMC.*

Alginate

Alginate is a natural polymer present within the cell walls and intercellular spaces of brown
algae and it is responsible for flexibility and strength of those marine plants.

Chemically, alginate is a linear unbranched copolymer of (1-4) linked a-L-guluronic (G) and
-D-mannuronic (M) acid residues. These acids are organized forming homopolymeric
regions of G and M, termed G- and M-blocks, respectively, with different lengths and
sequential arrangement.”’ Because of the particular shapes of the monomers and their modes
of linkage in the polymer, the geometries of the G-block regions, M-block regions, and
alternating regions are substantially different. Specifically, G-blocks are folded while the M-
blocks have a shape referred to as an extended band (Figure 4). The G- to M-block ratio is
important to control gel strength, with higher G contents resulting in higher mechanical
59,60

strength.” However, high G content diminish the activity of cells in culture.

In many applications, alginate gelification is required since scaffolds have to remain in site as

14
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well as they have to enable the encapsulation of drugs and cells. To obtain a hydrogel
structure, alginate crosslinking either covalently or ionically is common. The covalent

crosslinking has been reached using glutaraldehyde, isopropyl alcohol and genipin.®'™*

o 4 QOO OH | 4 COO o HO OH | of/JJ
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Figure 4. Chemical structure of alginate. G-blocks are folded and M-blocks extended.

Although, covalent crosslink improves the mechanical strength, the use of chemical agents
may lead to toxic effects or to unwanted reactions with drugs.®® Therefore, ionic crosslinking
has been used successful in areas of pharmacy and medicine as alternative. The gelation of
alginate by ionic crosslinking can be achieved by reaction with divalent ions such as Ca®",
Ba”", and Sr**. Monovalent cations and Mg*" ions do not induce gelation while Ba*" and Sr**

ions produce stronger alginate hydrogels than Ca*".*"%

This gelation takes place when those
divalent cations interact ionically with G-blocks, resulting in the formation of a three

dimensional network which is usually described as “egg-box” structure (Figure 5).%
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Figure 5. Egg-box juntion of Ca** ion in polyguluronate blocks.
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The preparation of such gels can be almost instantaneous forming microspheres or by
controlled gelation which is achieved controlling the divalent cations release into the solution.
The preparation of these controlled gelation hydrogels can be based in the use of CaCOs
suspensions, which are able to produce alginate gels using different gelation times since
CaCO; dissociation can be controlled by the regulation of the pH solution.”

Alginate has been used for long time in the food industry as stabilizer and thickener.
Although, that industry is very important for alginate production, its applications in pharmacy
industries are also widespread. Non-toxicity and biodegradability of alginate make these

products very well accepted in this industry as well in biomedical industry.

In terms of biodegradability, alginate is one of the most promising biodegradable materials
and it can be resorbed in few weeks depending on the concentration of the solutions and on
the composition of alginate used. The use of sodium alginate containing gentamicin sulphate
for the treatment of bone infections was studied in terms of its biodegradability after has been
inserted into a femur defect in rats. The physical disruption of alginate in small fragments was
observed in one week and the complete removal of the implant from the body tissues happen
in two weeks.”' Comparing the behavior of three different concentrations of sodium alginate
solutions in bone defects made in the tibia of rats, it was observed that a solution using 0.5%
(w/w) of alginate had disappear after 4 weeks in situ whereas solutions using 1.0% or 1.5%
(w/w) remained in the implantation site.”” The preparation of alginate sponges using 1.0%
(w/w) alginate to repair a defect in the facial nerve of cats were absorbed gradually and no
alginate residue was detected remaining in the treated defect after 16 weeks post-
implantation.” Mooney and coworkers evaluated the degradation of 3% (w/w) alginate
hydrogels by measuring the tensile strength and the molecular weight changes.” In their study
they prepared solutions using high G content alginates (MVG) and high M content alginates
(LVM) and cultured them with rat bone marrow cells. The results showed that MVG
hydrogels retained more strength for longer than LVM hydrogels and, after 12 days in culture,
MVG still retained 27% of its initial strength. Additionally, MVG hydrogels worked as

substrates for cell growth for over 4 weeks in culture. Suzuki et al.”

had prepared an alginate
hydrogel by dissolving ethylenediamine and water-soluble carbodiimide in 1% sodium
alginate aqueous solution (AGA-100) to use in wound healing and they investigated in vivo
degradation by implanting those dressing materials intramuscularly in rabbits. After 3 months

AGA-100 disappeared without inflammation in the implanted site.
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External applications of alginate as wound dressing are common since it forms hydrophilic
gels providing a moist wound environment which promotes healing and epidermal

76 More recently, it was developed and study a non-toxic and biodegradable

regeneration.
gel produced from gelatin, oxidized alginate and borax able to form a hydrogel in situ and to
mould into the shape of the wound defect which is an advantage over the preformed wound
dressing. On the other hand the use of gelatin can improve the haemostasis in bleeding
wounds and the borax improves the antiseptic and antiviral activity.”’

The treatment of infections is commonly based in systemic drugs applications; however for
some infections local delivery systems have also been used. Studies using alginate alone or in
combination with other polymers or calcium phosphates as a carrier for products delivery has
been performed. Microspheres of alginate prepared by emulsification were able to obtain a
high bovine serum albumin (BSA) encapsulation efficiency as well as a slow release profile in
vitro though this release profile was slower for alginate microspheres coated with poly(L-
lysine) or prepared with high alginate molecular weight.” Recently, the use of poly(L-lysine)-
coated alginate loaded with vancomycin was able to delivery this antibiotic locally in

concentrations above the minimum inhibitory concentration of staphylococcus aureus for 21

days.”

In orthopedics, the regeneration and the repair of cartilage defects after trauma, cancer or
metabolic disorders is still a major clinical challenge. Chondrocytes are known to
dedifferentiate when cultured in monolayer. However, dedifferentiated bovine articular
chondrocytes were able to redifferentiate after cultured in alginate beads subjected to a
pressure of 5% of oxygen.*” Even at atmospheric oxygen pressure, articular chondrocytes
cultured in alginate gels or in alginate beads retain a chondrocytic phenotype which was
showed by the synthesis of type II collagen and chondroitin-6-sulphate.*' ™

The preparation of 3D scaffolds using alginate mixed with HAp or with chitosan also support
chondrocytes, enhancing its proliferation and maintaining their phenotype and spherical shape
with monoriented and sparse actin microfilaments network.***°

The application of alginate and alginate derivatives scaffolds in the regeneration of bone
structures has been studied using osteoblasts cells encapsulated either in alginate

microspheres or just seeded in alginate solutions. Scaffolds prepared using alginate and

chitosan have allowed osteoblasts attachment, proliferation and deposition of a calcium

17



Chapter |

matrix in vitro.*® After in vivo implantation, calcium deposition occurred as earlier as the
fourth week and these hybrid scaffolds have showed a high degree of tissue compatibility. To
improve pre-osteoblasts attachment, proliferation and differentiation, alginate has been
modified with RGD-containing peptides revealing statistically significant increases in in vivo
bone formation compared with unmodified alginate.®” Studies with RGD-modified alginate

also improved myoblasts attachment, proliferation and differentiation.*®*’

Alginate constructs also has been loaded with bone stromal cells and growth factors in order
to induce bone regeneration either in bone defects or in ectopic areas. A scaffold prepared
using 1% (w/w) alginate covalently crosslinked was loaded with morphogenetic protein-2-
derived peptide and implanted into the calf muscle of rats. Three weeks post-implantation,
vascular channels and an osteoblasts population followed by new bone formation were
observed in the pores of alginate hydrogel and after 8 weeks calcification and bone formation
increased showing that this oligopeptide possessed ectopic bone morphogenetic activity when
linked to alginate hydrogel.” Also, an in vitro study was conducted with the aim of induce
chondrogenesis using 1.2% (w/w) alginate beads to encapsulate human mesenchymal stem
cells (HMSC:s). The viability of cells was higher than 90% throughout the 4-week experiment
and cells started to express type II collagen after 1 week. Besides, cells also started to express
type X collagen after 2 weeks and its expression became stronger at the 4™ week. Type X
collagen is a well known marker for hypertrophic cartilage which suggests the beginning of
endochondral ossification.”’ Cai et al.”” used a 1.2% alginate solution to differentiate bone
marrow mesenchymal stem cells (BMSSCs) (in vitro) into two different lineages
(chondrogenic lineage and osteogenic lineage). After 14 days in culture, cells of chondrogenic
lineage expressed chondrocytes markers and cells of osteogenic lineage became osteoblast-
like in morphology. After in vivo implantation subcutaneously in the dorsum of nude mice,
they found that osteoblasts like-cells induced new bone formation after 8 weeks whereas
chondrocytes like-cells formed cartilage lacuna with a high proportion of type II collagen but

no sign of endochondral ossification.

Chitosan

Chitosan is the result of partial deacetylation of chitin which is, after cellulose, the most
abundant polysaccharide on earth. Chitin consists of B(1,4)-linked D-glucosamine (GIcN)
with a high degree of N-acetylation forming the N-acetyl D-glucosamine (GIcNAc) units
(Figure 6).
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Figure 6. Chitin structure showing an N-acetyl D-glucosamine (GlcNAc).

In nature, chitin serves as a fibrous strengthening element that occurs as a structural
component of exoskeleton of insects and crustaceans as well in the cell wall of yeast and
fungi. The natural pathway of chitin metabolism includes enzyme-catalyzed hydrolysis by
chitinases. Lysozyme enzymes which are widely distributed in plants and in animals (present
in human body fluids) are also able to degrade chitin molecules.” In fungi, chitin turnover
occurs by the action of chitin deacetylaze which deacetylate chitin to chitosan whereas, in
laboratory, chitin’ deacetylation is usually preformed in 50% of NaOH for 1 or 2 hours at 60
°C under nitrogen atmosphere followed of washing in water at 70-80 °C to neutralize. After
this first treatment a degree of deacetylation of about 80% can be obtained; further

deacetylation needs further treatments with alkaline solutions.

Chitin is a highly insoluble material with low chemical reactivity which is the major problem
for its processing and uses. Applications of chitin and chitin-based materials are widespread
and in many different areas such as environmental, food, pharmaceutical and medical
industries. In the pharmaceutical and medical applications, chitin film and fiber are commonly
used as wound dressing and for controlled drug release.”**> Also the combinations of chitin
with other materials allowed the preparation of scaffolds. As example, hybrid scaffolds
composed of chitin and collagen showed good affinity and proliferation in culture with
fibroblasts.”® Another interesting application is a hydroxyapatite-carboxymethyl chitin
composite which was prepared and injected on the calvarial bone of rats with biocompatibility

as high as that achieved with HAp materials alone.”’
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As mentioned above, chitosan is the result of chitin deacetylation. However, chitosan name is
used when the deacetylated product becomes soluble in aqueous acidic solutions which
usually correspond to a deacetylation degree of 50%.”® Therefore, chitosan is a heteropolymer
containing both GIcN units and GlcNAc unis (Figure 7), and their relative proportion fixes the
degree of acetylation (DA) that controls many properties. The presence of the amine groups
explains its unique properties among biopolymers, specially its cationic behavior in acidic

solutions.

4 CH,OH HO H, 1
\\O O A N
f’O O
HO 4 CH,OH
/NH B 2 _|n
ozc\
| CH, _|m

Figure 7. Chitosan structure showing an N-acetyl D-glucosamine (GlcNAc) and a D-glucosamine (GlcN)

unit.

The solubilization of chitosan occurs by protonation of the -NH, group function of the C-2
position of the GIcN repeated unit, whereby the polysaccharide is converted to a
polyelectrolyte in acidic media.””'” Solubililty is also greatly influenced by the addition of
salt to solution. The higher the ionic strength the lower is the solubility.'®! This is due to the
fact that chitosan in solution exists in an extended conformation due to the repelling effect of

each positively charged deacetylated unit on the neighboring glucosamine unit.

The biocompatibility is an important requirement especially when chitosan is used as an
implant in contact with either hard or soft tissues. If biocompatible, chitosan will be less
susceptible to be rejected and more predisposed to create a good interface between host
tissues and implant. Focused in this issue, many in vitro studies have been performed showing
that chitosan and its derivatives are potentially favorable materials as substrates for the growth

of different type of cells.'”' Other in vitro studies have evaluated how chitosan
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compatibility depends on the degree of acetylation. Chatelet et al.'®

observed that higher
DA’s chitosan present lower cell adhesion but DA’s of chitosan films did not affect the
keratinocytes and fibroblasts cytocompatibility. Similar results were found by Amaral et
al.'"'% studying the influence of the DA in attachment, spreading and short-term
proliferation of human osteoblastic MG-63 cells either in three-dimension chitosan scaffolds
and on chitosan films. An in vivo study showed that a collagen matrix was built within pores
of chitosan scaffolds implanted into mice, and angiogenic activity was observed on the
external implant surface demonstrating the high degree of biocompatibility of chitosan in this
animal model.'”

Chitosan conjugated with other chemical groups in its chain have also proved to be efficient
in improving the behavior of cells on its surface. The preparation of chitosan with
phosphorylcholine groups presented a good biocompatibility when in culture with human

110

umbilical vein endothelial cells' "~ and the conjugation of chitosan with RGDs improved the

capability for adhesion and proliferation of chondrocytes and fibroblasts.'' "'

Besides the use of chitosan alone, its combination with other materials without chemical
reaction also enabled the preparation of scaffolds. Chitosan combined with alginate, as
mentioned elsewhere permitted to prepare scaffolds which have good biocompatibility in

85,86,113 1 1o
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cultures with different type of cells (osteoblasts, chondrocytes, and others).
similar approaches, calcium phosphate-chitosan composites and other chitosan derivatives
allowed mesenchymal stem cells and preosteoblasts viability, enhancing bone tissue
formation."'*"''® On the other hand the combination of calcium phosphate cement (CPC) with
chitosan produced composites stronger than CPC and composites that allow osteoblasts cells
to adhere, spread and proliferate.''” To enhance chitosan’ mechanical properties is also
common to crosslink it with different chemical products like glutaraldhyde, diepoxide (1,4-
butanediol diglycidyl ether) and genipin which are usually more toxic compounds. However

their controlled use can maintain chitosan’ scaffolds biocompatibility.l18'120

Biodegradability is another important issue in the use of a material for biomedical purposes.
Usually, natural polymers have the advantage of higher biodegradability. Chitosan as a
natural polymer shares that advantage, and its molecules can be broken down by lysozyme,

121,122

chitosanase and chitinase enzymes. However, chitosan’s physicochemical and biological

properties, such as biodegradability, are dependent on molecular weight (Mw) and DA. Zang
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et al.'” compared chitosan susceptibility to degradation by rat cecal and colonic enzymes
with a commercial available almond emulsion B-glucosidase. The results show a higher
degradation of chitosan molecules with lower Mw and lower DA (DA=77.8).

In human serum, chitosan is mainly depolymerized by lysozyme which biodegrades the
polysaccharide by hydrolyzing the glycosidic bonds present in the chemical structure.'”
Lysozyme contains a hexameric binding site, and hexasaccharide sequences containing 3 to 4
or more acetylated units, that contribute to the initial degradation rate of N-acetylated

124,125

chitosan. This mechanism explains the slow degradation of very low DA chitosan. Freir

et al.'*

investigating materials for nerve regeneration using concentrations of lysozyme
similar to those found in the human body observed that samples with intermediated DA
values were almost completely degraded in one week. However, the degradation of samples
with very low or high DAs was minimal over the studied period.

In many studies, chitosan is mixed with other materials or is covalently crosslinked in order to

change its mechanical properties. In those chitosan based materials, while the degradability is

120,127 119,128
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affecte it still occurs by an enzymatic mechanism and depolymerization.
Chitosan crosslinking

Despite of easy gelation and good biocompatibility, chitosan has low mechanical integrity and
degrade rapidly especially in acid medium and in the presence of lysozyme.'” On the other
hand, for many applications, chitosan should be crosslinked due to its hydrophilic behavior. In
this context, various crosslinking reagents, most are synthetic, have been used to prepare

chitosan gels."?*"!

However, these synthetic crosslinking reagents are usually cytotoxic
which may impair the biocompatibility of the crosslinked biomaterials."** Therefore, it is
desirable to provide crosslinking reagents suitable for use in biomedical applications that are
not cytotoxic and may form stable and biocompatible products. Genipin is an alternative
crosslinker since it is about 5000-10000 times less cytotoxic than glutareldehyde and genipin-
crosslinked chitosan microspheres have shown a superior biocompatibility and slower
degradation rate than the glutaraldehyde-crosslinked chitosan microspheres.'* Also the use of
chitosan crosslinked with diepoxide-based bifunctional linkers increased its compression
modulus and stiffness while supporting chondrocytes typical round shape.'' The use of
radiation is another alternative to crosslink chitosan. The UV light is a common source of

energy to induce crosslinking and the use of this method enabled to successful transform

azide-chitosan-lactose aqueous solution into an insoluble and flexible hydrogel. In vivo, this
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hydrogel significantly induced wound contraction, accelerated wound closure and

epithelialization of treated wounds.'**'*

Pharmaceutical applications of chitosan

Chitosan has been widely used in the pharmaceutical industry for its potential in the
development of controlled release drug delivery systems. The reason is its unique polymeric
cationic character and its gel and film forming properties. Such system should allow the
control of the rate of drug administration and prolong the duration of the therapeutic effect as
well as the targeting of the drug to specific sites.

The potential of chitosan derivatives as vehicle for the administration of proteins was

evaluated by several authors. Xu et al.'*

synthesized a water soluble derivative of chitosan,
N-(2-hydroxyl) propyl-3-trimethylamonium chitosan chloride, and used it to incorporate
bovine serum albumin (BSA), considered as a model protein drug. A preparation of Poly
ethylene glycol (PEG) graft-chitosan crosslinked with genipin was able to carry BSA and
poly(vinyl alcohol) (PVA), while sodium bicarbonate mixed with chitosan also worked as
BSA delivery vehicle."*”"** Chitosan microspheres were used to release transforming growth
factor-p1 (TGF-B1) and its delivery profile was similar to BSA. When chitosan microspheres
were loaded with TGF-B1 and seeded into porous chitosan scaffolds, chondrocyte
proliferation and production of extracellular matrix were significantly increased.'” A paste of
chitosan glutamate (Protosan) and HAp was used as a delivery vehicle for bone marrow, bone
morphogenetic protein-2 (BMP-2) and osteoblasts, and implanted in cranial defects of rats
resulting in the formation of mineralized bone.'*’ Similar tests were performed using solutions
based in chitosan/polyol salt to delivery biologically active growth factors in vivo as well as to

encapsulate living chondrocytes.'*!

Besides applications in drug delivery, chitosan and its derivatives have been widely used in
the delivery of DNA, proteins and live cells. The use of DNA delivery system has the
potential to overcome extracellular barriers that limit gene therapy since controlled release
systems can improve gene delivery by maintaining high concentrations of DNA in the cellular
environment and increasing the duration of the transgene expression. Yun et al.'** prepared
DNA-chitosan complexes of microspheres physically combining PEG with poly(lactic
glycolic acid) (PLGA) able to sustain release for at least 9 weeks. In addition, chitosan-DNA

complexes were conjugated with alpha-methoxy-omega-succinimidyl-PEG by Zhang et al.'*
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improving the gene expression. The preparation of chitosan microspheres incorporating
adenovirus vectors for mucosal delivery was performed by Lameiro et al.'** This system
enabled an effective release when it was in contact with cells in monolayer while an

145 . .
. combined tissue

insignificant release was observed in aqueous media. Guo et a
engineering with gene therapy entrapping plasmid DNA in chitosan gelation complexes,
encoding TGF-B1 which has been proposed as promoter of cartilage regeneration. The

transfected chondrocytes expressed TGF-B1 protein stably in 3 weeks.

Chitosan for wound dressing

On last decades the treatment of wounds was revolutionized with the use of materials on
wound dressing which can replicate some of the skin’s properties, like 85% water content and
inherent permeability. Chitin and chitosan are known for accelerating the healing of
wounds.'**'*” Chitosan stimulates the migration of cells and accelerates the regeneration of
normal skin as well as it was found to promote the attachment and proliferation of fibroblasts
on PVA/chitosan-blended hydrogel.'**'>* The application of cotton fiber-type chitosan for 15
days on open skin wounds of dogs demonstrated that chitosan was efficient in wound healing
by increasing the formation of thick fibrin and the induction of macrophages and fibroblasts

ST 147
migration into the wound area.

Using similar materials in radiation-impaired wounds, also
in dogs, was detected advanced granulation and capillary formation combined with the
expressing of vascular endothelial growth factor confirming neovascularization."'
Additionally, chitosan membranes prepared by immersion-precipitation phase-inversion
method showed controlled evaporative water loss, excellent oxygen permeability and

152 In rats, wound covered with these chitosan membranes was

promoted fluid drainage ability.
hemostatic and healed quickly. In another study the number of living bacteria responsible to
infect damaged skin was diminished using those membranes incorporating antibiotics for
controlled release.”® Using UV light, azide-chitosan-lactose hydrogels were crosslinked in
situ. Once applied on incisions made in mice’ skin, these hydrogels were enable to stop
bleeding and to adhere to the skin inducing significant wound contraction, closure and
healing."** Recently, the preparation of chitosan combined with phosphorylcholine groups
through a heterogeneous reaction process showed a more hydrophilic characteristic, better
anti-protein-adsorption capability, better resistance to coagulation, an improved
hemocompatibility, as well as similar cell affinity and safety, compared with native

chitosan.''°
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Chitosan for skeletal tissue engineering

A round cellular morphology is known to be a normal phenotypic characteristic of non-
dedifferentiated chondrocytes. Since chitosan has the ability to maintain round morphology of
chondrocytes and to preserve its cell specific extracellular matrix, chitosan and its derivatives
have been used for studies of cartilage reconstruction. Montembault et al.">* have used
chitosan hydrogel substrates for culture of human and rabbit chondrocytes. Those
chondrocytes were able to express mature type II collagen and aggrecan. Their phenotype was
maintained for as long as 45 days, forming cartilage like nodules, while chondrocytes cultured
without chitosan hydrogels dedifferentiated as indicated by the expression of immature type 11
collagen and type I collagen. The use of chitosan-alginate scaffolds, for culture of
chondrocytes like cells (HTB-94), as well as chondroitin sulfate A combined with chitosan,
for culture of bovine articular chondrocytes, allowed cells to maintain their round
morphology, to produce cartilage specific type II collagen and proteoglycan, both markers of
chondrocytic phenotype.*>'®> Comparing the behavior of rabbit chondrocytes on chitosan and
chitosan based hyaluronic acid, Yamane et al.'*® suggested that hyaluronic acid improves
chondrocytes proliferation while maintaining their physiological phenotype and production of
a rich extracellular matrix. Additionally, scaffolds made of lactose-modified chitosan induced
cell aggregation when in contact with primary culture of pig chondrocytes, leading to the
formation of cartilage nodules rich in aggrecan and type II collagen.'”® Another study, using
in situ gelling chitosan solutions (prepared by mixing chitosan disodium p-glycerol phosphate
and glycosamine) loaded with primary articular chondrocytes, also supported the
accumulation of cartilage matrix in vitro."””” On the other hand, rabbit subchondral bone
defects treated with a mixture of chitosan, glycerol phosphate and autologous blood, showed
an increased inflammatory reaction, vascularization, intramembranous bone formation and
subchondral bone remodeling, main factors supporting cartilage repair, when compared with

untreated defects.!*®

The use of cells different from chondrocytes, but with good characteristics of proliferation
and easy differentiation into chondrocytes were used also to produce cartilage using chitosan
derivatives as substrate. In that study, a thermosensitive (water chitosan-poly(N-
isopropylacrylamide) gel was seeded with HMSCs and injected in the submucosal layer of the
bladder of rabbits inducing HMSCs differentiation into chondrocytes and the formation of

cartilage in 14 weeks.'°
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The ability of chitosan and chitosan derivatives as substrate for osteoblasts and other cells
related with bone regeneration has been reported in several studies. Some of those studies will
be referenced in following paragraphs. The DA of chitosan plays an important role in cells

107,108 .
1197198 1n those studies,

morphology and proliferation as it has been showed by Amaral et a
they demonstrated that chitosan of low DA (4%) improves cell attachment and spreading
displaying long cell filopodia and numerous cell-to-cell contacts when compared with
chitosan of higher DAs. Therefore low DAs chitosan as well as chitosan combined with other
materials are commonly used for osteoblasts cultures. The preparation of chitosan-alginate
scaffolds is one of those combinations. In vitro studies indicated that osteoblasts cells seeded
on porous chitosan-alginate scaffolds attached and proliferated well and promoted the
deposition of mineral. Additionally, in vivo studies, performed at same time, showed a rapid
vascularization, matrix deposition and calcification.®® It was also mentioned that all those
events happened within the entire scaffolds structure though no evidences were showed. The
preparation of chitosan-collagen composite sponges and CPC-chitosan scaffolds were studied
in vitro referencing those structures as biocompatible and as good substrates for osteoblasts
proliferation and differentiation.''”"*” On the other hand RGDS-modified chitosan enhanced
the attachment of rat osteosarcoma cells making chitosan more biocompatible for the culture

of those osteoblasts-like cells.!!?

Chitosan scaffolds were also investigated for culture of mesenchymal stem cells (MSCs),
preosteoblasts and as a growth factor deliver with the purpose of bone regeneration. Chitosan
scaffolds cultured in vitro with MSCs and preosteoblasts allowed attachment and spreading of
those cells as well as their maturation into osteoblastic phenotype was successful.''* However,
comparing chitosan scaffolds with BCP embedded into chitosan scaffolds, a more uniform
extracellular matrix distribution were obtained when BCP was used. Besides, cells expressed
higher concentration of protein markers of osteoblastic phenotype (alkaline phosphatase and
osteocalcin). The use of a paste made of chitosan glutamate and HAp cultured with
osteoblasts or BMP-2 showed to be efficient in delivering these osteoinductive factors since
the presence of mineralized bone spicules were observed in rat calvaria defects filled with that
paste and osteoblasts or BMP-2."*" Osteogenesis was also observed using composite porous
matrix of chitosan-PLLA loaded with platelet-derived growth factor-BB (PDGF-BB) after it
has been implanted in rats calvaria defects and also after porous chondroitin-4-sulfate

chitosan sponges loaded with PDGF-BB has induced an increase of osteoblasts migration and
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proliferation in vitro."®*'®! In another study performed in vivo, nude mice were injected
subcutaneously with alginate-chitosan gels loaded with MSCs and BMP-2 as well as loaded
with only one of those factors. Authors have observed that after 1 month scaffolds loaded
with only one factor either MSCs or BMP-2 did not formed bone. Moreover, they started to
be reabsorbed while scaffolds loaded with both factors were able to induce bone formation
forming a trabecular bone like structure.'®® Another study using 3D alginate-chitosan
constructs cultured with human bone marrow cells and chondrocytes also showed optimal
osteocytes formation subcutaneously in immunocompromised mice. The interaction between

both cells type was also studied in the creation of specific tissues.'®
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INJECTABLE SYSTEMS

Invasive surgeries are associated to high risks of infection and high levels of pain, either
during or after the surgery, resulting in the need to develop alternative methods. One possible
alternative consists in injectable materials, which can fill the defects up using a needle. This
technique drastically decreases the affected area as well as the access to infections agents.
Additionally, it enables to fill any shape defect leading to an improved grow of adjacent tissue
as well as the materials can be used as delivery systems of growth factors, cells, and drugs.
Thus, a new concept of surgery appears with the injectable in situ polymerizable and
biodegradable materials, which may serve as scaffolds for guided bone regeneration and may
provide an alternative for bone defect treatment. Different authors are working on the
development of these new materials. Poly(propylene fumarate) (PPF) which is a unsatured
linear polyester that can be crosslinked through its fumarate double bonds using a vinyl
monomer is one of the materials tested. Based on this polymer, injectable composites
incorporating an osteoconductive matrix -TCP and a porogen (sodium chloride) were
prepared.'®'% These injectable products, known as injectable bone substitutes (IBS), present
suitable rheological properties to ensure bonding of the mineral phase and good cell
permeability. Contrary to dense materials which do not have any intrinsic porosity, this
approach provides rapid and improved deep bone formation.

Other advantages of injectable formulations over conventional scaffolds are the possibility of
a minimally invasive implantation, ability to fill a desirable shape, and easy incorporation of
various therapeutic agents. Those advantages stimulate the search for new materials with
suitable characteristics to be injected. Some of those are: Alginate, chitosan, hyaluronan, and
polyethylene oxide/polypropylene oxide.'®>'®® In the following pages an overview of different
types of injectable systems (pastes, gels and microspheres) as well as their advantages,
disadvantages, applications, and preparations methods (thermoplastic pastes and crosslinking

techniques) are presented.

Types of injectable systems

The development of injectable materials were the result of different properties of the skeletal
tissues (cortical and trabecular bone, and cartilage), the different places in the body where the
implants are needed (femur, spinal column, pelvis, omoplate, cranial, etc.), and the different

shape of defects to be repaired (spherical, lamellar, and irregular). Those differences also
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require suitable mechanical properties and viscosity of the injectable materials. In terms of
viscosity, an injectable material should have low viscosity before injection, but whenever
injected, it should harden in situ (decrease viscosity) in order to provide mechanical properties
similar to the bone tissue. Additionally, these materials could work as osteoinductors.

For all of the reasons described above, injectable materials are sub-divided in three systems:
pastes, gels, and microspheres. Materials representing each of these categories will be

presented in the following sections.

Pastes

Pastes are an example of injectable systems and a promising candidate is the above mentioned
PPF. Poly(propylene fumarate) provides the orthopedic community with a new material that
holds great promise for use as an injectable biodegradable composite, for filling skeletal
defects.'®®

Peter et al.'®’

used an injectable composite paste of PPF, N-vynil pyrrolinidone (N-VP),
benzoyl peroxide (BP), sodium chloride (NaCl) and B-TCP to study the crosslinking
temperature, heat release upon crosslinking, gel point, and the composite compressive
strength and modulus. The maximum temperature reached did not vary widely among the
formulations tested, with the values ranging from 38 to 48 °C, which is below poly(methyl
methacrylate) (PMMA) bone cement curing temperature, 94 °C. Same authors also studied the
degradation of these composites in vivo. They observed that all implants were encased in
fibrous capsules within 4 days after implantation and granulation tissue was present,
accompanied by remnant neutrophils and necrotic tissue debris. Newly formed capillaries,
fibroblasts, and macrophages were evident at 1 week post-implantation and no multinuclear
giant cells were found at any implant site. After 3 weeks, all formulations demonstrated signs
of the late phase of healing, with the samples encased in a matured scar capsule of dense
collagen fibers.'™

PPF filled with calcium gluconate/hydroxyapatite (CG/HAp), which cures to a hard

I.'"" to evaluate the

degradable cement by hydrolysis was investigated by Lewandrowski et a
osteoconductive properties. The PPF bone cement which presented reasonable viscosity and
reasonable working (6 to 7 min) and hardening (10 to 12 minutes) times for injectability, was
injected into the proximal and distal portion of the intramedullary canal. The results showed
that the trabecular bone volume and remodeling index were lower in the injectable cement

that in the positive control but higher than in the negative control, supporting the concept of
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osteoconductivity.

Self-hardening CPC are another group of pastes with interest in biomaterials research. The
first published CPCs consisted of TCP and dicalcium phosphate anhydrous (DCPA). Later,
additional CPCs highly biocompatible and able to set in situ were developed. Those properties
pushed CPCs into the dental and medical applications showing good results. Xu et al.'”
investigated the effects of lubricants and particle sizes of the cements on the injectability of
the TCP/DCPA, a-TCP/CaCOs; and DCPA/CaCO; cements. The study suggested that
excellent injectability can be obtained by incorporating CMC as gelling agent and by using a
cement powder that contains sufficiently small (<5um) particles.

The purpose of Grimandi et al.>*'”'"* was to develop an IBS for percutaneous orthopedic
surgery using a multiphasic material composed of 2% (w/w) aqueous solution of HPMC and
BCP (60% HAp and 40% B-TCP) where HPMC serves as the vehicle to carry BCP irregular
particles (80-200 um of diameter). The optimum ratio for BCP and polymer solution tested
was 60/40 (w/w), and in vitro cytotoxicity assays showed that all cells survived, and there
were no significant differences between the values found for control and the test materials.
This system was considered nontoxic and suitable to use as IBS.>*!'">!" Weiss et al.!”>!"
conducted in vivo studies also using the IBS system mentioned above and results showed high
permeability to cells and biological fluids, which allowed early osteoconduction and bone

substitution. Following those studies Gauthier et al.'”’

implanted the IBS into mandibular and
maxillary canine extraction sockets. After 19 days, gingival healing was achieved with no
suture dehiscence or any signs of infection or inflammation of tissues and three months after
implantation, extensive bone ingrowth was found.

To evaluate the importance of the particles size, Gauthier et al.,'*1" in other studies,
implanted two different IBS composites, each with different calcium phosphate particles
granulometries, 40-80 um (IBS 40-80) and 200-500 um (IBS 200-500), in the femur of
rabbits. Both IBS composites were prepared using BCP granules (60/40 HA/B-TCP weight
ratio) and HPMC 3% (w/w), and an extensive newly formed bone was noted 2 weeks after
implantation. However, earlier bone colonization occurred on IBS 40-80 than on IBS 200-
500. Others have also used HPMC to improve injectability of calcium phosphate

172,180,181
cements,' 215018

However, the use of HPMC in IBS produced a non-hardening material
difficult to maintain within the defect during surgery so, recently, silane has been grafted to
the HPMC to induce its self-hardening.'**'®* At basic pH, the silane radicals (R—Si—-O—Na")

grafted on cellulosic ether cycles, are ionized. Due to pH decrease, R-Si-O-Na' are
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hydroxylated in R—Si—~OH and covalent bridges linking hydroxyls radicals allow the
formation of a 3D network of Si-HPMC. This polymerization mechanism leads to the shift of
this cellulosic derivative fluid into a gel state without exothermic reaction. Besides Si-HPMC
self-hardening, this new material is also biocompatible and well-adapted matrix for 3D culture
and differentiation of osteoblast and chondrocytes.'®'®* The combination of Si-HPMC with
BCP granules loaded with bone morphogenetic stem cells (BMSCs) showed osteoinductive
properties in ectopic areas and the culture of Si-HPMC with human nasal chondrocytes
revealed the formation of a cartilage like tissue with an extracellular matrix subcutaneously in

. 1
nude mice.'®

Gels

A gel is defined as a three dimensional network swollen by a solvent where, usually, the
solvent is the major component of the gel system.”’

Biocompatible polymeric formulations that exhibit sol-to-gel transition at physiological
conditions are good candidates for tissue engineering applications. To select an injectable gel
some factors should be considered: tissue specific cell-matrix interactions, gelation kinetics,
matrix resorption rates, toxicity of degradation products and their elimination routes. In terms
of gelation, it can occur by: thermal gelation (injectable polymer formulation can gel in vivo
in response to temperature change), pH change, ionic crosslinking, or solvent exchange.
Therefore, to design a tissue-supporting injectable scaffold, the correlation of the above
factors is required in order to obtain injectability and both new tissue formation and scaffold
reabsorption simultaneously. In the following paragraphs it will be presented some injectable

gels as well as their applications.

Poly ethylene-oxide (PEO)

Poly(ethylene-oxide-b-propylene oxide-b-ethylene oxide) (PEO-PPO-PEO), or Pluronics
(also known as Poloxamers), are the best known examples of thermally gelling polymers.
PEO-PPO-PEO copolymers are a family of more than 30 different nonionic surfactants and it
forms reversible gels at high temperatures and reverts to a liquid state upon lowering of
temperature. Poloxamer 407 solutions forms gels at 37 °C for polymer concentrations above
20% (w/w). Solutions of this Poloxamer were used in burn treatment and other wound healing
applications more than 25 years ago. Cao et al.'® described a novel application of PEO-PPO-

PEO copolymers in the formation of a cartilage layer on the host bone. They demonstrated
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cells suspended in the polymer formed higher volume of bone than cells suspended in saline.
Poly ethylene-glycol (PEG)

Recently, novel hydrogel triblock copolymers of PEG and poly(lactic glycolic acid) (PLGA),
or PEG-PLGA-PEG, were developed by Jeong et al."®”" Aqueous solutions of these
copolymers also exhibit sol-to-gel transitions at body temperatures. Subcutaneous injection of
the copolymer formulation resulted in the formation of a transparent gel in situ maintaining its
structural integrity as well as the mechanical strength. Similar results were obtained using
poly(ethylene glycol-g-(DL-lactic acid-co-glycolic acid)) (PEG-g-PLGA) and poly((DL-lactic
acid-co-glycolic acid)-g-ethylene glycol) (PLGA-g-PEG).

Hyaluronic acid

A high-viscosity, shear-thinning polymer solution or slightly crosslinked gel may be injected
through a relatively small gage needle and upon removal of the injection force, a thick gel is
formed in situ. Hyaluronan gels form in situ upon injection of a viscous gel formulation.
Viscoelastic and shear-thinning properties of hyaluronan inspired researchers to use it as a
carrier for drugs, protein, and peptide delivery, as well as tissue engineering applications such
a bone fracture repair, wound healing and soft tissue augmentation procedures. Viscosity of
hyaluronic acid solutions decreases with increasing temperature, which makes it suitable for
infectable applications. Physicochemical properties of hyaluronan may also be improved by
chemical crosslinking with divinyl sulfone. Animals studies demonstrated that hyaluronan
polymers are nontoxic, nonantigenic, noninflammatory, and do not elicit a foreign body

reaction. %!

Radomsky et al.'

evaluated sodium hyaluronate gel has a matrix to deliver basic fibroblast
growth factor (b-FGF) in bone defects. A simple injection of b-FGF and hyaluronan into a
freshly created fracture in the rabbit fibula resulted in increasing bone formation, and in an

earlier restoration of mechanical strength at the fracture site.

Chitosan

As discussed before chitosan is a charged, water soluble polymer that may form reversible
gels in response to a pH change in solution. As a specific example of pH-reversible polymeric
gels, chitosan solutions exhibit a liquid-gel transition around pH=7, when pH changes from
slightly acidic to neutral.

Since unmodified chitosan can be only dissolved in acidic solutions, its applications as
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injectable product are limited. Therefore the use of other compounds grafted on chitosan
molecules can adjust the properties of solutions in order to enable the preparation of

hydrogels at neutral pH and body temperature.''®'4!-13

1.7 studied the use of an in situ gelling

To overcome those difficulties, Hoemann et a
chitosan-disodium [-glycerol phosphate-glucosamine solution. This solution was used to
encapsulate chondrocytes supporting in vitro and in vivo accumulation of cartilage matrix.
When injected in osteochondral defects hydrogels persisted at least for 1 week. Also
chitosan/polyol salt solutions a liquid below room temperature, was used to encapsulate
chondrocytes. These solutions were able to gelify in situ at body temperature after injected in
vivo.'"!

The PEG covalently grafted to chitosan produced an injectable product able to transform into
a semisolid hydrogel at body temperature."”” This system was able to serve as carrier for BSA
delivery. Furthermore, crosslinking in situ of this copolymer with genipin produced a new
hydrogel also suitable to release BSA for 40 days with a quasi-linear profile. Another
hydrogel for BSA delivery was prepared mixing chitosan with poly(vinyl alcohol) and sodium

. 138
bicarbonate.

This new hydrogel which is liquid at low temperatures (about 4 °C) also
becomes a gel under physiological conditions and presents good mechanical properties.
Poly(N-isopropylacrylamide) (PNIPAAn), a well known thermosensitive polymer with a
thermoreversible phase transition at 32 °C, has been used to create a PNIPAAn-chitosan
derivative with improved in situ gel formation."”*'"® These polymers also presented high
potential for culturing of chondrocytes, meniscus cells, to differentiate human mesenchymal
stem cells into articular chondrocytes and also for drug delivery.''®!?7-1%

The synthesis of chitosan graft to methacrylic acid produced a chitosan derivative readily
soluble in pure water below pH=9 but its gelation occurs by thermal treatment at body
temperature.'”” Finally, the use of chitosan, citric acid and glucose solution to work as a liquid

phase to carry calcium phosphate particles enabled the production of a moldable and

biocompatible injectable bone substitute.*”’

Microspheres

The regular spherical shape of microspheres can be an advantage for injectability as well as in
terms of package and regular porosity interparticles. Therefore many studies have focus in
microspheres production for bone regeneration and other purposes. Different materials have

been used to produce microspheres. Schrier et al.**'*** prepared and implanted poly(lactic
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glycolic acid) (PLGA) and CMC microspheres in New Zealand white rabbits observing that
bone was highly enhanced when microspheres were loaded with BMP-2. Similar results were
obtained in studies using PLGA sintered microspheres loaded with BMP-7. On the other hand
chondrocytes cultured on PLGA microspheres and injected in athymic mice improved the
production of extracellular matrix cartilage when compared with chondrocytes alone. In vivo
studies using bioactive glass microspheres loaded with BMP-2 implanted in rat tibia bone
defect highly promoted bone regeneration.***>*

As mentioned above HAp is widely used as bone substitute but it cannot be injected in its
massive form. However, HAp powder size is compatible with injection and it can be used to
mix with polymeric solutions or just to prepare HAp injectable granules. Pasquier et al.*’
have coated HAp granules with type I collagen, forming microspheres (HAp-COL) in order to
obtain a bone substitute able to be injected and leading to better osteoconduction than HAp
powders and collagen separated. The HAp-COL system shows a good pathway for the
biological fluids and bone regeneration. Additionally, HAp granules released after collagen
degradation sustained the new bone formation, increasing bone strength. However, the delay
in collagen degradation, and its negative response in increasing new bone formation in time,
lowers the efficiency of the HAp-COL microspheres.

Ferraz et al.”*® produced nanohydroxyapatite microspheres for antibiotics delivery observing
that either microspheres load or not with antibiotics have promoted osteoblasts proliferation
though in the presence of erythromycin, osteoblasts proliferation came enhanced. Barrias et
al.**"** have studied HAp and calcium titanium phosphate (CTP) microspheres loaded with
human osteoblasts cells and bone marrow stromal cells. After 7 days in culture, both types of

cells proliferate and bone marrow stromal cells produced an abundant amount of fibrillar

extracellular matrix.

Preparation of injectable systems

An injectable material should have low viscosity and keeps its shape after injection into a
defect. Thus, new techniques must be developed in order to enable gelation in situ. To explain
this concept, different strategies to prepare in situ setting solid biodegradable injectable
implant systems will be presented. Those strategies can be divided into three categories based
on the mechanism of achieving solidification in vivo: thermoplastic pastes; in situ crosslinked

systems; and in Situ precipitation.
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Thermoplastic pastes

Thermoplastic pastes are characterized as having a low melting point, ranging from 25 to 65
°C, but once injected into the body as a melt, they form a semi-solid upon cooling to body
temperature. They are easily injected, when heated slightly above their melting point, due to
their low molecular weight and low glass transition temperature (T,). Furtheremore, they hold
their shape at room temperature and can be formed into different shapes by applying heat.””

Bioerodible thermoplastic pastes can be prepared from such monomers as D,L-lactide,

glycolide, e-caprolactone, trimethylene carbonate, dioxanone, etc.”'’

Polymers and
copolymers of these monomers have been extensively used in a number of biomedical areas,
from carriers of pharmaceutical compounds to surgical sutures, ocular implants, soft tissue
repair and augmentation materials.”''?'? They therefore have a demonstrated track record of
biocompatibility and thus are attractive starting points for new material development.

Walter et al.?"® placed a Taxol-loaded poly [bis(p-carboxyphenoxy) propane-sebacic acid]
implant beside brain tumors or within tumor resection sites and demonstrated the
effectiveness of the method in rats after surgery. In an effort to develop a means of avoiding
surgery and circumventing the invasiveness of Walter's method, Zhang et al.** developed a
thermoplastic triblock polymer system composed of poly(D,L-lactide )-block-poly(ethylene
glycol)-block-poly(D,L-lactide) and blends of low molecular weight poly(D,L-lactide) and
poly(e-caprolactone) (PCL) for the local delivery of Taxol. Both polymeric systems were
capable of releasing Taxol for a long period of time (greater than 60 days), although at a very

low rate?!>?!6,

In situ crosslinked systems

Crosslinked polymer networks can be formed in situ in a variety of ways, forming solid
polymer systems or gels. Means of accomplishing this end include free radical reactions
initiated by heat (thermosets) or absorption of photons, or ionic interactions between small

cations and polymer anions.

Termosets

Thermoset polymers can flow and be molded when initially constituted but, after heating, they
set into their final shape. This process is often called "curing" and involves the formation of
covalent crosslinks between polymer chains to form a macromolecular network. Reheating a

cured polymer only degrades the polymer. This curing is usually initiated chemically upon
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addition of heat.

Dunn et al.?!°

used biodegradable copolymers of D,L-lactide or L-lactide with e-caprolactone
to prepare a thermosetting system for prosthetic implants and slow release drug delivery
systems. This system is liquid outside the body and is capable of being injected via a syringe
and needle and, once inside the body, it cures. The multifunctional polymers in their
thermosetting system were first synthesized via copolymerization of either D,L-lactide or L-
lactide with e-caprolactone using a multifunctional polyol initiator and a catalyst (e.g.,
peroxides) to form polyol terminated liquid pre-polymers. This pre-polymer was then
converted to an acrylic ester-terminated pre-polymer. Curing of the liquid acrylic-terminated
pre-polymer is initiated by the addition of either benzoyl peroxide or N,N-dimethyl-p-
toluidine, prior to injection into the body. After introduction of the initiator, the polymer
system 1is injected and polymer solidification occurs. The estimated time of reaction is
between 5 to 30 min.”'” The advantage of using this system is its facile extrusion. However,
there are a main disadvantages associated with this system, which have limited its application.
Those disadvantages are related with the heat released upon curing due to the exothermic
nature of the crosslinking reaction, which can cause necrosis to the surrounding tissues.'®
However, PMMA is still the most common system used in vertebroplasties though it is not

biodegradable and it has high hardness and stiffness.

Chemically crosslinked gels

Chemically crosslinked gels can be obtained by radical polymerization of low molecular
weight monomers in the presence of crosslinking agents. Poly(2-hydroxyethylmethacrylate)
(pHEMA) is a well known and frequently studied hydrogel system. This hydrogel was first
described by Wichterle and Lim and is obtained by polymerization of HEMA in the presence
of a suitable crosslinking agent (e.g. ethylene glycol dimethacrylate).*'®

A polymerizable dextran derivative was obtained by reaction of dextran (bacterial poly-
saccharide, which consists essentially of a-1,6 linked D-glucopyranose residues) with maleic

anhydride.”"’

These dextran derivatives can be converted into a hydrogel by UV-induced
polymerization. However, the gels obtained were not degradable under physiological
conditions and they did exhibit a strong pH-dependent swelling behavior due to the presence

of carboxylic acid groups in the network.?*

Water-soluble polymers with hydroxyl groups, e.g. poly(vinyl alcohol), can be crosslinked
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using glutaraldehyde.”?' Crosslinking of gelatin using polyaldehydes obtained by partial
oxidation of dextran has been reported. These gels were designed for application in wound
treatment and epidermal growth factor was incorporated to promote wound healing.**

Chan et al.*** prepared calcium alginate microspheres by an emulsification method and

crosslinked with various aldehydes using different methods.

Water-soluble polymers can be converted into hydrogels using bis (or higher) functional
crosslinking agents which react with functional groups of water-soluble polymers via addition
reactions. Polysaccharides can be crosslinked with 1,6-hexamethylene-di-isocyanate,
divinylsulfone, or 1,6-hexanedibromide and many other reagents.”**

Recently, Hubbell and coworkers reported a degradable hydrogel in which crosslinks were
introduced by reaction of PEG-dithiol with PEG-acrylates. Gel formation occurred at room
temperature and physiological pH.**

He et al.**® investigated PPF crosslinking with poly(ethylene glycol)-dimethacrylate (PEG-
DMA) as a crosslinking reagent. Composites incorporating 3-TCP, were also prepared. The
polymerizing composite pastes showed clinically favorable temperature profiles and gel

points.

Condensation reactions between hydroxyl groups or amines with carboxylic acids or
derivatives thereof are frequently applied for the synthesis of polymers to yield polyesters and
polyamides, respectively. These reactions can also be used for the preparation of hydrogels. A
very efficient reagent to crosslink water-soluble polymers with amide bonds is N,N-(3-
dimethylaminopropyl)-N-ethyl carbodiimide (EDC). Feijen and coworkers described the
preparation of gelatin hydrogels using this reagent. During the reaction N-
hydroxysuccinimide is added to suppress possible side-reactions and to have a better control
over the crosslink density of the gels.*’ Alginate and PEG-diamines were crosslinked using
EDC. The mechanical properties could be controlled through amount of PEG-diamine in the
gel and the molecular weight of PEG.

Alginate is a well-known example of a polymer that can be crosslinked by ionic interactions.
Alginate is a polysaccharide with manuronic and glucuronic acid residues and can be
crosslinked by calcium ions. Crosslinking can be carried out at room temperature and

physiological pH. Therefore, alginate gels are frequently used as matrix for the encapsulation
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of living cells and for the release of proteins.**®

A synthetic polymer that, like alginate, can also be crosslinked by ionic interactions is poly-
[di(carboxylatophenoxy) phosphazene] (PCPP). Gel microbeads were prepared by spraying
an aqueous solution of PCPP in an aqueous solution of calcium chloride. The ionotropic
hydrogels degrade under physiological conditions and the degradation rates can be increased
by incorporation of hydrolysis-sensitive glycinato groups in the polymer.”*

Dextran also forms an hydrogel in the presence of potassium ions. The mechanism was
elucidated by Watanabe et al.”** who showed that the ionic radius of the potassium ion
perfectly fits into the cage established by six oxygen atoms of glucose units of three polymer

chains, thereby forming a microstructure.

Photocrosslinked gels

Photopolymerizable, degradable biomaterials would provide many advantages over
chemically initiated thermoset systems. In this approach, pre-polymers are introduced to the
desired site via injection and photocured in situ with fiber optic cables. These characteristics
have encouraged the investigation of using this system for tissue engineering.”***"'

Hubbell et al.>** described a photopolymerizable biodegradable hydrogel (PEG-oligoglycolyl-
acrylates) as a tissue contacting material and controlled release carrier using a ultraviolet or
visible light.

Muggli et al.***

studied anhydride monomers end-capped with methacrylate functionalities,
which were photopolymerized to produce highly crosslinked polymers with mechanical

properties were intermediate between those of cortical and trabecular bone.
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ENDOCHONDRAL OSSIFICATION

Skeletal development occurs through two different mechanisms: intramembranous and
endochondral ossification. Intramembranous bone forms by differentiation of mesenchymal
cells directly into osteoblasts, while endochondral ossification involves gradual and partial
replacement of a cartilage model by bone. The long bones, pelvis, vertebral column, base of
the skull, and mandible are formed through the endochondral mechanism. However, until
now, most of the attempts from the bone tissue engineering field have been to create bone by
intramembranous bone formation not considering the alternate pathway, the endochondral
mechanism. To mimic nature by creating a cartilage template in vitro which when implanted
in vivo will lead to endochondral bone formation might be a very good approach to overcome
the problems related to bone replacement. This alternative approach presents significant
advantages including the resistance of chondrocytes to low oxygen,”* and the fact that these
cells can induce vascular invasion and osteogenesis.**>> We believe that the new bone formed
through this mechanism will be indistinguishable from natural bone (present the same
properties, respond to loading) and notably will have the potential to grow just as the patient’s
own bone.

This approach would simply require the production of the cartilage template, made of
chondrocytes able to undergo hypertrophy, in bioactive/biodegradable materials able to

support their proliferation and differentiation.

Endochondral mechanism

As mentioned above, most of bones form through a cartilage template followed by
endochondral ossification, whereas few develop by intramembranous ossification. In both
cases, bone formation begins when undifferentiated mesenchymal cells form condensations -
clusters of cells. In intramembranous ossification, these condensations differentiate directly
into bone-forming osteoblasts and producing a matrix particularly rich in type I collagen. On
the other hand, if cells in the condensation become chondrocytes, primary cell type in
cartilage, a process called chondrogenesis will take place. This process is regulated by Sox 9,
a DNA transcription factors that is required for expression of several chondrocytes-specific
proteins, including type II collagen, type IX collagen, type XI collagen, and proteoglycan
aggrecan.”%*" Type II collagen is the main collagenous protein found in cartilaginous tissue

and it represents 80-95% of total cartilage collagen.”*** It can also be found in the
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intervertebral discs and vitreous humor of the eye. In articular cartilage, type II collagen is
essential for the tensile stiffness and strength of cartilage and provides the basic architecture
of the tissue. Aggrecan, the largest aggregating proteoglycan, provides the osmotic properties

- : : 241,242
necessary for cartilage to resist compressive loads.”™ "

Although some cartilaginous tissues, as articular or tracheal cartilage, persist for many years
(permanent cartilage), others (transient cartilage) will undergo further differentiation that lead
to organized alterations in chondrocytes size, extracellular matrix components, secreted
enzymes and growth factors, and receptors expression. The culmination of these events is
calcification of the cartilage matrix, vascular invasion, and chondrocytes apoptosis resulting

in endochondral ossification.

The alterations in transient cartilage start in the center of the cartilaginous template as early as
it is formed. There, chondrocytes stop proliferating and stop producing type II collagen and
aggrecan. A matrix rich in type X collagen starts to be produced and chondrocytes enlarge
becoming hypertrophic. The enlargement of chondrocytes, simply through its size, is the
principal engine of bone growth. Afterward, the hypertrophic cartilage is surrounded by a
layer of undifferentiated cells, which during development are believed to give origin to
osteoblasts; these secrete a characteristic matrix, forming a bone collar at the boundary
between hypertrophic chondrocytes and the undifferentiated cells. At the chondoosseous
junction hypertrophic chondrocytes undergo apoptosis, while the calcified cartilage matrix
serves as a scaffold for osteoblasts and osteoclasts to remodel and form new bone.** Over
time, this center of ossification in the middle of the cartilage template grows in both directions
to the extremities, by recapitulating these events. Eventually, only two areas of cartilage will
remain at the end of bones, the articular surface and the growth plates. The growth plate is a
disc of cartilage responsible for postnatal bone growth, located between the primary and

secondary ossification centers (Figure 8).

Growth plate

In the growth plate, chondrocytes are present in a gradient of differentiation, organized in
three different zones: resting zone, proliferating zone and hypertrophic zone. In humans,
growth plate is completely replaced by bone following the puberty, resulting in fusion of the
epiphysis and diaphysis of long bones.
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Figure 8. Endochondral bone formation during development. (A), Some of the mesenchyme in the limb area
differentiates into chondrocytes to form a cartilage model of the future bone. (B), Cells in the center of the model
become hypertrophic (3) inducing vascular invasion (1). (C), Blood vessels bring osteoprogenitor cells that
remodel the cartilage, expand and form a marrow cavity (5), and a growth plate (8). (D), Secondary ingrowth of
blood vessels (9) in the epiphysis creates a secondary ossification center (7). The growth plate between the
primary (5) and secondary (7) ossification centers is formed by columns of chondrocytes that continue to
proliferate, hypertrophy, secrete extracellular matrix and mineralize. This matrix is partially resorbed by
osteoclasts as osteoblasts deposit new bone, resulting in bone growth. Adapted, Color Atlas of Histology, 3™

Edition, Gatner & Hiatt.

Resting Zone

The resting zone is adjacent to proliferative zone and it is considered a reserve cartilage. The
chondrocytes are flat and often grouped in pairs. Chondrocytes in the resting zone are usually
embedded in an extracellular matrix, presenting a high ratio of extracellular matrix to cells
volume.**

Although, the function of resting zone is not clearly known several hypotheses have been
announced. First, the resting zone might contain stem-like cells capable of generating new
clones of proliferative zone chondrocytes and, after these cells divide, the daughter cell
closest to the proliferative zone may proliferate to populate a column of cells in proliferative

zone while the other cell may continue to serve as stem-like cell. Second, the resting zone
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chondrocytes might produce a growth plate orientation factor, a morphogen that guides the
spatial orientation of proliferative zone chondrocytes into columns parallel to the long axis of
the bone. Third, the resting zone produces a factor that inhibits hypertrophic differentiation
which can regulate one of the paracrine factors (Parathyroid hormone related protein —
PTHrP, Indian hedgehog — Thh, Bone morphogenetic proteins — BMPs, fibroblast growth

factors — FGF or retinoids) that are the switch to the hypertrophic phenotype.>*****

Proliferative zone
The proliferative zone plays a crucial role in endochondral bone formation since it is the
region of active cell replication and these chondrocytes secrete an extracellular matrix

composed mostly of type II collagen and proteoglycan.mg'25 !

When a chondrocyte in
proliferative zone divides, the two daughter cells line up along the long axis of the bone. As a
result, groups of chondrocytes arrange in columns parallel to this axis directing growth in a
specific direction and are thus responsible for the elongate shape assumed by many
endochondral bones. The mechanism by which proliferative chondrocytes recognize and line
up along this axis is unknown. However, the mechanism that keeps cells proliferation seems
to be controlled by three signaling molecules synthesized by the growth plate chondrocytes
(PTHrP, Thh and transforming growth factor-B1 (TGF-B1)) through a local feedback
loop, 244246.252:255
PTHrP is expressed in periarticular perichondrium during fetal life presumably to keep
chondrocytes proliferating and it has been shown to inhibit chondrocytes differentiation.
Additionally, PTHrP receptor is found in prehypertrophic cells and lower proliferating zone
cells indicating that PTHrP controls the rate of hypertrophic differentiation.”***' Thh was
observed to be expressed by prehypertrophic chondrocytes in the developing bone of mice
and it seems to send a signal back to the periarticular cells to increase production of
PTHrP.**** Finally, TGF-B1 acts on the perichondrial and periarticular cells to increase
PTHrP synthesis and also can act directly on chondrocytes to inhibit hypertrophy, type-X

collagen expression, and alkaline phosphatase activity.*>2¢326

Hypertrophic zone
The hypertrophic zone is visually characterized by chondrocyte enlargement — chondrocytes
hypertrophy.****” These chondrocytes are generated by terminal differentiation of the

proliferative chondrocytes farthest from the epiphysis. The phenomenon starts when cells
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cease dividing and then start to enlarge and assume a more spherical shape, contributing
substantially to the growth process. The mechanism of the cell enlargement seems to be
associated with the synthesis of organelles though the cytoplasm and nuclear swelling also
occur. It was observed an increase of 126 percent of endoplasmic reticulum and mitochondria
and an increase of 779 percent of cytoplasm and nucleoplasm between the upper proliferative
zone and the lower hypertrophic zone.”®” Terminal differentiation and chondrocytes
hypertrophy is also associated to the marked increase in alkaline phosphatase enzyme activity
and to the synthesis and secretion of type X collagen.?***®

Alkaline phosphatase (AP) is an inducible membrane glycoprotein known to be markedly
elevated in nonproliferating and fully differentiated cells.”’® Furthermore, it is one of the most
frequently used markers of osteoblasts activity and it is responsible by the initiation of
mineral formation, lacking in mice suffering hypophosphatasia (a disease of defective AP
formation). Indeed, the absence of AP is associated with decreased mineralization of the
matrix and widening of the growth plate as well as defective mineralization of bone.””' "

The role of AP in the mineralization process seems to be connected with hydrolyzation of
organic phosphates releasing free inorganic phosphate at sites of mineralization and,
consequently, increasing the concentration of these ions which are necessary for the
calcification process. However, it is still not clear which organic phosphates are hydrolyzed
by AP.27475

Type X collagen is a unique short chain collagen, which is only found in the hypertrophic
zone of the growth plate. Although type X collagen function is not completely known, its
interaction with the type II collagen and annexin V play a crucial role for Ca*" loading and the
formation of the first crystal phase inside matrix vesicles (MV). The disruption of these
interactions has several consequences on mineralization of MV.*’® Studies using normal mice
and transgenic mice to type X collagen indicate specific differences in the calcified cartilage
mineral in terms of both amount present and quality of mineral.*’’ Calcified cartilage mineral
from transgenic mice exhibited less crystallinity and higher acid phosphate content than the
corresponding mineral from normal mice. Surprisingly, transgenic mice lacking type X
collagen show only subtle alterations in hematopoiesis and growth plate architecture, but no

obvious skeletal changes.?”®

Mineralization

In the growth plate, MVs are extracellular microstructures that derived from chondrocytes

43



Chapter |

plasma membrane and they play an important role in the initiation of the process of
mineralization since they actively accumulate calcium and are rich in alkaline

279,280

phosphatase. Mineralization occurs through the action of MV-associated phosphatases

281 The mineral formed inside the MVs

and calcium-binding phospholipids and proteins.
penetrates the vesicular membrane and in the presence of physiological concentrations of
extravesicular Ca>", PO4> and pyrophosphate (PPi) serves as nuclei for the formation of
stellate clusters of needle-shaped biological apatite that proliferates to fill the interstices of the
longitudinal septa. The mineralized matrix is eventually degraded by osteoclasts and in time is

replaced with bone.”*

Numerous studies have provided important evidence on how MVs
induce mineral formation. For instance, mineralization-competent MVs contain a nucleational
core composed of amorphous calcium phosphate and calcium phosphate phosphatidylserine
complex bound with the annexins while mineralization incompetent MVs lack these
components.”**° Further, considerable data indicate that annexin V mediate Ca®" influx into
the vesicles, enabling formation of the first solid phase mineral. Inorganic phosphate (Pi) is
also critical for formation of mineral within MVs and Pi is mediated, at least, by two Pi
transporters.zg("288
AP was mentioned before as a mineralization factor and it seems to be related with mineral
crystal growth outward from the vesicles lumen to the extracellular matrix since in
hipophosphatasia, while mineralization occurs within the vesicle lumen, it does not spread
from there into extravesicular matrix. This outward growth of mineral involves the
degradation of the vesicles membrane phospholipids. Rupture of the membrane also releases
matrix processing enzymes present in MVs resulting in degradation of proteoglycan

aggregates, which facilitates apatite mineral formation.****%

Vascular invasion

Various findings indicate that chondrocytes are able to synthesize both angiogenesis inhibitors
and stimulators, depending on their culture condition and state of differentiation.
Angiogenesis inhibition and stimulation seems to be related with hypoxia inducible factor-1a

(HIF-1a) which expression is stimulated in hypoxia conditions achieved during

291,292

chondrogenesis. That factor is known to be necessary for chondrocyte survival during

hypoxia, it may be required for expression of chondrocyte markers such as type II collagen,

293

and it induces expression of vascular endothelial growth factor (VEGF).”” VEGF is a protein

that targets vascular endothelial cells and stimulates their proliferation and migration and
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ultimately the formation of blood vessels.”* It is required for growth and survival during early
postnatal life and it is expressed by hypertrophic chondrocytes in the growth plate, but is
absent in resting and proliferating chondrocytes.””” In animals, inhibition of the receptor for
VEGEF leads to loss of vascular invasion and to an increasing in the hypertrophic region and
diminution of trabecular bone formation due to a disorder in the architecture of the growth
plate.?****” VEGF, produced by hypertrophic chondrocytes, seems to recruit endothelial cells
and thus induces blood vessels, which bring in nutrients, chondroclasts and osteoblasts.?’’
Additionally, exposure of endothelial cells to VEGF may trigger signaling cascades that lead

to production of cytokines, proteinases and other mediators that then influence chondrocytes,

chondroclast and osteoblasts, and prepare these structures for endochondral ossification.

Apoptosis
Apoptosis is a physiological form of cell death, during which the dying cells disappear

without any accompanying inflammatory response.””*>* Apoptosis occurs to control cell
number, as a strategy to remove infected, mutated, or damaged cells, and also as a
morphogenetic step during endochondral ossification. During apoptosis, a cell activates an
intrinsic suicide mechanism, which is extremely rapid (typically between few minutes and
few hours), and the apoptotic fragments are also rapidly cleared up. The final stage of
apoptosis, called execution, occurs through the activation and function of caspases, a highly
conserved family of cysteine proteases with specificity for aspartic acid residues in their
substrates.”' All cells contain caspases in their cytoplasm in an inactive form therefore they
are ready to undergo apoptosis. Another factor linked to apoptosis is the mitochondrial
function, which appears to be related with the delivery of cytochrome C into the cytoplasm
where it promotes the proteolytic activation of caspase 9 and thus initiate a caspase
cascade.’® In addition, a family of proteins (bcl-2 family) seems to be the major modulators
of caspases activity. Bcl-2 and other members of the family are able to prevent the release of
cytochrome C suggesting that this can be the mechanism by which bcl-2 prevents
apoptosis.*”

Though controversial, several studies based largely on immunochemical detection of
osteoblast associated gene products, indicate that under some circumstances hypertrophic
chondrocytes may not apoptose but transform into bone forming cells. However, under
normal circumstances, it appears that the vast majority of hypertrophic chondrocytes in the

growth plate terminate their differentiation with apoptosis.***>*
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In concordance with this proposal Bcl-2, an apoptosis inhibitor, was shown to be distributed
throughout mouse and rat growth plate with the highest levels in dividing and early
hypertrophic chondrocytes, and lower levels in late hypertrophic chondrocytes adjacent to the
metaphyseal vasculature.*’

DNA fragmentation was also detected in some chondrocytes adjacent to the invading
vasculature in the region which contained chondrocytes with a condensed morphology.**
Phosphate ions which are involved in mineralization appear to play an important role in the
chondrocytes apoptosis. Phosphate ions effect was compared in embryonic sternal cephalic
and caudal chondrocytes and terminally differentiated tibial cells showing that differentiated
chondrocytes seem to be more sensitive to increased phosphate levels than less differentiated

308
cells.

Moreover, this behavior appears to be linked to chondrocyte maturation and
mineralization of the extracellular matrix.

Although several studies have suggested that chondrocytes apoptosis may play a prominent
role in the nucleation of matrix calcification and chondrocyte apoptotic bodies have been
suggested to be a source of calcifying matrix vesicles, recently Pourmand et al.’® have
demonstrated that the stimulation of apoptosis prior to the onset of calcification resulted in a
decrease of total calcium uptake and the formation of abnormal mineral crystals meaning that

chondrocytes apoptosis is not essential for calcification.

Ossification

As a result of all the events described above, a cartilage template and later the growth plate is
invaded by blood vessels and osteoblasts, which will remove the calcified cartilage and
replace it by bone, completing the endochondral ossification pathway. In this process other
factors seen as essential for osteoblasts differentiation, such as runx2, come into action.}1%312
Although runx2 is involved in osteoblasts differentiation, its inactivation results in severe
inhibition of chondrocyte maturation and in retardation of endochondral ossification.*'*'* Thh
which is presented as an inductor of chondrocytes proliferation is also involved in osteoblasts

differentiation.?*®

Ihh deficient mice present a disorganized growth plate and they also have
no osteoblasts cells in bone that is formed through endochondral ossification. Although poorly
understood, all these factors are engaged with only one purpose that culminates into

endochondral ossification.
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ABSTRACT

The aim of this study was to analyze the effect of starting powder granulometry and sintering
conditions on the morphological structure and mechanical properties of injectable
hydroxyapaptite (HAp) microspheres. The mechanical properties of the microspheres were
evaluated to investigate if their integrity could be maintained during the injection process. To
obtain microspheres, HAp powders were dispersed in a sodium alginate solution and spherical
particles were prepared by droplet extrusion under a co-axial air stream, coupled with
ionotropic gelation in the presence of Ca®". This was followed by a sintering process at
various temperatures and times. The morphology of microspheres was observed under SEM,
diameter measurements were performed in an optical microscope and the compression
strength was evaluated using a texture analyzer. Finally, microspheres prepared using lower
granulometry HAp powders and sintered at 1200 °C for 1 hour presented the best properties

and were selected as the most suitable for the envisaged application.

Keywords: Injectability, hydroxyapatite, microspheres.
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INTRODUCTION

Minimal invasive surgical procedures are becoming the first choice therapy for their lower
risk of infection and lower recovery time. In orthopaedics, the injectability of materials into
bone cavities is common practice (vertebroplasty) but, in our perspective, many
improvements can still be done. Therefore the search for new materials has to continue in
order to reach the suitable requirements. Our group has been working in the development of
injectable materials to be used as bone-fillers.'"” The preparation and characterization of
ceramic microparticles of spherical-shape and uniform size have been previously described,
and in vitro studies revealed that they can be used as supports for culturing osteoblastic-like
and mesenchymal stem cells, suggesting their applicability as cell microcarriers for bone
regeneration applications."** In this study, the granulometry of the starting ceramic powders
and sintering conditions were varied to enable the preparation of microspheres with different
porous sizes and surface textures, increasing the range of possible applications of the system.
For example, higher and interconnected porosity may allow cell migration into the
microspheres, as well as facilitate nutrient and metabolite exchange. Moreover, larger
particles are also expected to result in an increased surface roughness, which may improve
cell attachment and osteogenic differentiation.” On the other hand, an increase in porosity may
negatively affect the mechanical properties of the microspheres, which is not desirable since
their integrity must be maintained during the injection process. Taking all this into
consideration, different HAp microspheres were prepared and characterized in terms of
morphological structure (dimension, sphericity and surface texture) and mechanical properties

(compression strength).
MATERIALS AND METHODS

As starting materials to prepare the microspheres, HAp and Na-alginate were used. HAp
powders — Captal s (Cs), Captal 20 (C20) and Captal 30 (C30) of different granulometric size
distributions and Na-alginate (Protanal LF 10/60) with a high a-L-guluronic acid content (65—
75%, as specified by the manufacturer) were kindly supplied by Plasma Biotal Ltd (Buxton,
UK) and Pronova BioPharma (Lysaker, Norway) respectively.

Characterization of HAp particles distribution was performed on laser diffraction particle size

analyzer (Coulter Electronics, Villepinte, France) and microspheres were prepared as
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previously described”. Briefly, HAp powder was mixed with Na-alginate solution 3% (w/v) at
a ratio of 0.2 (w/w) and homogenised. The paste was extruded drop-wise into a 0.1 M CaCl,
crosslinking solution, where spherical-shaped microspheres instantaneously formed and were
allowed to harden for 30 min. The microspheres size was controlled by regulating the
extrusion flow rate using a syringe pump (Cole-Parmer), and by applying a coaxial air flow
(Encapsulation Unit Var J1-Nisco). At completion of the gelling period, microspheres were
recovered and rinsed in water in order to remove the excess of solution. Finally, they were
dried overnight in a vacuum-oven at 30 °C, and then sintered at 1100 °C, 1200 °C, 1300 °C for
1 hour and at 1300 °C for 6 hours using a uniform heating rate of 5 °C/min.

For morphological characterization, HAp particles and microspheres were sputter coated with
gold using JEOL JFC-100 (Croissy-sur-Seine, France) fine coat ion sputter device and
observed under a JEOL JSM-6301F scanning electron microscopy (SEM). Microspheres
diameter was measured using an optical microscope Olympus equipped with an ocular
micrometer with an accuracy of 10 um. The average diameter of n=20 microspheres was
calculated and the experiment was repeated at least three times. Microspheres compression
strength was evaluated in a Texture Analyzer TA-XT2i (Stable Micro Systems Ltd,
Godalming, UK). The load was applied vertically, to individual microspheres, using a
cylindrical metallic probe with a diameter of 2 mm. In each experiment 10 microspheres were
assayed and the average from at least three experiments was calculated. Compression strength

was calculated from the maximum force reached (breaking point).

RESULTS AND DISCUSSION

In this work, HAp powders with different granulometries were used to produce injectable
microspheres. Those were prepared using a previously reported methodology that has the
advantage of allowing the preparation of spherical-shaped particles with an adequate and
uniform size.” In what concerns the granulometry of the HAp powders, the Cs batch was
characterized by particles with an average diameter of 5.1+0.3 um, while for C20 and C30 the
average diameter were 22.6+1.5 um and 38.9+2.4 um respectively. Size distribution curves
and SEM pictures of the particles are presented in Figure 1.

After sintering, microspheres surface roughness and pores size were very different, depending
on the particles used as can be observed in Figure 2. Microspheres prepared from Cs (Figure

2A) exhibited the smoothest surface whereas microspheres prepared using C30 (Figure 2C)
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particles presented a more irregular surface and bigger pores (around 20 um) between

particles.
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Figure 1. Size distribution of HAp particles and their SEM images. Pictures A, C and E show the
granulometric size distribution of Cs, C20 and C30 particles respectively. Pictures B, D and F show the SEM
photomicrographs of Cs, C20 and C30 particles, respectively.

The shape was also slightly affected by the particle size, with larger particles resulting in less
spherical microspheres. However, a spherical shape is desirable in order to increase the
injectability yield since that is the shape used as model for fluid transportation studies, and it
is known as the easiest way to carry high concentration of solid particles using a fluid

vehicle.®

Figure 2. The SEM images of microspheres. Photomicrograph A corresponds to a microsphere prepared using
Cs particles and microspheres showed in photomicrographs B and C were prepared using C20 and C30 particles

respectively.

The microspheres size is also an important factor to take into consideration. The literature

shows that microspheres with diameters around 500 pum are considered injectable.’
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Figure 3. Microspheres’ diameter change with sintering temperatures. Microspheres prepared from C30
particles show a bigger diameter than microspheres prepared using Cs or C20 particles. An increase of sintering

temperature corresponds to a decrease of microspheres diameter.

Microspheres prepared with C30 particles have a diameter higher than those prepared using
Cs or C20. However, all obtained microspheres during this study fall in the range 500 to 600
pum which correspond to the values found in literature. Figure 3 shows the diameters of
microspheres versus sintering temperature. As expected, not sintered (not sint.) microspheres
are the largest ones. After sintering, microspheres diameter decreases due to the alginate
burning and to the compactation (decrease of porosity/volume) commonly associated with the
sintering process. Thus, microspheres diameter is not only a function of the type of particles
used, but also a function of the sintering temperature. A narrow size distribution of
microspheres sizes was obtained for all the formulations. This is an important aspect since a
uniform size is expected to create homogeneous spaces between microspheres when packed at
the bone cavity whereas a wide size distribution or a bimodal size distribution will create
smaller spaces.

During the injection process microspheres integrity must be maintained. However, if
microspheres compression strength is lower than the tension used to extrude the injectable
material, they will most probably break down. The rupture forces of the microspheres
prepared in this study are presented in Figure 4. Those forces can be as higher as 4.30+0.31 N
and as lower as 0.07+0.01 N, depending on the state of the microspheres (sintered or not) and

also on the type of HAp particles used. After sintering at 1100 °C, all microspheres presented
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low rupture strength. Moreover, the strength of microspheres prepared from C20 or C30
particles could not be measured since the force necessary to break them was out of the range
of the texture analyzer used. The rupture force increased along with the sintering temperature.
A force as high as 3.79+0.76 N was needed to break microspheres prepared from Cs after
sintered at 1300 °C for 6 hours.
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Figure 4. Rupture force of microspheres prepared using different sintering temperatures. Microspheres’
strength increases with sintering temperature. Rupture force of microspheres prepared using C20 and C30

particles could not be measured for sintering temperatures below 1300 °C.

That increase of rupture force resulted from the establishment of bridges (known as “necks”)
among the HAp particles during the sintering process. According to the literature, during an
injectable procedure the force reached on an area similar to the equatorial area of our
microspheres is below 0.30 N.*° Therefore microspheres prepared using Cs particles and
sintered at temperatures equal or superior to 1200 °C as well as microspheres prepared using
C20 particles and sintered at 1300°C had enough strength to be injected. However, the
injection process will probably be facilitated when using the microspheres with the

smoothness surface.
CONCLUSIONS

The use of HAp powders with different granulometries enabled the preparation of
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microspheres with different morphological structures and mechanical properties.
Microspheres prepared using HAp powders with higher granulometry needed higher sintering
temperature to achieve enough compression strength, and presented a more irregular surface.
Microspheres prepared using HAp powders with the lower granulometry presented a
homogeneous size distribution (around 500 pm) and its strength was 0.35 N after sintering at

1200 °C for 1 hour which make them the most suitable microspheres to use in our approach.
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ABSTRACT

Injectable materials for bone defects fillers can be based in the combination of a vehicle and a
reinforcement phase. Therefore, the properties of the vehicle should be suitable to enable the
transport of that extra phase. Additionally, the use of biocompatible materials is a requirement
for tissue regeneration. Thus, we intended to optimize a biocompatible vehicle able to carry
hydroxyapatite microspheres into bone defects using an orthopaedic injectable device. To
achieve that goal, polymers usually regarded as biocompatible were selected, namely sodium
carboxymethylcellulose, hydroxypropylmethylcellulose and sodium alginate (ALG). The
rheological properties of the polymeric solutions at different concentrations were assessed by
viscosimetry before and after moist heat sterilization. In order to correlate rheological
properties with injectability, solutions were tested using an orthopaedic device applied for
minimal invasive surgeries. Among the three polymers, ALG solutions presented the most
suitable properties for our goal and a non-sterile ALG 6% solution was successfully used to
perform preliminary injection tests of hydroxyapatite microspheres. Sterile ALG 7.25%
solution was found to closely match non-sterile ALG 6% properties and it was selected as the

optimal vehicle. Finally, sterile ALG 7.25% physical stability was studied at different
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temperatures over a three month period. It was observed that its rheological properties

presented minor changes when stored at 25 °C or at 4 °C.

Keywords: Injectability, alginate, carboxymethylcellulose, hydroxypropylmethylcellulose,

microspheres.

INTRODUCTION

Minimal invasive surgery has been commonly used over the past two decades since it uses
smaller incisions and partial anesthesia, induces fewer complications and less post-operative
pain as well as a fast patient recovery. As result, research in this particular area is being
pushed forward in order to obtain further improvements.' Minimal invasive surgery can be
used to repair some damaged areas involving the procedure itself alone (endoscopy,
thorascopy and laproscopy) or the procedure associated with injection of materials to fill
defects and/or to deliver drugs. When injectable materials are used, the surgical procedures
will depend on factors such as the type of materials, their rheological properties, setting time,
etc. If the material is a single liquid solution, the procedure becomes easier. However, when
solid particles are mixed with the liquid solutions, other features should be taken into
consideration, namely the shape, density, porosity, size and amount of particles to be used,
since the solid phase has to be efficiently carried by the liquid solution (vehicle). Thus,
rheological properties of the vehicle must be a compromise between easy manipulation
(injectability) and a suitable viscosity to enable microparticles transportation. On the other
hand, viscosity at different shear rates must be approximately constant since manual injection
rate is difficult to control. In order to fulfill all these requirements several polymers have been
tested as injectable materials. Some of them include chitosan,> Na-alginate (ALG),’
hyaluronic acid,>® hidroxypropylmethylcellulose (HPMC)," " sodium

carboxymethylcellulose (NaCMC),'" poly(propylene fumarate),'>"?

poly(ethylene glycol)-
dimethacrylate), poly(B-caprolactone)'®, carboxylmethyl chitin,"> polymethylmetacrylate
(PMMA) and others.'® However, the use of specific solid particles in suspension requires an
optimization of the vehicles in terms of their viscosity, injectability and stability.

In this study, we were interested in selecting a suitable vehicle for injectable hydroxyapatite

(HAp) microspheres developed at our laboratory.!” The preparation and characterization of

these ceramic microparticles of spherical-shape and uniform size (diameter around 500 pm)
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have been previously described, and in vitro studies revealed that they can be used as supports
for culturing osteoblastic-like cells, suggesting their applicability as cell microcarriers for
bone regeneration applications'®. However, in order to display adequate handling properties
and to enable minimally invasive implantation, the microspheres must be combined with a
vehicle. To accomplish our goal, we tested three polymers (ALG, HPMC and NaCMC), in
terms of viscosity and injectability. Finally, ALG was selected as the most promising solution

and its stability was evaluated over a three month period storage at different temperatures.

MATERIALS AND METHODS

Materials

Sodium alginate (Protanal 10/60LS) with a high o-L-guluronic acid content (65-75%, as
specified by the manufacturer) was kindly donated by Pronova Biopolymers, Norway and
used without further purification. Alginate solutions were freshly prepared as needed, using
deionised water. HPMC (Methocel E4M Premium) was a gift from Colorcon, USA and
NaCMC was purchased from Guinama, Spain. Hydroxyapatite was purchased from Plasma

Biotal, Ltd., UK. All products were of pharmaceutical grade.

Preparation of the polymer solutions
Sodium alginate was dissolved in deionised water for 24 hours in order to obtain a
homogeneous dispersion. The cellulose derivatives were dispersed in deionised water under

mechanical agitation.

Preparation of the microspheres

Hydroxyapatite microspheres were optimized in our laboratory in order to fill all the
requirements for injectability.'*" Briefly, a suspension of HAp particles in an ALG 3% (w/v)
solution was extruded drop-wise into CaCl, solution followed by sintering at 1200 °C for 1
hour. After sintering, spherical-shaped microparticles with a uniform size were obtained as
depicted in Figure 1. The microspheres diameter and compression strength were found to be

around 500 pm and 0.35 N, respectively, as described in detail previous chapter.'’
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500 um

Figure 1. HAp microspheres sintered at 1200 °C for 1 hour. The picture was obtained by optical microscope,

showing the homogeneous size and sphericity of microspheres after sintering.

Evaluation of the rheological behaviour

Flow assay

The rheological behaviour was assessed by performing flow measurements at 20 °C using a
viscometer Viscotester VT550 (ThermoElectron, UK), fitted with concentric cylinder
geometry (SV-DIN), between 1 and 1000 s™ (unless high viscosity did not allowed it) and

backwards, with a 60 s delay period between measurements. The experimental results were

fitted with Power law model 7=/kxy"and consistency, k, and flow index, n, were

determined. In Power law equation 7 is the shear stress and 7 is the shear rate.’

Injectability (extrusion) assay

The injectability of the mixtures was evaluated using an injection device (LP2 Stainless Steel
Delivery System - Biomet, Portugal) commonly used in vertebroplasty surgical procedures,
which consisted of a plastic syringe (20 mm internal diameter), a cannula (2.7 mm internal
diameter and 173 mm length) and a polymeric connection tube (Figure 2). The syringe was
filled up with the polymeric solution and the whole device was mounted on a Texture
Analyzer TA-XT2i (Stable Mycro Systems, UK) working in compression mode. During

extrusion tests, samples were assayed in triplicate applying the force vertically and using a
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plunger displacement rate of 1 mm/s. Results were expressed as the force needed to push the
solution out from the cannula. Some preliminary tests using non-sterile ALG 6% (NS-ALG
6%) mixed with 20% or 40% (w/w) of microspheres were also performed.

The effects of the ALG concentration and sterilization on the mechanical properties were
statistically evaluated by one-way ANOVA. Post hoc comparisons of the means of individual
groups were performed using Tukey’s Honestly Significant Difference test. A value of p=0.05
was taken to denote significance. Statistical analysis was performed with SPSS 15.0 for

Windows software (SPSS Inc., Chicago, IL, USA).

vehicle

syringe

4
W

needle

tn

Figure 2. Injectability device. Schematic representation of the procedure and device used to evaluate the

injectability of the polymers. Injectability device scheme (A) and image of the injectability device (B).

Influence of sterilization on the rheological behaviour
Sterilization was carried out in an autoclave (15 minutes at 121 °C) and the evaluation of the
mechanical properties was accessed as described previously (injectability assay) after a

storage period of 24 hours at 20 °C.

Influence of sterilization on alginate molecular weight

Molecular weight was characterized at room temperature by High Performance Size
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Exclusion Chromatography (HP-SEC) using a modular system, composed of an isocratic
pump (K-1001 Knaeur), a vacuum degasser (K-5002 Knaeur), a viscometer/right angle laser
light scattering (RALLS) dual detector (T60 Viscotek), and a refractive index detector (K5002
Knaeur) operating at the same wavelength as the RALLS detector (670 nm). Separations were
performed in a set of PL aquagel-OH mixed columns. The mobile phase consisted of 0.1 M
NaNOs; with 0.02% (w/v) NaN3 and the flow-rate was maintained at 1.0 ml/min. Samples
were dissolved in the mobile phase at 1 mg/ml, sterilised, filtered and injected through a

manual injection valve equipped with a 116 pl loop.

Evaluation of the physical stability

The physical stability of the sterile ALG 7.25% (S-ALG 7.25%) solution was studied after
storage for three months at 4 °C, 25 °C and 40 °C. Rheological properties were assessed on
three batches performing flow measurements at 20 °C using a viscometer (Viscotester VT550,
ThermoElectron, UK) fitted with concentric cylinder geometry, in the shear rate range from 1

to 500 s™' and backwards, with 60 s delay period between measurements.

RESULTS AND DISCUSSION

Evaluation of the rheological behaviour

When polymeric solutions are used in injectable systems their rheological behaviour becomes
one of the most important properties to be studied. In this work, the rheograms obtained
showed that all polymeric solutions presented shear thinning behaviour characterized by a
decrease of viscosity for an increase of shear rate (Figure 3). The parameters of the Power law
model are presented in Table I. The flow index, n, varies from 0.140 to 0.834. The polymeric
solution with higher viscosity was NaCMC 4%.

An increase in consistency, k, following an increase in concentration was observed in all
cases. Increasing the concentration of NaCMC and HPMC solutions, the rheological
behaviour showed a trend to be more shear-thinning (lower n values) whereas ALG solutions
presented a behaviour closer to Newtonian fluid (n=1), showing a decrease in viscosity only
at medium to high shear rates. This behaviour did not change with concentration as flow
indexes remained approximately constant.

The polymeric solutions did not present thixotropy (represented by a hysteresis area between

up and down curves) with the exception of the NaCMC solutions at higher concentrations.
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Figure 3. Rheograms of polymeric solutions at different concentrations (T=20 °C). NaCMC solutions
showed a decrease of viscosity for the whole range of shear rates tested while most of the Na-alginate solutions

presented a viscosity approximately constant at shear rates below 30 s™.

Low modification of the mechanical properties after sterilization was found for cellulose
derivatives solutions (Figures 4 and 5). In contrast, the ALG solutions showed a marked

decrease of viscosity (Figure 6).

Table I. Parameters of the power law model.

Concentration

2
Product (% wiw) K n R
1 1.05 0.623 0.9987
NaCMC 2 51.63 0.279 0.9939
4 337.83 0.140 0.989
2 14.32 0.480 0.9928
HPMC
4 126.33 0.391 0.9850
2 0.34 0.834 0.999
4 4.69 0.669 0.9964
ALG 6 20.47 0.614 0.995
8 37.95 0.704 0.9972
10 74.62 0.695 0.9977

k - consistency, 1 - flow index, and R’- R-squared value.
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Injectability

In order to evaluate the injectability, polymeric solutions were extruded through a specially
designed injection apparatus (Figure 2) and force versus distance values were recorded and
plotted (Figure 7). The curves show the evolution of applied force during polymeric solution

movement through the device.

1000
= NaCMC4% —o—NaCMC 4% S
—+NaCMC2% —NaCMC 2% S
100
-
[
&
£ 10
172]
(=}
2
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0 L) L) LN B B BN B AN L) L) LN B BN B R BN L) L) LN B B B B A
1 10 100 1000

Shear rate (1/s)

Figure 4. Effect of sterilization on NaCMC solutions viscosity. After sterilization, a decrease of 50% in
NaCMC solutions viscosity was detected for low shear rates, while at high shear rates the decrease was smaller.

Sterile solutions are represented by “S”.
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Figure 5. Effect of sterilization on HPMC solutions viscosity. HPMC solutions viscosity was almost the same

before and after sterilization. Sterile solutions are represented by “S”.
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The evaluation of extrusion force showed that HPMC 2%, NaCMC 2% and ALG 2%
solutions were able to extrude at low forces, respectively 33.3+1.4 N, 35.4£3.8 N and
16.3£0.7 N (Mean+SD). Furthermore, ALG 4% and ALG 6% solutions were not extruded at
high forces (18.4£1.3 N and 34.3+0.8 N respectively) but HPMC 4% and NaCMC 4% needed
around 100 N to be extruded (123.5+7.4 N and 92.7+5.6 N respectively).

1000
—— Alginate 6%  —»— Alginate 6% S
—=— Alginate 8%  —o— Alginate 8% S
100 —e— Alginate 10%  —— Alginate 10% S
@
<
&
& 10
wn
=
2
>
1
0 L) L) L) 1
1 10 100 1000
Shear rate (1/s)

Figure 6. Effect of sterilization on Na-alginate solutions viscosity. Alginate solutions viscosity dropped
sharply after sterilization. However, it is still approximately constant at low shear rates. Sterile solutions are

represented by “S”.

The injectability is highly dependent of viscosity as well as of the orthopedic device design as
can be observed from the extrusion curves (Figure 7). Each component of the device affects
the extrusion process. At the beginning, extrusion force increased in order to extrude the
solution out from the syringe into the connection tube and the maximum force did not go
above 20 N. As the connection tube was filled up (first plateau) the extrusion force becames
approximately constant. Once solution reached the cannula, extrusion force increased again
until the solution started to come out from it. Following this last slope, a second plateau was
observed (constant value of extrusion force). At high viscosities (HPMC 4% and NaCMC
4%), the influence of the cannula was marked by a high increase in the extrusion force.
Therefore, during a surgical procedure, the use of cannulas of smaller length and higher
diameter could eventually decrease the extrusion force needed to accomplish the injection

procedure.
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Figure 7. Curves of injectability of polymeric solutions after extrusion using the device shown in fig. 2. The
curves were drawn using the values recorded during extrusion process and correspond to different polymeric

solutions. The curves profile identifies the position of solutions inside of the device.

Both high and low viscosity solutions can be associated with poor injectability upon addition
of a solid phase. With high viscosity a high force has to be applied to extrude a mixture, while
for low viscosity solutions a phenomenon known as filtering will occur and solid particles
will not be pushed through the cannula.” Furthermore, solutions with low viscosity may also
present the disadvantage of easily leaking and potentially invading blood vessels.”>® On the
other hand, solution’s viscosity should be approximately constant at different shear rates
(close to a Newtonian fluid) since injection is usually performed manually (variable injection
rate). Among the studied vehicles, ALG solutions presented the closest behaviour to a
Newtonian fluid (n=1) and they were easily injected using the orthopaedic device above
described. Thus, NS-ALG 6% was used to perform some preliminary tests, using both 20%
and 40% (w/w) of HAp microspheres (diameter of 535435 um). In those assays both mixtures
were able to be extruded; however, the mixtures containing 40% (w/w) of microspheres were
only extruded at forces of 166+40 N while mixtures prepared with 20% (w/w) of
microspheres were extruded at 42+5 N. In the literature, values in the range 40 to 300 N (most
accepted 100N) have been found as forces suitable to perform material injections which
suggests that, in terms of rheological properties, NS-ALG 6% solution could be an

appropriate solution to work as an injectable vehicle.””*
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Although viscosity of NS-ALG 6% proved, empirically, to be proper to keep microspheres in
suspension and to accomplish several injection assays, the sterilization method decreased its
viscosity and microspheres in suspension fall down. Therefore, new studies had to be
performed in order to find a suitable concentration that, after sterilization, presents rheological
properties similar to NS-ALG 6%.

In Figure 8 it is observed that the force to extrude sterile ALG 6% (S-ALG 6%) decrease to
about 20 N (18.7£0.6) as the result of sterilization. On the other hand, both sterile ALG 8%
and sterile ALG 10% needed higher force to be extruded, 47.5 +2.6 N and 82.7+1.3 N

respectively.

90 1

80 1

70 1

60 1

50

40

30 1

Extrusion Force (N)

20 1

10 1

6% NS 6% S 7.25% S 8% S 10% S

Na-Alginate Solution (w/w)

Figure 8. Extrusion force of Na-alginate solutions. Na-Alginate solutions were autoclaved at 121 °C for

15min. “NS” represents a solution non-autoclaved and “S” represents autoclaved solutions. *Not significantly

different from 6%NS.

Besides injectability, high mechanical strength of the injected mixtures was also a goal in this
study. This objective can be accomplished by injecting a mixture combining the maximum
possible amount of ceramic microspheres. However, the extrusion of sterile ALG 8% and
sterile ALG 10% needed high extrusion forces, consequently a lower percentage of
microspheres would have to be used to enable extrusion at forces below 100 N. Therefore, we
focused on finding the alginate solution concentration with rheological properties similar to
those of NS-ALG 6%. The approach used was based in the correspondence between extrusion
forces for sterile and non-sterile ALG 6%, ALG 8% and ALG 10%. Using the regression
equations (Figure 9) we calculated that S-ALG 7.25% was the appropriate solution to replace
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the NS-ALG 6%. To confirm our approach, injectability tests using S-ALG 7.25% were
performed and results showed that both S-ALG 7.25% and NS-ALG 6% presented similar
extrusion forces (Figure 8), which was also confirmed by the rheological tests. The statistical
tests showed that the ALG concentration influenced the extrusion force, and only the

extrusion forces found for S-ALG 7.25% and NS-ALG 6% were not significantly different
(p=0.662).

140 -
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120 W Autoclaved y= 0.8943x>1246 *
R” =0.9948

100 -
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60 - 2.921
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R?=0.9975
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20

0 2 4 6 8 10 12

Alginate concentration (%)

Figure 9. Extrusion forces of Na-alginate after and before sterilization. Extrusion forces were measured on
both autoclaved and non-autoclaved ALG solutions. Sterile ALG concentration that matched NS-ALG 6%

extrusion force was computed from the regression equations of autoclaved and non-autoclaved solutions.

Influence of sterilization on the alginate molecular weight

Upon submission to moist heat sterilization (121°C, 15 min), a decrease in the viscosity of
alginate solutions was observed, as discussed before. In order to understand this behaviour,
the molecular weight of those solutions was measured and a decrease of more than 15% was
observed. Before sterilization the molecular weight of alginate solutions was 85 kDa and after
sterilization it has dropped to 70 kDa. This behaviour was expected since moist heat
sterilization promotes polymer breakdown, resulting in the reduction of the average molecular

weight and consequently altering the rheological properties of the polymer solution.*

Evaluation of physical stability

A marked decrease on the viscosity of polymer solutions after storage at 40 °C was found,
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while minor modifications were observed on the other test conditions (Figure 10). At this
temperature, a viscosity decrease was found even 1 day after preparation (data not shown), it
continued to decrease with time and after 3 months viscosity decreased more that four folds
(Figure 10). In contrast, at both 4 °C and 25 °C only a slight decrease of viscosity was

observed and no differences could be detected between 1 and 3 months.
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80 T
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Figure 10. Influence of storage time on S-ALG 7.25% solutions viscosity. The viscosity was highly affected
after stored at 40 °C. After 1 month the viscosity decrease was notorious and continued for the 2" and 3™
months. At both 4 °C and 25 °C only a slight decrease of viscosity was observed but no differences could be

detected between 1 and 3 months.

Since both NS-ALG 6% and S-ALG 7.25% presented similar rheological behavior and S-
ALG 7.25% was stable for a period of at least three months when stored either at 25 °C or at 4
°C, it was chosen as the vehicle to perform future injectability tests using different

concentrations of HAp microspheres.

CONCLUSIONS

In order to use a polymeric solution as a vehicle capable of carrying solid particles, suitable
rheological and chemical properties should be reached. In this investigation we were looking
for a vehicle suitable to carry HAp microspheres through an orthopaedic device during an

injection procedure. Among the polymeric solutions studied, sodium alginate presented the
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closest behaviour to a Newtonian fluid, so it was selected as the polymer for future studies.
NS-ALG 6% proved to be able to carry 40% (w/w) of HAp microspheres through an
orthopaedic device. Moreover, S-ALG 7.25% presented rheological properties similar to NS-
ALG 6%. For injection into a bone defect, sterility is a mandatory feature, and so S-ALG
7.25% was selected as the vehicle. Its rheological properties presented minor changes over a
three months period when stored either at 25 °C or at 4 °C. This behaviour is considered

acceptable for a pharmaceutical product of extemporaneous preparation.
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ABSTRACT

The aim of this study was to test the injectability of a bone filler system based on the
combination of ceramic microspheres with a gel-like vehicle, for minimal invasive surgery.
Porous hydroxyapatite microspheres with a uniform size and an average diameter of 535+38
um were prepared, and their compression strength and friability were tested. The sodium-
alginate solution with a concentration of 7.25% (w/w) was used as the vehicle. To promote its
in situ gelation, calcium carbonate and D-gluconic-6-lactone were added to the solution.
Microspheres were mixed with the vehicle at different percentages, 20% to 40% (w/w).
Gelation times in the range of 8 to 20 min were obtained, depending on the formulation.
Mixtures of HAp microspheres with alginate solution at 7.25% originating a gel in 11 min
present an adequate handling time to perform an injection. Their injectability was evaluated
using an injection device commonly employed in vertebroplasty surgical procedures, coupled
to a texturometer in compression mode. Using an extrusion rate of 0.1 mm/s, the force
required to extrude any of the mixtures tested was lower than 100 N. For an extrusion rate of
1 mm/s mixtures with 40% (w/w) of microspheres were very difficult to inject. Mixtures with

35% (w/w) of microspheres presented the best compromise between injectability and
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compression strength of the gelled system. MicroCT analysis revealed a homogeneous
distribution of the microspheres inside the vehicle, as well as full interconnection of the intra-
microspheres spaces. The compression strength for the gelled systems ranged from 80 kPa

(gel itself) to 600 kPa (composite with 40% of microspheres).

Keywords: Microspheres, hydroxyapatite, ceramic, hydrogel, alginate.

INTRODUCTION

Loss of bone has been a problem, especially for women after menopause since their capacity
to rebuild new bone is diminished and bone absorption is high, resulting in osteoporosis.
Other identical processes, like the loss of bone in Gaucher disease (type I), which is related to
the absence of the enzyme glucocerebrosidase,'” can occur and hence fractures and failure of
some bones takes place. Usually, those losses result in the collapse of some vertebra causing
pain and, in many cases, an anatomically normal posture cannot be maintained anymore.” In
order to relieve the pain and to strengthen osteoporotic bones surgery is frequently performed.
The most common procedure consists of injecting and filling up the inside of a vertebral body
with a polymer, polymethylmethacrylate (PMMA), using minimum invasion surgery such as
percutaneous vertebroplasty (PVP) or kyphoplasty. These are fast procedures and allow an
immediate pain relief and patient’s recovery in few days.*® However, some problems remain
unsolved: PMMA cannot be absorbed, does not allow or induce bone regeneration, has a high
setting temperature’ and its high hardness and strength after setting is associated with new

: - : 8-11
cracks in surrounding bone and fracture on adjacent vertebras.

Taking into consideration
all the advantages associated with the PVP, we intend to use the same procedure to inject a
different material (composite) to overcome some of the difficulties related to the use of
PMMA. One of the strategies is to test the injectability of an alginate solution mixed with
ceramic microspheres of a uniform size that will gelify in situ within a few minutes at body
temperature and may be loaded with drugs and/or osteoblastic or osteoprogenitor cells to
customize for specific applications. In this way, drugs could be released in situ, allowing the
treatment of some diseases, and the cells could induce new bone formation.'!?

As a component of seaweed, alginate is a natural and abundant polymer which has been

described by several authors as a biocompatible and biodegradable material (ultra-pure

grade).””" When used as a solution, alginate can easily be crosslinked in situ using calcium
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or some other divalent positive ions.”>** Some of the applications where it has been used are
as a vehicle for drug delivery and as a scaffold for tissue engineering, either as porous
structures or modified with RGD-containing peptide sequences.''** Among others polymers
that have been studied in this work, alginate was the one that had least variation in viscosity in
the range of shear rates applied in this study.

In the system described in this paper a ceramic phase has been used to reinforce the calcium
alginate phase. Hydroxyapatite (HAp) is one of the ceramics that can be used as
reinforcement because it has good strength and an excellent biocompatibility due to its
chemical similarity with the mineral phase of hard tissues.”"*

The injection of ceramic materials into a bone cavity is not a new concept; however, a
literature search revealed that most of the works used particles with an irregular shape, a
broad size distribution and too large or too small dimensions.”*’ Since spherical particles
with narrow size distribution can create more homogeneous interparticle spaces, as well as
being easier to inject, we have produced porous HAp microspheres with an average diameter

of 535+38 um (mean+SD). The injectability tests were performed using a device applied in

PVP, in order to increase the similarity with surgical procedures.

MATERIALS AND METHODS

Materials

Commercial hydroxyapatite (HAp) (Captal S, Plasma Biotal) was used to produce
microspheres. Granulometric analysis of the powder was performed using a laser scanner
particle size analyzer (Coulter Electronics Incorporation), and a particle average diameter of
5.1#0.3 pm was found. Pharmaceutical-grade sodium alginate (Na-alginate, Protanal
10/60LS) with a high a-L-guluronic acid content (65—75%, as specified by the manufacturer)
was kindly donated by Pronova Biopolymers and used without further purification. Na-
alginate solutions were freshly prepared as needed, using deionised water. Calcium carbonate

(CaCO3) powder and D-glucono-o-lactone (GDL) were obtained from Sigma.

Preparation and characterization of HAp microspheres
Preparation
HAp microspheres were prepared as reported previously.! Briefly, the HAp powder was

dispersed at a ratio of 0.2 (w/w) with 3% (w/v) Na-alginate aqueous solution under gentle
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stirring until a homogeneous paste was obtained. The paste was extruded drop-wise into a 0.1
M CacCl,; crosslinking bath, where spherical-shaped particles were instantaneously formed and
allowed to harden for 30 min. The particle size was controlled by regulating the extrusion
flow rate using a syringe pump (Cole-Parmer), and by applying a coaxial air flow
(Encapsulation Unit Var J1-Nisco). At completion of the gelling period the microspheres
were recovered and rinsed in water in order to remove the excess of CaCl,. Finally, they were
dried overnight in a vacuum oven at 37 °C, and then sintered at 1200 °C for 1 h, with a

uniform heating rate of 5 °C/min from room temperature.

Morphological characterization (SEM and dimensional analysis)

Morphological characterization of the microspheres was carried out using a stereomicroscope
(Olympus SZX9) and a scanning electron microscopy (SEM). For SEM, samples were sputter
coated with gold using a JEOL JFC-100 fine coat ion sputter device and observed using a
JEOL JSM-6301F SEM. The diameter was measured using an inverted plate microscope
(Olympus) equipped with an ocular micrometer with an accuracy of 10 um. The average
diameter of n=20 microspheres was calculated and the experiment was repeated at least three

times.

Physicochemical characterization (XRD, FTIR)

For Fourier transform infrared spectroscopy (FTIR) microspheres were reduced to powder
and analysed as KBr pellets using a Perkin Elmer System 2000 spectrometer. For X-ray
diffraction (XRD), microspheres were reduced to powder and analysed with CuKa radiation

using a Rigaku PMG-VH diffractometer.

Mechanical properties (friability and compression strength)

Friability tests were performed according to a procedure described in the European
Pharmacopeia (5™ edition) with minor modifications. Briefly, 2 g of HAp-microspheres were
loaded into a drum (SOTAX/F1) operating at 25 rpm. The fall height was 150 mm and the
same microspheres were used for 3 cycles of 4 min each. After each cycle, the desegregated
powder was blown out and the microspheres were collected and weighted again. Friability is
reported as percentage of total weigh lost.

Microsphere compression strength was evaluated in a Texture Analyzer (TA-XT2i, Stable

Micro Systems Ltd). The load was applied vertically, to individual microspheres, using a
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cylindrical metallic probe with a diameter of 2 mm. In each experiment 10 microspheres were
assayed and the average from at least three experiments was calculated. Compression strength

was calculated from the maximum force reached (breaking point).

Preparation and characterization of the alginate vehicle

Preparation

Preliminary studies using Na-alginate, carboxymethylcellulose and hydroxypropylmethyl
cellulose solutions at different concentrations, before and after sterilization, were carried out
(previous chapter). From those studies, a Na-alginate solution with a concentration of 7.25%
(w/w) was chosen as the most adequate vehicle. It was obtained by dissolving Na-alginate in
deionised water for 24 hours in order to obtain a homogeneous solution, and then sterilizing in

an autoclave according to the standard pharmacopoeia procedure (15 min at 121 °C).

Characterization of the molecular weight and viscosity

The molecular weigh of Na-alginate, before and after sterilization, was calculated by high
performance-size exclusion chromatography (HP-SEC). The analysis was performed at room
temperature using a modular system, composed of an isocratic pump (K-1001 Knaeur), a
vacuum degasser (K-5002 Knaeur), a viscometer/right angle laser light scattering (RALLS)
dual detector (T60 Viscotek), and a refractive index detector (K-5002 Knaeur) operating at
the same wavelength as the RALLS detector (670 nm). Separations were performed in a set of
PL aquagel-OH mixed columns. The mobile phase consisted of 0.1 M NaNO; with 0.02%
(w/v) NaNj and the flow-rate was maintained at 1.0 ml/min. Samples were dissolved in the
mobile phase at 1 mg/ml, filtered and injected through a manual injection valve equipped with
a 116 pl loop.

The viscosity of Na-alginate solutions was assessed by performing flow measurements at 20
°C using a viscometer (Viscotester VT550, ThermoElectron, UK), fitted with concentric
cylinder geometry, between 1 and 100 s and backwards, with a 60 s delay period between

measurements. All measurements were performed in triplicate.

Gel formation
Internal gelation of the 7.25% (w/w) Na-alginate solution was promoted using a method
previously described by Kuo et al.*® with minor modifications. Briefly, a calcium salt with

limited solubility, in this case CaCO;, was mixed with the alginate solution and used as a
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source of calcium ions. The release of Ca®" into the solution was promoted by the generation
of an acidic pH with D-glucono-o-lactone (GDL), a slowly dissociating acid, which was also
incorporated in the solution. Once released, Ca®* ions can participate in the interchain ionic
binding between carboxyl groups (COO") of guluronic acids blocks in the polymer chain,
giving rise to a crosslinked gel.

To obtain a sterile gel, the CaCO3; powder was previously autoclaved (15 min at 121 °C),
while GDL aqueous solutions were filtered through a 0.22 um membrane filter and used
immediately after preparation. The CaCOs/GDL ratio was set at 0.5 to yield a neutral pH
value.*® All components were pre-equilibrated at room temperature (set at 20 °C) before being
mixed. An aqueous CaCO; suspension was added to the Na-alginate solution, which was
mixed and vortexed for 1 min and allowed to equilibrate at 20 °C for 15 min. Several
Ca?'/COO ratios were tested (0.180, 0.216, 0.252, 0.288, 0.324 and 0.360). To initiate gel
formation, a fresh GDL solution was subsequently added to each mixture and vortexed for 20
sec. Immediately after, the mixtures were poured into test tubes, incubated at 20 °C in water
bath and allowed to gelify. The gelation time was calculated according to the procedure of
Oakenfull et al.*! It was defined as the time required for the mixtures to form a gel just strong
enough to remain held in position upon inversion of the test tubes. All samples were assayed

in triplicate.

Preparation and characterization of the microspheres-vehicle system

Preparation of the system

Microspheres were added to the vehicle (Na-alginate with CaCO3; and GDL) and the mixture
was carefully homogenised. Different percentages of microspheres — 20, 30, 35 and 40%
(w/w) — were tested. In this study, a Ca>"/COO™ ratio of 0.288 was used, since preliminary
results showed that it promotes gelation in approximately 11 min. This was considered an
adequate handling period, giving the surgeon enough time to prepare, manipulate and inject

the system.

Osmolality
The osmolality (mOsm/kg) of extemporaneously prepared microspheres-vehicle mixtures was

measured in an osmometer (Semi-Micro Osmometer, Knauer).
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Injectability (extrusion) assay

The injectability of the mixtures was evaluated according to the scheme of Figure 1A. In the
procedure, an injection device commonly used in vertebroplasty surgical procedures was
used, which was coupled to a Texture Analyzer (Figure 1B). The device consisted of a plastic
syringe (20 mm internal diameter), a cannula (2.7 mm internal diameter, 173 mm length) and
a polymeric connection tube. The syringe was filled with extemporaneously prepared
microspheres-vehicle mixtures and the whole device was mounted on the Texture Analyzer
operating in the compression mode. For extrusion, the load was applied vertically using two
different plunger displacement rates (I mm/s or 0.1 mm/s). Results are expressed as the force
needed to extrude the mixture out from the syringe. The percentage of injectability, defined as
the ratio between the mass of mixture expelled from the syringe and the total mass loaded,

was also calculated. All samples were assayed in triplicate.

A Sterile alginate CaCO; + GDL HAp microspheres 1 E“ :'\.‘-
solution (7.25%)
wt % 20/30/35/40
H Vehicle |-
',A':.' o L
Y 5 T Ay
Co o | i <
Stirrer N
Syringe
1 distance

needle

- |

Figure 1. Schematic representation of the procedure and device used to evaluate the injectability of the

microspheres-vehicle system. Global procedure (A), injectability device and texture analyzer TA-XT2i (B).

Gel formation
The microspheres-vehicle mixtures were extruded into cylindrical shape moulds, transferred

to an oven at 37 °C under controlled humidity (to prevent dehydration) and incubated for 24 h.
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At the end, crosslinked systems with a cylindrical shape were obtained.

Characterization of the gelled systems (Compression strength and MicroCT)

The compression strength of the systems obtained after 24 hours of gelation was calculated
with a Texture Analyzer, with the load applied vertically using a cylindrical probe with a
diameter of 4 mm. In each cylindrical composite, three compression tests were performed and
the force profile curves were used to estimate the rupture force and the associated
compression strength.

The spatial distribution of the microspheres in the gelled systems was analysed by micro
computed tomography (MicroCT, Scanco Med), using a resolution of 10 um scans and a
thresholding range of 260 to 1000 to yield three-dimension (3D) reconstruction. Only

crosslinked systems prepared with 35% (w/w) microspheres and extruded at 0.1 mm/s were

used in this test.

SE1- 58_1200_1
CEMUF »3500_E0=15ky WDs 1 Smm

BE1-58_1200_1__
CEMUP x150 EC=18kY WDS15mm

Figure 2. Photomicrographs of HA-microspheres. Image A was obtained with a stereomicroscope and
illustrates the spherical-shape of the microspheres and their uniform size. Images B and C were obtained by

SEM at different magnifications (150x and 2500x respectively).

RESULTS

Preparation and characterization of HAp-microspheres

HAp-microspheres were obtained from a HAp-alginate slurry by droplet extrusion into a
crosslinking bath containing Ca®*, where composite hydrogel beads instantaneously formed.
This was followed by a sintering stage (1 hour at 1200 °C). During this process the polymer
was burned-off and the ceramic particles became associated yielding HAp-microspheres with
an average diameter of 535+£38 um (mean+SD, n=20), as assessed by optical microscopy.

Figure 2A illustrates the spherical-shape of the microspheres as well as their uniform size. At
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higher magnification it can be seen from Figure 2B and 2C that HAp-microspheres are porous

and present a rough surface.
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Figure 3. XRD spectra of the sintered HA-microspheres and peaks of the HA phase.

Physical-chemical characterization was carried out by XRD and FTIR. In terms of phase
constitution, the HAp-microspheres do not present other crystalline phases than those
observed in the original HAp powder, as observed by XRD (Figure 3). Moreover, the FTIR
characteristics bands present in the microspheres match the ones of the HAp powders (Figure

4), confirming that the ceramic kept its integrity.
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Figure 4. FTIR spectra of the sintered HA-microspheres and of the original HA powder.
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In order to characterize the mechanical properties of microspheres, both friability tests and
compression strength tests were performed. Friability was determined as the difference
between the weight before and after the test, and a value of 0.9£0.1% (mean+SD) was
obtained. In terms of compression strength, microspheres have only fractured when 0.35+0.08

N (mean+SD) were reached.
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Figure 5. Viscosity versus shear rate for sterile alginate solution at 7.25%. The variation of viscosity with

shear rate is approximately constant.

Preparation and characterization of the alginate vehicle

Characterization of the molecular weight and viscosity

Since we wanted to obtain a sterile system, the alginate solution used to prepare the vehicle
was submitted to moist heat sterilization (121 °C, 15 min), and the influence of this
sterilization method on its rheological properties was assessed.

Molecular weight (Mw) determinations before and after sterilization showed that the Mw of
Na-alginate decreases from 85 to 70 kDa.

The viscosity also decreases with autoclaving, but its values are approximately constant in a
range of shear rates below 30 s and only starts to decrease for higher shear rates, as depicted

in Figure 5. In the range studied (1-100 s™), the viscosity decreases from 4.8 to 3.5 Pa.s.

Gel formation

The gelation time for an alginate solution (Figure 6) is related to the Ca*"/COO™ ratio, being
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dependent on the amount of Ca®" in solution. For Ca*"/COO ratios below 0.288 the decrease
of gelation time is approximately linear while for higher ratios this behaviour is not observed.
At concentration ratios of 0.324 and 0.360 the gelation times are 9+2 min and 8+l min

respectively.
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Concentration ratio (CaH/COO')

Figure 6. Gelation time of sterile alginate solution. At ratios below 0.288 the gelation time decreases rapidly

: 2+
as concentration of Ca”" decreases.

Preparation and characterization of the microspheres-vehicle system

Osmolality

After injection, an osmotic equilibrium between the system and the surrounding tissues should
be easily attained. The osmolality (Figure 7) of our system has an average value of 33019
mOsm/kg (mean+SD) which seems adequate since it is close to that of blood and human

fluids, which is around 285 mOsm/kg.”

Injectability (extrusion) assay

To simulate the injection/extrusion of the microspheres-vehicle system, a device commonly
used in PVP procedures (Figure 1B), and well known among orthopaedic surgeons, was used.
When evaluating the injectability of bone-filing materials, two main parameters should be
taken into consideration, namely the force needed to perform the injection and the yield of the
procedure itself. In this procedure, the force versus distance during extrusion of the mixtures
through the connection tube and the cannula were recorded, and at the end the extruded

product was collected. The results are presented in Figure 8, where each curve represents the
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evolution of the force during extrusion for a particular formulation. At the end, a plateau is
observed, corresponding to the point at which the mixtures start being expelled from the
cannula. Since pressure does not subside immediately, the mixtures still continued to flow out

from the cannula, even after the force had been stopped.

390 1
370 1
350 4
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310 4
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270

250 L) L) L) L) L) 1
15 20 25 30 35 40 45

Microspheres (wt %)

Figure 7. Osmolality of mixtures. Osmolality was measured by comparing the freezing points of pure water and
the sample using 1 g of each mixture prepared just before measurement. The values among the samples are

approximately 330 mOsm/kg.

Figure 8 shows that only mixtures with 40% and 35% (w/w) of microspheres extruded at 1
mm/s needed the application of forces higher than 100 N (reference line), but even for those
mixtures the extrusion force does not go above 200 N. On the other hand, if such mixtures are
extruded at 0.1 mm/s the extrusion pressure falls below the reference line, to 233 and 153 kPa
respectively (Figure 9).

The yields of injection (% of injectability) found for each of the mixtures and rates of
extrusion respectively, are depicted in Table I. As can be observed, the percentage of
injectability presents a large range of values among the mixtures studied in this work. The
highest percentage of injectability (83.3%) was found for a mixture with 20% (w/w) of
microspheres, whereas the lowest (18.1%) was found for mixtures with 40% (w/w), both

extruded at 1 mm/s.
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Figure 8. Extrusion force of different microspheres/alginate composites. During extrusion, the profile of
curves identifies the position where the mixture is in each moment. The first slope is the beginning of extrusion
and corresponds to the force need to extrude the mixture out from the syringe into the connection tube which will
be filled up at extrusion force approximately constant. Once mixture reached the cannula, extrusion force
increases again until mixture starts to come out from it. Following the slope is observed a decrease or constant

extrusion force.
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Figure 9. Extrusion pressure of different microspheres/alginate composites. According to the syringe used,
a force of 100 N corresponds to a pressure of 318 N, our reference line. Mixtures extruded at 0.1 mm/s

experienced a pressure decrease of more than 50%.
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Mixtures with 35% (w/w) of microspheres presented an injectability of 76.4 % at an extrusion
rate of 0.1 mm/s, while mixtures with 40% (w/w) of microspheres extruded at 0.1 mm/s
present an injectability similar to that of mixtures with 30% (w/w) of microspheres extruded

at 1 mm/s.

Table 1. Injectability obtained for different formulations and extrusion rates.

Microspheres Extrusion Injectability
(%) rate (mm/s) (%)
20 1 83.3
30 1 56.9
1 40.3
35
0.1 76.4
1 18.1
40
0.1 55.6

Characterization of the gelled systems (Compression strength and MicroCT)
MicroCT scans performed on composites with 35% (w/w) of microspheres extruded at 0.1
mm/s show a homogeneous distribution of the microspheres across the gel (Figure 10). Figure

10A is the result of a three dimensional (3D) reconstruction of the microCT scans and shows

4 mm

Figure 10. MicroCT analysis of composites prepared with 35% of microspheres. Composites obtained after
mixtures (matrix — alginate and reinforcement phase — HAp microspheres) gelification; picture A, represent a
composite prepared using 35% of microspheres. Scanning under microCT and three dimensional (3D)
reconstructions were performed using a threshold in the range of 255 to 1000. Picture A shows microspheres

distribution on composite. Picture B and C correspond to layers took at different depths inside the composite.
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microspheres distribution on the composite. Figures 10B and 10C correspond to layers taken
at different depths inside the composite using the same parameters.

The compression strength of the gelled systems was measured and the results are presented in
Figure 11. For an extrusion rate of 0.1 mm/s, the compression strength increased from =90
kPa to =600 kPa, as the percentage of microspheres increased from 0 to 40% (w/w). For an
extrusion rate of 1 mm/s, the compression strength is somewhat lower since lower extrusion
rates allow better accommodation of microspheres and at same time generate less residual

stress on alginate chains during gelification.
DISCUSSION

In this study the injectability of a bone filler system based on hydroxyapatite microspheres
and a vehicle with in situ gel-forming ability was evaluated.

Particles diameter and spherical shape are important parameters to take in consideration
during injection procedures. Therefore we have produced microspheres with diameters around

500 um, which is the value considered acceptable according to Gauthier et al.*

Moreover,
mechanical properties of the microspheres are relevant for their functional behavior since
during the process of transportation, packing and handling, pharmaceutical and biomedical

products such as tablets, granules and other particulate materials generally erode to some

700

01 mm/s B 0.1 mm/s
600 - T

500 1 [

400 -

300

200 -

Compression strength (kPa)

1004 1 =

0 20 30 35 40
Microspheres (wt%)

Figure 11. Compression strength of composites. Compression tests were performed on a TA-TX2i texture

analyzer and the probe used has 4 mm of diameter.
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extent, loosing some weight as well as breaking apart. One of the testing criteria of
mechanical strength of these kind of products is friability testing. Friability is determined as
the difference between the weight before and after the test and usually should not exceed 1%,
which is similar to the value obtained for our microspheres which was 0.9%.

During injection, the force applied on the syringe plunger will be transferred to the
microspheres, which have to resist the maximum pressure attained during extrusion (641 kPa
— Figure 9). For this reason, the compression strength of the microspheres was also evaluated.
If the compression strength of microspheres (force of 0.35+0.08 N) is converted into pressure,
by considering a cross-section area equivalent to the equatorial area of the microspheres, the
value will be 1556 kPa. Although this value may be underestimated, it is more than the double
of the maximum pressure mentioned above, suggesting that the microspheres are resistant
enough to withstand injection.

It is well known that autoclaving promotes polymer breakdown, changing its rheological
properties, and may also impair its gel-forming ability.”® Therefore, a decrease in alginate
molecular weight, and consequently a decrease in the viscosity of the solution, were expected.
Although, a decrease in Mw might present advantages, namely by facilitating in vivo
elimination, it results in the necessity of increasing the concentration of the original solution,
in order to reach the appropriated viscosity upon sterilization.

Another important parameter that has to be taken into consideration when adjusting the
formulation of the vehicle is its gelation time. If the gelation time is too long (30 min, long
time surgery) or too short (5 min, not enough time to prepare the mixture and inject it) the
PVP procedure may be impaired and the surgery can be at risk. Taking into consideration that
the time should be as short as possible, enabling a fast gelation and strengthening after
injection, but long enough to prepare the mixture, fill up the syringe, and inject, we selected a
Ca®"/COO™ ratio of 0.288 in our mixtures, which gives the surgeon 10 to 15 minutes of
handling time (Figure 6).

The process to extrude either a material or a mixture always depends of its physical and
chemical properties, namely size, shape, surface roughness, chemical stability and chemical
reaction among the different compounds. In this particular case, we are trying to extrude a gel
incorporating solid particles, which brings additional difficulties. However, particles with a
narrow size distribution and a uniform spherical shape can help to solve problems.

Several maximum acceptable values for extrusion force have been reported as acceptable for a

product suitable for injection.***** According to Krebs et al.*®, a force of 100 N is the value
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accepted to inject manually, while 260 N were measured when automated injection equipment
was used. In this study, we took 100 N as a reference value since our empirical data are
related more with manual injections.

The extrusion rate of 0.1 mm/s is closer to the ones used during surgeries, as experienced
empirically by an orthopaedic surgeon. On the other hand, extruding at 0.1 mm/s allowed a
decrease of 50% of extrusion pressure when compared with extrusion rate of 1 mm/s. This
behaviour was expected since lower extrusion rates corresponds to lower shear rates and
higher time for accommodation of the microspheres and relaxation of polymer molecules,
which is a characteristic of high fluency found in this group of materials.

The low values of injectability found for mixtures with 40% (w/w) of microspheres extruded
at 1 mm/s are the result of high volume of solid phase in mixture combined with high
extrusion rate and indicates that a filtering phenomenon is being experienced.’” This means
that the pressure required to filter the liquid in between the microspheres is lower than the
pressure required to extrude the mixture. When that mixture was extruded at 0.1 mm/s, its
injectability rose to more than 55% suggesting that filtering was eliminated. In the literature it
is common to find mixtures with injectability above 70%** as acceptable to be injected,
which led us to eliminate mixtures with 30% and 35% (w/w) of microspheres extruded at 1
mm/s and also the mixture with 40% either extruded at 1 or 0.1 mm/s.

Looking at the extrusion force and injectability together, the mixture with 35% (w/w) of
microspheres extruded at 0.1 mm/s presented the best compromise, and was the one selected
for further studies.

As discussed before, these injectable materials can be used to fill empty spaces where
mechanical strength may or may not be the main property to achieve. In some cases,
injectable materials are used only to fill up a cavity, preventing invasion by fibrous tissues, or
to deliver drugs in order to treat some disease or to induce bone regeneration. In other
situations some mechanical strength is required either to fracture stabilization or to support
high loads. In order to achieve these goals, a homogeneous distribution of reinforcement
phase inside a composite is an important factor to be reached, which was clearly shown by
microCT scans. Moreover, large and fully interconnected spaces, between the microspheres,
are established, which can be an important feature, as it may improve regeneration by
facilitating vascularization and bone ingrowth.

Composites’ strength is directly related to phase reinforcement strength. Since microspheres

were obtained by sintering of HAp powder and its rupture force is 0.35 N, they represent a
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good reinforcement element inside the alginate matrix. The maximum value of compression
strength (600 kPa) obtained for these composites is lower than that of trabecular bone (3
MPa)®, but the composites’ strength is closer to trabecular bone strength than PMMA
strength (115 MPa)* and other bone cements*® (>70 MPa). This property allows some gains in
toughness (not measured) since gels are good structures to absorb loads and avoids the
initiation of cracks or microcracks that are usually induced on bone tissue around the area

being treated and on adjacent vertebra.”"!

When considering composites with 35% (w/w) of
microspheres, the difference in compression strength to trabecular bone becomes eight times
lower but still closer than PMMA and other bone cements. However, it is important to
highlight that the mixture will be injected inside a space where some trabecular bone still
exist. The new structure that will be obtained (trabecular bone plus injected composite) will

present better compression strength than the composite itself since trabecular bone will work

as second reinforcement phase inside of alginate matrix.

CONCLUSIONS

Since PVP is considered a minimally invasive surgery, it involves minor pre-surgery
preparation of the patient and allows an immediate pain relief and a recovery in few days.
Those advantages led us to prepare HAp microspheres reinforced-alginate mixtures and to test
them as the injectable material. The HAp microspheres/alginate mixtures prepared were
extrudable through a PVP device, using forces below 100 N. After being injected, mixtures
gelified at 37 °C and microspheres were homogeneously distributed across the composites
obtaining a mechanical strength of 407 kPa for composites with 35% (w/w) of microspheres.
Using this system we expect to diminish the formation of cracks that usually appear in

surrounding bone after conventional PVP.
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ABSTRACT

Chitosan scaffolds have been shown to possess biological and mechanical properties suitable
for tissue engineering and clinical applications. In the present work, chitosan sponges were
evaluated regarding their ability to support cartilage cell proliferation and maturation, which
are the first steps in endochondral bone formation. Chitosan sponges were seeded with
chondrocytes isolated from chicken embryo sterna. Chondrocyte/chitosan constructs were
cultured for 20 days, and treated with retinoic acid to induce chondrocyte maturation and
matrix synthesis. At different time points, samples were collected for microscopic,
histological, biochemical, and mechanical analyses. Results show chondrocyte attachment,
proliferation, and abundant matrix synthesis, completely obliterating the pores of the sponges.
Retinoic acid treatment caused chondrocyte hypertrophy, characterized by the presence of
type X collagen in the extracellular matrix and increased alkaline phosphatase activity. In
addition, hypertrophy markedly changed the mechanical properties of the
chondrocyte/chitosan constructs. In conclusion, we have developed chitosan sponges with
adequate pore structure and mechanical properties to serve as a support for hypertrophic
chondrocytes. In parallel studies, we have evaluated the ability of this mature cartilage

scaffold to induce endochondral ossification.
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Keywords: Chitosan sponges, chondrocytes, maturation markers, growth cartilage,

endochondral ossification, bone regeneration.

INTRODUCTION

Bone is an important component of the musculoskeletal system and often suffers injuries
(caused by trauma, tumors, and others pathologies) that may result in considerable tissue loss.
To address these problems, different materials, inert or bioactive, have been used for bone
replacement or regeneration. Some of these materials are metals'™ and ceramics*®. More
recently, synthetic polymers’ '’ and natural polymers'"'? have been used as templates for
bone growth and regeneration.

Chitosan, the product of the partial deacetylation of the naturally occurring polysaccharide,
chitin, has been shown to possess biological and mechanical properties suitable for clinical
applications.”™™ Tt is reported to be biocompatible and biodegradable in the presence of
lysozyme, and its degradation products are non-toxic and can be incorporated into the

16,17-20

extracellular matrix for rebuilding of normal tissues. These properties, together with the

ability to promote bone cell growth and differentiation have stimulated the use of chitosan as

14,21

a bone regeneration template. Moreover, its structural similarity to various

glycosaminoglycans and hyaluronic acid present in articular cartilage, makes chitosan one of

17,22,23

the most suitable materials for cartilage regeneration applications. Indeed, chondrocytes

have been successfully cultured on chitosan, and in vivo studies showed good results when
this material was used as an articular cartilage implant.****%°

Although chitosan has been used as a scaffold for articular cartilage and bone formation by
direct differentiation of mesenchymal cells into chondrocytes and osteoblast, respectively, to
the best of our knowledge it has not been used as a template for endochondral ossification.
The endochondral ossification pathway involves an intermediate cartilage stage and is
responsible for the formation of long bones, vertebra, and the cranial base during
development. During bone elongation, endochondral ossification mediates growth via the
activity of cells in the growth plates. The growth plates are discs of transient cartilage (not
permanent cartilage as in the articular surface), located at the end of long bones. Within the
growth plates, chondrocytes undergo maturation/hypertrophy coordinating the replacement of

the calcified cartilage matrix by new bone.

The goal of the present work was to investigate chitosan’s capability to support growth
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cartilage cell proliferation and maturation, as well as its potential as a template for
endochondral ossification. There are numerous advantages in the use of the endochondral
pathway for bone tissue engineering. Chondrocytes are resistant to low oxygen levels®® and

. . . . 2728
can induce vascular invasion and osteogenesis®”

, therefore allowing the creation of larger
osteoinductive templates. Upon implantation, this template could behave like a growth plate,
remodeling into the required bone, mimicking the natural process of endochondral
ossification. In fact, a major problem in engineering articular cartilage is the tendency of the

29-32

cells to undergo further maturation. We sought to take advantage of this pathway for bone

regeneration.

MATERIALS AND METHODS

Preparation and characterization of chitosan powder and 3D scaffolds

Squid pen chitosan (Chitosan 123) was kindly supplied by France Chitine (Orange, France).
After a purification step, chitosan with a degree of acetylation (DA) of =4% was prepared by
heterogeneous deacetylation, according to Amaral et al.*> The physicochemical properties of
the resultant chitosan in terms of DA, weight average molecular weight (My), polydispersity
index (PDI), and intrinsic viscosity ([n]), are presented in Table I. The DA was determined by
Fourier transform infrared spectroscopy (FTIR) while the My, M,, PDI, and [n] were

determined by high performance size-exclusion chromatography.*®

Table 1. Chitosan powder properties
DA M, (x10%) PDI n]

(%) (Da) (dL-g ™"
423 +0.46 2.1+0.1 2.1+02 8.20+0.29

DA — degree of acetylation, M, — weight average molecular weight,

PDI — polydispersity index = (M,,/M,), [n]- intrinsic viscosity.

Three-dimensional (3D) porous scaffolds were prepared from 2% (w/v) chitosan acidic
solutions via thermally induced phase separation and subsequent sublimation of the ice
crystals. Briefly, chitosan solution was poured onto 24-well tissue culture polystyrene plates
(800 pL/well), frozen at —70°C, and subsequently lyophilized during 48 hours. The resultant

planar sponges were cut into 4x4x1 mm’® pieces, immersed in absolute ethanol, hydrated in
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serial diluted ethanol solutions, and finally equilibrated in Hank’s Balanced Salt Solution

(HBSS) (Gibco, Carlsbad, CA).

Scanning Electronic Microscopy (SEM)
Average pore diameter was measured on cross sections of SEM images. The maximum (1) and

minimum (h) pore length were measured using a Cell Observer System (Carl Zeiss, Germany)

and the average diameter determined using the following equation: d= \/m Results are the
average (£SD) of 20 measurements.

Cell morphology, attachment and proliferation were also assessed by SEM. Briefly, the
samples were collected, fixed with 2% glutaraldehyde for 5 min at 37 °C, followed by 1 hour
incubation at room temperature (RT) and overnight incubation at 4 °C. Samples were
dehydrated in serial ethanol solutions and critical-point dried. Finally, scaffolds were cut,
glued on steel stubs, coated with gold-palladium and analyzed on both top and cross sectional

areas by SEM.

Mechanical properties tests

Creep and load deformation tests were performed on sponges cultured with chondrocytes,
sponges without cells, as well as on tibia growth plates from 6 week old chickens. For the
creep test, samples were frozen in liquid nitrogen. The test was carried out on samples
confined to a chamber in a bath of media, and loaded using a porous indenter (EnduraTEC-
ELF 3200, Minnetonka, MM). Samples were rapidly loaded to 10 g, then the load held
constant, and the change in displacement monitored for 1200 seconds. Strain versus time

curves were analyzed using the biphasic theory of Mow et al.,*

and the aggregate modulus
and permeability computed. The load deformation test was performed on samples with 5 mm
diameter, loaded with a flat, non-porous plate (EnduraTEC-ELF 3200, Minnetonka, MM). A
load of 15 g was applied (47% strain produced). The stress versus strain plot was fitted with

an exponential curve and the slope at 30% strain computed as the elastic modulus.

Chondrocytes culture
Cephalic (CP) and caudal (CD) chondrocytes were isolated from the upper and lower region
of sternum of 14 days chicken embryos, according to the method described by Iwamoto et

al.*®> Chondrocytes were allowed to proliferate in 100 mm dishes for 7 days at 37 °C, 5% CO,
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in Dulbecco’s modified high glucose Eagle’s medium (DMEM) containing 10% NU Serum
and 100 U/ml of penicillin/streptomycin (Fisher Scientic, Fairlawn, NJ). After cell expansion,
200,000 cells (15 pl of cell suspension) were seeded into the hydrated sponges previously
placed in a 96-well plate. Culture medium was added 2 hours after cell seeding and changed
daily for 20 days. Cultures also received 400 U/ml of hyaluronidase and ascorbic acid (10-50
ng/ml). After 10 days, cultures were treated daily (for another 10 days) with 100 nM all-trans
retinoic acid (RA) to induce chondrocyte maturation and matrix synthesis. CD condrocytes do
not respond to RA treatment, represent a permanent cartilage phenotype, and thus were used
as control. Samples were collected every 5 days and used for different analyses. All chemical

unless otherwise stated were obtained from Sigma-Aldrich, St Louis, MO.

Cell solubilization

Three sets of 2 sponges for both CP and CD chondrocytes were collected, washed with
phosphate buffer saline (PBS), immersed in 150 pul of 0.1% Triton X100 (Fisher Scientific,
Fairlawn, NJ), crushed manually and centrifuged at 850 g for 3 min. The supernatant was

used for measurement of alkaline phosphatase (AP) activity, protein and DNA content.

Protein and DNA analyses

Protein content was determined using a DC protein assay (BioRad Laboratories, Hercules,
CA), according to the manufacturer’s protocol, and absorbance measured at 750 nm using
bovine serum albumin as standard. Total DNA amount was measured according to the
procedure described by Teixeira et al.® using a bisBenzididazole dye (Hoechst 33258 dye,
Polyscience Inc., Northampton, UK). Fluorescence was measured at 365 nm excitation and
460 nm emission wavelengths. The results were extrapolated from a standard curve using

salmon testis DNA (Sigma-Aldrich, St Louis, MO).

Alkaline Phosphatase activity

For measurement of alkaline phosphatase (AP) activity samples were mixed with a fresh
solution of 1 volume of 1.5 M tris-HCI pH 9.0 containing 7.5 mM p-nitrophenylphosphate, 1
mM ZnCl,, and 1 mM MgCl,. Changes in absorbance were measured spectrophotometrically
at 410 nm for 10 min; changes over time corresponds to the p-nitrophenylphosphate
hydrolysis to p-nitrophenol. AP activity was expressed as nmol of product/min/mg of protein;

1 absorbance unit change corresponds to 64 nmol of product.
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RNA isolation and real time reverse transcriptase-polymerase chain reaction (RT-PCR)
RNA was isolated before the first day of RA treatment (day 10) and 10 days after RA
treatment (day 20). Total RNA was extracted with Trizol® reagent (Life Technologies,
Gaitherburg, MD) according to the manufacturer’s instructions with some modifications.
Briefly, samples were frozen in liquid nitrogen and crushed, Trizol® reagent was added
(10ml/g), the samples vortexed for 30 sec, and then kept at 4 °C for 2 hours. Phase separation
was achieved by adding chloroform (0.2 volumes) to the mixture for 15 min and then
centrifuging it at 12,000 g for 30 min at 4 °C. The upper aqueous phase containing the RNA
was collected, mixed with 0.25 volumes of high salt precipitation solution (0.8 M sodium
citrate and 1.2 M NaCl) and with 0.25 volumes of isopropanol and centrifuged at maximum
speed for 30 min at 4 °C. RNA purification was completed using RNA micro kit (Qiagen Inc,
Chatsworth, CA) according to the RNeasy cleanup protocol. Real-time RT-PCR was
performed using QuantiTect SYBR Green RT-PCR kit (Qiagen Inc.), a DNA Engine
Optican2 system (Roche Molecular Systems, Pleasanton, CA), and primers specific for the
following chick genes: type X collagen (forward: AGTGCTGTCATTGATCTCATTGGA,
reverse:. TCAGAGGAATAGAGACCATTGGATT), alkaline phosphatase (forward:
CCTGACATCGAGGTGATCCT, reverse: GAGACCCAGCAGGAAGTCCA), type |

collagen (forward: GCCGTGACCTCAGACTTAGC, reverse:
TTTTGTCCTTGGGGTTCTTG), runx2 (forward: CTTAGGAGAAGTGCCCGATG,
reverse: CCATCCACCGTCACCTTTAT) and VEGF (forward:

GGAAGCCCAACGAAGTTATC, reverse: AACCCGCACATCTCATCAG). Acidic
ribosomal protein (RP) mRNA was used as a reference for quantification (forward:
AACATGTTGAACATCTCCCC, reverse: ATCTGCAGACAGACGCTGGC). All primers
were purchased from Qiagen Inc (Valencia, CA). Relative transcript levels were presented as
““fold change’’ in gene expression and calculated using the threshold cycle (Ct) and the
formula below, where ‘“CD’’ refers to CD chondrocytes, ‘‘CP’’ refers to CP chondrocytes,
and “‘RP’’ refers to the acidic ribosomal protein: XZZAACt, in which AACt=AE-AC, and
AE=CtCP-CtRP, and AC=CtCD-CtRP. A AACt<0 was considered a decrease while a

AACt>0 was considered an increase in gene expression.

Histology and immunohistochemistry
Scaffolds were collected and fixed in 10% phosphate buffer formalin, dehydrated in alcohol

series, embedded in paraffin, and 5 pum-thick sections cut and stained with Hematoxylin &
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Eosin (H&E). For immunohistochemistry sections were deparafinized, rehydrated, and
immunostaining performed using antibodies specific for chick type X collagen with the
Vectastain ABC kit (Vector Laboratories, Burlingame, CA) according to the manufacturer’s
instructions. Sections were counter stained with 1% alcian blue and Light Green. The stained
sections were mounted under glass coverslips, and scanned on Scan Scope GL series optical

microscope (Aperio, Bristol, UK) at 20X magnification.

Statistical analysis

All experiments were repeated 3 to 4 times and the mean and standard error of the mean were
determined. Significant differences were assessed by ANOVA. A p-value refers to a
comparison of a measured parameter in the experimental group with that of the appropriate

control; significance was set at p<0.05.

RESULTS

Characterization of chitosan scaffolds

Images obtained by SEM (Figure 1) of cross-sections of sponges show a homogeneous pore

size and distribution.

"€

Figure 1. Homogeneous distribution of pores in chitosan sponges. SEM photomicrographs of cross sections
of dehydrated chitosan sponges. Image A (lower magnification) shows high homogeneity in the size and

distribution of pores and image B (higher magnification) shows the pores interconnectivity.

At higher magnification (500X) the interconnectivity can be observed among pores with an

average pore size of 92+12 um (Figure 1B). This pore dimension is considered to be within
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the desired range for tissue engineering applications.’’~"

Mechanical properties

The compression strength, elastic modulus, aggregate modulus and permeability of chitosan
scaffolds while altered in the presence of cells did not approach the properties of chick growth
plates (Table 2). Both chondrocytes/chitosan constructs and chitosan sponges alone had
similar compression strength and permeability, while growth plate cartilage had significantly
lower permeability.

Chitosan sponges without cells had the lowest elastic modulus values (7.44+2.0 kPa), and
values for chondrocytes/chitosan constructs were different from the growth plates (2239+761
kPa). Interestingly, CD chondrocytes/chitosan constructs had an elastic modulus similar to the
sponge itself while in the CP chondrocytes/chitosan constructs the elastic modulus increased
approximately 2.5 fold (from 9.4 to 22 kPa). The aggregate modulus paralleled the elastic

modulus.

Table II. Scaffolds properties

D o E G P
(um) (kPa) (kPa) (kPa) (m*/Ns)
Chitosan 92+ 12 5.0£0.6 7.442.0 8321 27.4421.5
CD + Chitosan - 6.4+1.0 9.4+1.7 71423 30.0+22.9
CP + Chitosan - 7.3+2.4" 22.0+9.3" 143+6" 57.6+39.4
Growth Plate - - 2239+761  1249+1045 1.5+0.7

Chitosan — chitosan sponges kept in medium for 20 days at 37 °C; CD + Chitosan - chitosan sponges in culture
with caudal cells for 20 days; CD + Chitosan - chitosan sponges in culture with cephalic cells for 20 days;
Growth plate — growth plate of a 6 weeks chicken tibia; D — Pore diameter; ¢ — Compression strength; E —
Elastic Modulus at 30% strain; G — Aggregate Modulus; P — Permeability.

*Significantly different from Chitosan sample (p< 0.05); **significantly different from CD + chitosan and
Chitosan samples (p< 0.05).

Chondrocyte behavior on chitosan sponges
To evaluate the chondrocytes behavior on chitosan sponges, we conducted different

microscopic, histological and biochemical analyses.
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CP chondrocytes

CD chondrocytes

Figure 2. Chondrocytes completely fill chitosan sponges during the culture period. Photomicrographs of
H&E staining of chitosan/chondrocytes constructs cultured for 20 days. A, B, C and D correspond to cross-
sections of chitosan sponges culture with CP chondrocytes for 5, 10, 15 and 20 days respectively. A complete
cross-section of each sponge is represented in the images. Photomicrographs F, G, H and I correspond to
sponges cultured with CD chondrocytes for same time points. E and J are higher magnification images of the
areas inside the square in D and I, respectively. Arrows in image E point to hypertrophic chondrocytes. At day 5,
sponges appear thinner because during processing they did not maintain the original thickness in absence of

cells/matrix.

Histological analyses clearly show attachment, proliferation and extracellular matrix synthesis
by chondrocytes seeded in the chitosan sponges (Figure 2). At day 5, cells (purple color)
migrating through connecting pores can be observed for both CP and CD chondrocytes. At
day 10, chondrocytes have migrated well into the depth of chitosan sponges though they do
not completely fill the pores. After 15 days in culture (5 days of treatment with RA),
deposition of matrix can be observed (pink material between cells). After 20 days in culture
(10 days of treatment with RA), both CP and CD chondrocytes deposited an abundant
extracellular matrix filling the pores of sponges. At higher magnification hypertrophic CP
chondrocytes (arrows in Figure 2E) can be observed while CD chondrocytes (Figure 27J)

appear smaller.
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Scanning electron photomicrographs (Figure 3) confirmed the observations from histological
sections. Indeed at day 20, CP chondrocytes (Figures 3A and 3B) are totally embedded in a
rich extracellular matrix completely changing the appearance of the scaffold (compare Figure
3 with Figure 1). The CD chondrocytes (Figures 3C and 3D) also filled the pores of the
chitosan sponges with a compact matrix and no major differences can be observed between

CP and CD scaffolds in these photomicrographs.

RO

CP chondrocytes

CD chondrocytes

Figure 3. An abundant matrix fills the pores of chitosan sponges. SEM analyses of cross-sections of
chitosan/chondrocytes constructs. At the end of the culture period, CP (A and B) and CD (C and D)
chondrocytes migrated to the bottom of scaffolds and completely filled chitosan pores with a dense extra cellular

matrix.

DNA measurements confirmed the increase in chondrocyte number over the culture period for
both CP and CD cells. The average number of CD chondrocytes was higher than CP
chondrocytes at every time point, although not statistically significant (Figure 4). With
retinoic acid treatment, the proliferation rate of CP chondrocytes decreased. At the end of the

culture period, the number of CD chondrocytes was slightly higher since they maintained or
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even increased the proliferation rate in the presence of the retinoid.

2.5 7

—— CP chondrocytes N
2.0 1

—s=— CD chondrocytes !

1.5 1

1.0 1

DNA (pg/ml)

0.5 4

0.0
5 10 15 20

Days in culture
Figure 4. Increase in DNA content of cartilage/chitosan constructs during the culture period. DNA
quantification was performed in samples collected after 5, 10, 15 and 20 days in culture. Note that an increase in

DNA content corresponds to an increase in chondrocytes number over the culture period for both CP and CD

cells. *Significantly different from respective sample at day 5 (p< 0.05).

To investigate chondrocyte maturation during the culture period we studied two markers of
hypertrophy: alkaline phosphatase and type X collagen. In response to 10 days of RA
treatment there was a significant increase in AP activity levels in both CP and CD
chondrocytes (Figure 5). However, the levels of enzymatic activity were significantly higher
in CP chondrocytes when compared to CD chondrocytes. Due to the long culture period, CD
chondrocytes also responded to the retinoid, however their AP levels after 10 days of RA
exposure (7+3 nmol/min/mg) were still 42 fold lower than AP activity levels in CP
chondrocytes exposed to RA (299+109 nmol/min/mg), highlighting the different phenotypes
of these cells.

Immunohistochemical analysis was conducted to detect the presence of type X collagen in the
cartilage/chitosan scaffolds. As expected, in sponges seeded with CP chondrocytes, RA
caused an increase in the level of type X collagen, evidenced by the strong brown color in
Figure 6D. In sponges seeded with CD chondrocytes, type X collagen was not expressed at
detectable levels even after 10 days of RA treatment (Figure 6H).
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1000
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O CD chondrocytes
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Figure 5. Retinoic acid induces alkaline phosphatase activity in CP chondrocytes. Samples were collected
after 10 and 20 days in culture. Alkaline phosphatase (AP) activity was normalized to the total protein content of
each sample. The AP levels increased with time, in both CP and CD chondrocytes. *Significantly different from
CD chondrocytes at same time point (p< 0.05). **Significantly different from same sample at day 10 (p< 0.05).

Counter staining with alcian blue and Light Green allowed visualization of proteoglycan
deposition and chitosan, respectively. Although we did not quantify the staining, an intense
blue color can be observed in CP chondrocytes exposed to RA for 10 days, suggesting
increased proteoglycan synthesis in these samples (compare Figure 6C with Figures 6A and
6G).

To further characterize the phenotype of chondrocytes grown on the chitosan scaffold, we
conducted real time RT-PCR analyses. Results obtained are semi-quantitative and presented
as a “fold change” in mRNA levels in CP chondrocytes when compared to CD cells (Figure
7). A value higher than 1, corresponds to a higher gene expression by CP chondrocytes. As
expected, except for type Il collagen, all genes studied were expressed at higher levels in CP
chondrocytes than in CD chondrocytes. In response to RA treatment, type X collagen
expression decreased (early hypertrophic marker) and AP gene expression increased (late
hypertrophic marker). Values obtained for runx2, type Il collagen and VEGF are around 1; no

significant differences were observed between 10 and 20 days in culture.
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Figure 6. Retinoic acid increases type X collagen in scaffolds seeded with CP chondrocytes.
Immunohistochemical analyses of type X collagen was performed on deparafinized sections of CP (A, B, C and
D) and CD (E, F, G and H) chondrocytes. Sections were counterstained with alcian blue to visualize
proteoglycans and Light Green to label the chitosan walls. Photomicrographs A, B, E and F correspond to 10
days in culture and pictures C, D, G and H corresponds to 20 days in culture. Upper panels show controls
(incubated with pre-immune serum) of respective bottom panel. Type X collagen is evidenced by the presence of

the brown color.
DISCUSSION

Chitosan has been used as biomaterial over the last decades and proved to be biocompatible

and biodegradable.®*' Studies using low DA chitosan scaffolds showed that this material

21,42 21,43

allows osteoblast and articular chondrocyte attachment and proliferation. The goal of
the current study was to test the ability of this natural polymer to support proliferation and
maturation of transient cartilage cells, the early steps in endochondral bone formation. The
original chitosan powder from France Chitine had a DA of =30% and it was deacetylated to a
DA of 4.23+0.46%, using different temperature cycles. The deacetylation of chitosan using
alkali solutions is known to lead to a decrease in both average molecular weight (Mw) and
intrinsic viscosity (1) as a result of the scission of glycosidic linkages and end-group peeling.
Chitosan with a DA of 4% was previously reported to enable the attachment and proliferation
of both osteoblasts and rat bone marrow stromal cells.*® Therefore, chitosan with this DA was
selected to produce sponges. The 3D homogeneous structures prepared presented highly

interconnected pores of average size shown to allow robust chondrocyte proliferation and

metabolic activity.* RA was used to induce chondrocyte maturation into hypertrophic cells.
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RA is one of the more biologically active derivatives of retinol (vitamin A) and a well-known
regulator of cartilage and skeletal formation.”>*” We cultured both cells representative of a
transient cartilage phenotype, CP chondrocytes, and cells that maintain a more stable
phenotype, CD chondrocytes. Caudal cells do not readily undergo hypertrophy in response to

RA and therefore, were used as a “permanent” cartilage control.
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Figure 7. Gene expression profile of CP chondrocytes cultured in chitosan sponges. Real time RT-PCR
semi-quantitative results are presented as fold change in mRNA levels of CP chondrocytes when compared to
CD cells. Samples with CP and CD chondrocytes were both analyzed and a fold change higher than 1,
corresponds to a higher gene expression by CP chondrocytes. *Significantly different from CD chondrocytes at

same time point (p< 0.05).

In 10 days, both CP and CD chondrocytes migrated into pores deep in the chitosan sponges
completely obliterating some spaces, attesting to the excellent interconnectivity between the
pores. Cell proliferation continued for both CD and CP chondrocytes even during treatment
with RA, though CP cells showed a slight decrease after day 15. According to Gentili et al.**
chondrocytes proliferation stops only after onset of mineralization has been started. However,
in our studies we did not supplement the media with B-glycerophosphate or another phosphate
source. Thus our chondrocytes while expressing high AP levels, did not deposit mineral
(micro computerized tomography results not shown).

Cells proliferation and matrix deposition increased in both CD and CP chondrocytes seeded

scaffolds over the culture period. It was expected that such a robust synthesis of matrix would
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drastically change the mechanical properties of the chitosan sponges. However, while elastic
modulus, a measure of stiffness, increased 3 fold for chitosan sponges seeded with CP
chondrocytes, it did not change significantly for chitosan sponges seeded CD chondrocytes.
Therefore, more than the quantity, it was the quality of the matrix deposited that mostly
affected stiffness of chondrocyte/chitosan constructs. Indeed, type X collagen as been
reported to increase the matrix stiffness by Naumann et al.* However, the stiffness of CP
chondrocytes/chitosan constructs is hundred fold lower than the stiffness of chicken growth
plates. Since ceramic phases present higher compression strength than unmineralized tissues,
we believe that we would observe different mechanical properties had the cultured
chondrocytes been allowed to mineralize the extracellular matrix as it occurs in the native
growth plate.

Although both CP and CD chondrocytes responded to RA by increasing matrix deposition,
the nature of this matrix was found to be dependent on the type of cell. CP cells responded to
the retinoid by expressing the hypertrophic phenotype, characterized by the presence of type
X collagen in their matrix and increased AP activity. Indeed, all regulators or markers of
hypertrophy studied (runx 2, VEGF, type X collagen, AP) were expressed at significantly
higher levels in the CP cells when compared to the CD chondrocytes, supporting the different
phenotype of these cell populations. However, overtime we observed a decrease in type X
collagen expression and an increase in AP expression in CP cells. These results agree with in
vivo data showing that type X collagen expression occurs in early hypertrophic chondrocytes
while AP, a later maturation marker involved in matrix mineralization is expressed by
terminally differentiated chondrocytes in the calcified region of the growth plate.”®™

Several studies have demonstrated that chitosan supports the articular chondrocyte phenotype
and activity. The study of Lu et al.” showed that chitosan injected into the knee articular
cavity of rats caused a significant increase in the density of chondrocytes in the knee articular
cartilage. Also, abundant cartilage extracellular matrix protein®’ was obtained after injecting
nude mice subcutaneously with an in situ-gelling chitosan solution cultured with
chondrocytes. Furthermore, when pig chondrocytes were cultured on porous chitosan
scaffolds they were able to proliferate and to spread into the sponges; with larger
interconnected pores improving the cellularity and matrix content.** Another study revealed
that primary chondrocytes cultured on chondroitin 4-sulfate/chitosan maintained the synthesis
of cartilage-specific collagens.'” Similar results were achieved using chitosan films seeded

with both human osteoblasts and chondrocytes.”’ Osteoblasts were able to spread and to
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express type | collagen whereas chondrocytes expressed type Il collagen, suggesting that a
chitosan scaffold is able to maintain these cells original phenotype.

Amaral et al.” investigated human osteoblast behavior in chitosan scaffolds similar to those
used in the present study. They found that osteoblasts attach well and spread on chitosan
sponges, displaying long cell filopodia and numerous cell-to-cell contacts. A major limitation
in tissue engineering has been the availability of nutrients and oxygen once the construct
reaches a critical mass. And in that aspect osteoblasts are particularly susceptible.”*”’
Cartilage (growth plate and articular cartilage) however, is characterized by large avascular
regions and excellent adaptation to hypoxic conditions.”®’ In fact, evidence supports the role
of low oxygen levels in chondrocyte differentiation and endochondral bone formation.*’
These properties provide support to the bone tissue engineering approach here investigated,
which explores the endochondral ossification pathway for the correction of extensive bone
defects.

All the studies mentioned earlier used chitosan as a scaffold for either articular cartilage or
bone. Here we reported the use of chitosan sponges as a template for transient cartilage and
the creation of an improved osteoinductive scaffold for bone regeneration. Indeed,
hypertrophic chondrocytes secrete factors capable of inducing osteoblast and osteoclast
activity, as well as vascularization.”**'"** All these different cell types and their activity are
necessary and responsible for endochondral bone formation. Indeed, parallel studies
conducted in our laboratory show the ability of this transient cartilage/chitosan constructs to

induce endochondral bone formation in the subcutaneous region of nude mice.®

CONCLUSIONS

The use of osteoblasts or osteoprogenitor cells to promote bone regeneration is the method
most commonly exploited in current tissue engineering approaches. However, nature mostly
uses the endochondral ossification pathway during bone formation, growth and healing after
fracture. In addition to these considerations, there are numerous other advantages to explore
the endochondral pathway for bone tissue engineering. Chondrocytes are resistant to low
oxygen levels and can induce vascular invasion and osteogenesis. In this study, chitosan
sponges served as excellent support for chondrocyte proliferation and intense matrix
deposition. As a result of the activity of the transient cartilage cells, the mechanical properties

of the chitosan scaffold changed drastically and favorably. These scaffolds can now be used
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as osteoinductive grafts in vivo, inducing and remodeling into bone, mimicking the natural

process of endochondral ossification.
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ABSTRACT

The use of biomaterials to replace lost bone has been a common practice for decades. More
recently, the demands for bone repair and regeneration have pushed research into the use of
cultured cells and growth factors in association with these materials. In this paper we describe
how a transient cartilage scaffold can induce endochondral ossification, a novel approach to
engineer new bone. Chondrocytes/chitosan scaffolds (both a transient cartilage scaffold -
experimental - and a permanent cartilage scaffold - control), were prepared and implanted
subcutaneously in nude mice. Bone formation was evaluated over a period of 5 months.
Mineralization was assessed by Faxitron, micro computed tomography, backscatter electrons,
and Fourier transform infrared spectroscopy analyses. Histological analysis provided further
information on tissue changes in and around the implanted scaffolds. The deposition of
ectopic bone was detected in experimental implants as early as 1 month after implantation
although it was only observed in few areas of the surface. After 3 months, bone trabeculae
and bone marrow cavities were formed inside the scaffolds. The bone deposited was similar to
the bone present in the mice vertebra. Interestingly, no bone formation was observed in
control implants. In conclusion, an engineered transient cartilage template carries all the

signals necessary to induce endochondral bone formation in vivo.
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INTRODUCTION

With increasing time of life-expectation, the economic impact of musculoskeletal diseases,
may now exceed 2.5% of the Gross National Product in the United States." Among these
diseases, problems related to bone loss are one of the major causes of disability. To replace
lost bone, surgeons use autografts, considered the ideal grafting material. This approach
presents disadvantages such as donor site morbidity and limited supply, which in most of
cases is insufficient.” Due to these limitations, it is imperative to find new alternatives to
autografts. Allografts and xenografs are reasonable substitutes but they also have serious
limitations like the risk of rejection or disease transmission. To overcome these shortcomings
several bone grafting materials have been engineered including ceramics, metals, synthetic
and natural polymers. In most cases, materials are implanted into surgically created bone
defects, and new bone grows on their surfaces and within their matrices. Under these
conditions, it is believed that the bone is formed by osteoblasts that migrated from the
adjacent, original bone and marrow cavities, a mechanism that is referred to as
osteoconduction. Although this osteointegration is important and essential, there are situations
(e.g. large defects) where the scaffolds, besides providing the template for tissue regeneration,
need to be osteoindutive, i.e. stimulate the migration of undifferentiated cells and induce their
differentiation into active osteoblasts in order to promote de novo bone formation. To improve
the osteoinductive properties of grafting materials they have been combined with growth
factors and different cells types with variable results, depending on the host regenerative
capability.™* Therefore, osteoinductive approaches are crucial when the bone regenerative
ability is diminished or lost. Here we propose a novel approach in bone tissue engineering and
the creation of an improved osteoinductive material for bone regeneration.

In the body, cartilaginous tissues can be divided into permanent and transient. While having
the same embryonic origin, permanent and transient cartilage follow distinct differentiation
pathways, fulfill different functions and ultimately as their names suggest have different fates.
Articular, tracheal, and other related cartilage structures are classified as permanent cartilage.
The chondrocytes in these structures maintain a relatively stable phenotype and persist for

many years’. In contrast, most of the embryonic cartilaginous skeleton, the epiphyseal growth
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plates of long bones, the cartilaginous callus formed at fracture sites, and the tissue created
during distraction osteogenesis consist of transient cartilage.®’ This transient cartilage is
gradually replaced by bone through a series of maturational changes during the process of
endochondral bone formation. Indeed, this is the mechanism responsible for formation of
most of our skeleton, and for postnatal growth.

Surprisingly, except for few reports, the bone tissue engineering field has focused on
generating bone directly from osteoprogenitor cells or osteoblasts. Montufar-Solis et al.®
prepared aggregates of mouse embryonic limb cells that after implantation in mice induced
endochondral bone formation. Indeed, the endochondral pathway for bone formation can be
activated using biomaterials carrying mesenchymal stem cells (MSCs),” bone morphogenetic
proteins (BMPs)'’, or plasmid DNA encoding for BMP’s.'"'? To date, only Alsberg et al."?
deliberately explored the endochondral pathway by implanting in mice, articular chondrocytes
mixed with calvarial osteoblasts using an alginate carrier. In vivo, the tissue organized in a
manner similar to a growth plate. This effect is not totally surprising if one considers that
hypertrophic chondrocytes secrete factors capable of inducing vascularization, osteoblast and
osteoclast activity.'*"!” The interplay of these different cell types is required for endochondral
bone formation. Therefore, in the current work, we created a transient cartilage scaffold as a
template for in vivo endochondral ossification. We tested the hypothesis that this transient
cartilage, as an osteoinductive scaffold, carries all the signals necessary to induce new bone

formation once implanted in vivo, even subcutaneously.
MATERIALS AND METHODS

In vitro studies

Transient cartilage scaffolds

The chondrocyte/chitosan scaffolds used in this work were characterized extensively in
previous chapter.'® Briefly, chitosan sponges were prepared from a 2% (w/v) chitosan
solution by a freeze/drying process and then cut in small pieces (4x4x1 mm®). Cephalic (CP)
and caudal (CD) chondrocytes, isolated from the upper and lower regions of sternum of 14
days chicken embryos were allowed to proliferate in 100 mm dishes for 7 days in Dulbecco’s
modified high glucose Eagle’s medium (DMEM) containing 10% NU Serum and 100 U/ml of
penicillin/streptomycin (Fisher Scientic, Fairlawn, NJ), before being seeded into the chitosan

sponges and cultured for 20 days at 37 °C and 5% CO, in the same conditions. During the last
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10 days, cultures were treated with 100 nM all-trans retinoic acid (RA) in order to induce
chondrocyte maturation and matrix deposition. Prior to implantation, at day 20, alkaline
phosphatase (AP) activity and protein content were measured following the protocols

described in previous chapter, to confirm maturation.

In vivo studies

Surgical Procedures

Adult male athymic NCr-nu/nu mice (Charles River Laboratories, NY, US) were used as
surgical recipients. The animal experiments were conducted according to the guidelines of the
Institutional Animal Care and Use Committee (IACUC) of New York University. Briefly,
mice were received one week before scheduled surgery and feed a regular diet and sterile
water, ad libidum. After surgery and for one week, trimethropim and sulfamethoxazole (20
mg/l and 100 mg/l, respectively) were added to sterile drinking water. Surgeries were
performed under strict aseptic and warm conditions, with general anaesthesia produced by
intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 mg/kg). Lateral longitudinal
skin incisions were made in both sides of the mice dorsum and a subcutaneous pocket (1 to
1.5 cm) was created for implantation of the chondrocytes/chitosan scaffolds. On the right side,
we implanted the scaffolds seeded with cephalic chondrocytes (experimental implant)
whereas the left side received the scaffolds seeded with caudal chondrocytes (control).
Incisions were closed with surgical staples. Two or three sponges were implanted on each
side. Results shown represent three independent experiments, different surgeries, using three
independent groups of implants (i.e. sponges hydrated in different periods, primary cells
harvested from different chicken embryos, and mice received at different times). In the first
experiment 11 mice received implants, in the second and third experiments 14 and 22 mice
were implanted respectively. All animals, except 3 mice that did not recover from anesthesia,

survived the surgical procedures.

Euthanasia and samples collection

The mice were sacrificed at 1, 2, 3, 4 and 5 months postoperatively and implants and
surrounding tissues harvested. Briefly, animals were exposed to a gas mixture of 30% of CO,
and 70% of O, for 1 min followed by CO, 100% during 4 minutes until no signal of breathing
was detected. Tissue/samples were collected and immediately immersed in 10% phosphate

buffer formalin for future analyses.
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Faxitron and micro computed tomography (microCT)

All fixed tissues were radiographed in a high-resolution X-ray machine (Faxitron Series
43805N — Hewlett Packard, McMinnville, OR) set at 25 kVp, and 2.5 mA for 15 s, using a
KODAK dental film (Kodak, Rochester, NY, USA). Films were developed and scanned on a
Gendex GXP dental X-ray processor, (Gendex, Lake Zurich, IL) and on a Minolta Dimage
Scan Dual II, (Konica, Ney York, NY) respectively. The same samples were scanned by
microCT (unCT40 — Scanco Medical, Basserdorf, Switzerland). Wet fixed tissues were placed
in the microCT specimen holder, and sealed to prevent tissues from drying. Scans were
performed using high-resolution (10 um nominal resolution) to assess the new mineralized
structure formed. Data were collected at 55 kVp and 145 pA, and reconstructed applying the
cone-beam algorithm supplied by Scanco. For visualization and 3D evaluation, images were
filtered using a constrained three-dimensional Gaussian filter to partially suppress noise in the
volumes (6=1.2 and support=1), and binarized using a threshold in the range 255 to 1000. The
minimum threshold value was calculated comparing the 2D reconstructed images from our
scans to images obtained from pCT Evaluation Program V5.0. In addition, we performed CT-

based morphometrics analyses of bone volume/total volume (BV/TV).

Scanning electronic microscopy (SEM)

For SEM analysis, fixed samples were dehydrated in an ethanol series and critical-point dried.
Samples were then cut, glued on steel stubs, coated with carbon and analyzed on cross
sectional areas using SEM. Images of mineral phases were obtained from backscatter
electrons (BSE) and its chemical composition was determined by energy-dispersive X-ray

microanalysis (EDAX).

Fourier Transform Infrared spectroscopy (FTIR)

For FTIR, samples were reduced to powder and analyzed as KBr pellets using a Nicolet-
Magna 550 FTIR Series-1I spectrometer (GMI, Ramsey, MN). Analyses were performed in
implanted materials as well as in mouse original bone (vertebras) for comparison. Before

preparation of pellets, implants were dried in an oven over night.

Histology evaluation
Implants were collected and fixed in 10% phosphate buffer formalin, demineralized for 15

days, dehydrated in alcohol series, embedded in paraffin, and 5 um-thick sections cut using a
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microtome. Sections were mounted on glass slides, stained with Hematoxylin & Eosin

(H&E), and scanned on Scan Scope GL series optical microscope (Aperio, Bristol, UK).

Statistical analysis

All experiments were repeated 3 to 4 times and the mean and standard error of the mean were
determined. Significant differences were assessed by ANOVA. A p-value refers to a
comparison of a measured parameter in the experimental group with that of the appropriate

control; significance was set at p<0.05

RESULTS

Overview of experimental procedure
Figure 1 shows a schematic of the experimental approach in this study.
Images (SEM) of chitosan sponges, a mouse and an X-ray image of the implanted area three

months after implantation are displayed.

Figure 1. Schematic of experimental design. Cephalic (CP) and caudal (CD) chondrocytes were removed from
the sterna of chick embryos and seeded into chitosan sponges. After treatment with retinoic acid to induce
chondrocyte maturation, chondrocyte/chitosan scaffolds were implanted into subcutaneous pouches on each side
of the vertebral column of nude mice. Mice were euthanized (at least 5 mice each month for five months after
implantation) and different analyses performed to evaluate bone formation. The whole mouse radiographic
image shows mineralization only on CP chondrocyte/chitosan sponges, implanted on the right side of the mouse.
No significant increase in radiographic density was observed in CD chondrocyte/chitosan scaffolds implanted in

the mouse left flank at that time.
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The implant on the right side (CP chondrocytes) reveals the ability of those cells to
mineralize, and the similarity between its density and the mouse bone density can be
observed. In contrast, the implant on the left side did not mineralize therefore, no radiopaque

area can be observed.

Figure 2: High resolution radiography shows an increase in mineralization during the implantation

period. Samples were collected every month for 5 months after implantation, and radiographed by Faxitron (25
kV/15s). Radiographic images A to E correspond to scaffolds implanted from 1 to 5 months, respectively (A=1
month, B=2 months, C=3 months, D=4 months, E=5 months). On the left side of each photomicrograph, inside
wire “boxes”, are scaffolds cultured with CD chondrocytes, and on the right side scaffolds cultured with CP
chondrocytes (same mouse). Wires were used to help localize the scaffolds, especially in the absence of
mineralization. Image E shows mouse vertebral bodies and ribs as well as a thin mineralized layer (arrow/CP

sample) similar to cortical bone.

Characterization of mineral distribution in implants

In vivo studies were conducted for 5 months and mice were collected for analyses every
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month. Mineralization of experimental implants (scaffolds seeded with CP chondrocytes) was
achieved in all scaffolds as confirmed by fine focus radiographs. As early as 1 month after
implantation, an increase in density was observed on the periphery of the experimental
implants (Figure 2A-CP) which is attributable to the presence of mineral. From the 2™ to the
5™ month post-implantation (Figure 2B-CP to 2E-CP respectively) the amount of mineral
increased gradually. In Figure 2B and 2D implants can be observed in the vicinity of the
mouse ribs showing similar radiopacity to the mouse bones. In the 5" month after
implantation (Figure 2E-CP), radiographs of implants and the mouse skeleton allow
comparison between the vertebra and the scaffolds indicating considerable bone/mineral
deposition in response to CP chondrocyte signaling. In addition, a thin “cortical layer” is
observed (Figure 2E-white arrow) on the periphery of the implants. For all the time points
studied, no comparable radiopacity was observed on control implants (pictures marked with

CD); the density of these implants is similar to the soft tissue in the absence of mineralization.

y=1.3952x-1.2819
R?=0.98

Volume of mineral (cubic mm/sponge)
-
1

1 2 3 4 5

Time (months)

Figure 3. Accumulation of mineral in experimental scaffolds during the implantation period. Images
obtained from microCT scans (3D) show gradual accumulation of mineral in the experimental scaffolds (CP
chondrocytes) during the 5 months of implantation. Images A to E correspond to samples collected from month
1 to month 5 respectively and image F is the cross-sections of E (month 5). An increase of dense material is
observed over time. After 5 months of implantation mineralization is observed across the chondrocyte/chitosan
scaffold (F). At the threshold used to collect these data, no mineral was observed in the control implants (caudal
chondrocytes, not shown). Volume of mineral was calculated from microCT scans and graphed as mean + SD
(panel G). At least 5 sponges were used to calculate the volume of mineral for each time point. * Significantly

different from previous months (p< 0.05).
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Mineral distribution across the experimental implants was assessed by microCT scans as
shown in Figure 3. MicroCT results confirm that one month after implantation, mineralization
has occurred only in limited areas at the surface (Figure 3A) of the experimental implants.
Two months after implantation (Figure 3B) mineral can be found in almost all areas of the
implant with a homogeneous distribution. On the third (Figure 3C) and fourth (Figure 3D)
months after implantation, the mineral becomes denser and only few areas remain
unmineralized. In the fifth month post-implantation (Figure 3E), the mineral density is
significantly increased on the surface as well as inside of the implant, as observed in the cross
section image (Figure 3F). As in the faxitron images, a layer of mineral can be observed on all
the surface of the scaffold, suggesting the formation of a cortical bone like structure. Deeper
into the scaffold, mineral is observed both in cartilage as well as in areas of bone formation
(compare with histology images). Mineral quantification using microCT scans (Figure 3G)
confirms a time dependent increase (more than 10 fold) in mineral volume during the
implantation period studied. Control implants (CD chondrocytes) were also analyzed by
microCT, however, at the threshold used for data processing, only a few speckles of mineral

were observed (data not shown).

, A D
¢ P Ca
|
.| |
c| \
; |
[. il' \ Illia
il ] N 4 !
0 05 1 15 2 25 3 35 dkev 005 1 15 2 25 3 35 dkev

Figure 4. Backscattering scanning electron microscopy and chemical composition after 5 months of
implantation. Photomicrographs were obtained from backscatter electrons (BSE) in a scanning electron
microscope and they show cross-sections of control implant (B) and the experimental implant (C). White areas
represent the mineralized regions and gray areas correspond to soft tissue. Qualitative analysis was determined
using SEM/Energy Dispersive X-ray Analysis (EDAX) (A and D). In the middle of experimental implant we
observed an area rich in “Ca” and “P”, while in control implant only “C” and “O” can be detected. Note the
presence of bone like layer similar to cortical bone on the surface of experimental implant (C), and the larger

thickness of the experimental implant suggesting growth.
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Characterization of the composition and structure of the mineral

The BSE results identified a thin layer of mineral on the surface of the experimental implants
(Figure 4C) and also show that the mineralization occurred across the implant. On control
implants (Figure 4B), minimal mineralization has occurred. The quantitative analyses
performed using EDAX allowed us to identify “Ca” and “P” (Figure 4D) as the main elements
present in the mineralized regions (white areas) of the experimental implants whereas in

control (Figure 4A) only “C” and “O” elements were detected.
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Figure 5. FTIR analyses of mouse vertebra, experimental and control scaffolds. Samples were dissected at
the end of 5 months implantation, dried and mixed with KBr to prepare pellets for FTIR analyses. (A) Spectra of
mouse vertebral bone and experimental (CP chondrocytes) scaffold both showing the presence of absorbance
bands for phosphate and carbonate groups. (B) In the control (CD chondrocytes) scaffold the absorbance bands

for phosphate and carbonate groups are much lower that in experimental scaffold.

In Figure 5 we compared the FTIR spectra of bone from vertebra of the mouse, with the
experimental and control implants. FTIR spectrum of material collected from vertebra
revealed the characteristic peaks corresponding to the mineral phase of the bone as well as
peaks corresponding to the organic phase. In the mineral phase, peaks represent carbonate
(CO;) and phosphate (PO4) groups. The experimental implants showed a very similar

spectrum. In the control implants, these peaks were not observed.

Histology

Histological sections stained with H&E (Figure 6) reveal the tissue changes that occurred
during the implantation period. Figures 6A to 6D show details of the experimental samples
during the first four months of implantation. A bone like layer (arrows) formed at the surface
of the scaffold as early as 1 month after implantation, while 3 and 4 months after implantation

we can observe the formation of bone marrow like structures (Figures 6C and 6D). The
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Figure 6. Histological analysis of chondrocyte/chitosan scaffolds implanted in the subcutaneous region of
nude mice. Axial paraffin sections were cut through the body of the mouse (I) to include the experimental and

control scaffolds. Sections

1* month 2" month 3" month 4™ month

were stained with
hematoxylin & eosin and
photographed.  Details  of
bone forming in experimental
scaffolds during the first 4
months of implantation are
shown in images A through

D. Images E, F, G and H

correspond to high
magnifications of A, B, C and
D respectively showing the
beginning of vascular
invasion (arrows head). The
control scaffolds do not

undergo  visible changes

during the first 5 months of
implantation, and therefore
only the 5™ month is included
in this figure. A complete
section is shown after 5
months  of  implantation
(image I). Control scaffold is
on the left and experimental
is seen on the right side of the
image. Details of control

scaffold (J), vertebral body

(K) and experimental scaffold
(L) can be observed. Higher
magnifications of control (M

and P), mouse vertebra (N

and Q) and experimental
scaffold (O and R) show

tissues details. Deep in the control sample (M), only cartilage tissue can be observed. Vascular invasion of

cartilage (O — arrow head) and bone deposition (O — arrow) can be observed in the experimental sample. Detail
of vertebra (N and Q) shows the presence of bone (arrow) and blood vessels (arrow head). Note bone formation

deep in the experimental scaffold as well as the presence of blood vessels (R).
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vascular invasion of the cartilage matrix is also observed as earlier as one month (arrow head
in Figure 6E). In the following months (Figures 6F to 6H) vascular invasion continues deep
into the sponges, and bone is deposited around these channels. In Figure 61 (a complete

section through the mouse body) we can observe the implants as well as the vertebral bone. In
the control implant (left side), only cartilage tissue can be seen. In the experimental implant
(right side), a cortical layer of bone has formed, strikingly very similar in thickness to the
cortical bone in the vertebral bodies (compare Figure 6K with 6L). Further, bone is forming
across the experimental implant, along with bone marrow cavities, while in the control
(Figures 6J, 6M and 6P) mostly chondrocytes and fibrous tissue can be seen invading the
scaffold. At high magnification and deep into the sponges (Figure 60 — arrow heads), we can
observe both vascular invasion of chondrocytes and bone deposition, consistent with changes

observed at the chondroosseous junction in growth plates.

DISCUSSION

Our in vitro studies demonstrated that a 3D chitosan sponge can support chondrocyte
proliferation and hypertrophy, characterized by expression of type X collagen and high
alkaline phosphatase activity.'® To test the hypothesis that such a transient cartilage template
carries all the signals necessary to induce new bone formation, we implanted these
cartilage/chitosan scaffolds into the subcutaneous region of nude mice and evaluated
mineralization and new bone formation over a period of five months. As control, we used
sponges seeded with CD sternal chondrocytes, shown to maintain a permanent cartilage
phenotype after treatment with RA.

A plethora of studies have successfully induced new bone formation after implantation of
different materials in areas adjacent to or in holes drilled into bone structures of animals.>*'*"
I Others have implanted materials subcutaneously or intramuscularly, and used stem cells,
bone differentiation factors or gene therapy to enhance new bone formation at these ectopic

areas.”>> In addition, it was shown that combining human bone marrow stromal cells,

fibroblasts and primary articular chondrocytes could result in ectopic bone formation.'***2

On the other hand, most of the studies using chondrocytes focus on articular cartilage

27-31 8,3

reconstruction or implanted the cartilage in bone forming areas.**> However, in our
investigation we choose to implant the cartilage/chitosan scaffolds into a non bone forming

area (subcutaneous regions) to investigate the osteoinductive potential of hypertrophic
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chondrocytes without the use of any bone differentiation factor or gene therapy. Indeed, as
soon as 1 month after implantation mineral deposition was observed by microCT and faxitron
analyses. These scaffolds were not mineralized in vitro, for a variety of reasons discussed in
previous chapter. However, in vivo, and as expected hypertrophic chondrocytes with high AP
activity in a matrix rich in type X collagen, rapidly triggered the mineralization phenomenon
throughout the scaffold.”*>® The main peaks in the EDAX spectrum showed the presence of
“Ca” and “P” in these scaffolds, major components of mineral both in bone and growth
cartilage.””® The FTIR spectrum of the mineral formed in the CP constructs is identical to
that obtained from the mouse vertebra, and the spectra described in the literature for bone.***
Interestingly, microCT, BSE, and histological analyses revealed the formation of a cortical

20,32
< as soon as one month after

layer of bone on the surface of the experimental scaffolds
implantation. The presence of osteocytes like cells in that layer was confirmed in the H&E
stained sections. Other studies have shown that the bone structure formed in response to
signals generated by the hypertrophic chondrocytes resemble the metaphyseal cortical bone”!
formed during endochondral ossification. Indeed, in our experimental scaffolds we observed
phenotypical changes and tissue transformations that closely recapitulate the activity of the
cells in the growth plate and at the chondroosseous junction during endochondral bone
formation. Chondrocyte hypertrophy was induced in vitro,'® while mineralization of the
cartilage matrix occurred after implantation, in vivo. The experimental scaffolds also induced
abundant vascularization and extensive bone deposition, even in areas located deep into the
scaffold. Further, the bone deposited in our experimental scaffolds show striking similarities
(in the thickness of the cortical plate, the size of the marrow cavities and trabeculae forming
deep into the scaffold) to the endochondral bone of the mouse vertebra.

Interestingly, over the period of 5 months, the experimental cartilage/chitosan scaffold and the
bone forming in and around it, increased in size as can clearly be observed when comparing
control and experimental BSE images. This is not totally unexpected, since during
endochondral ossification there is interstitial growth resulting from proliferation, hypertrophy
and de novo bone deposition. All those processes are at play in our attempt to engineer
endochondral bone. While the scaffolds in the current implantation sites were not subject to
compressive forces (possibly stretching through the skin) evidence suggest that introducing
mechanical stimuli in future approaches will allow us to direct the bone growth process.*>***

Another interesting question warrants a detailed investigation. Since the instructions for bone

formation by our mammalian host originated from avian chondrocytes, we are curious about
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the nature of the bone tissue deposited in these scaffolds. Does the bone formed resemble
mammalian or avian bone? In addition, and as some researchers proposed,”® can chick
chondrocytes transdifferentiate into “bone like cells” depositing the first layers of bone?
Another question relates to the stability of the bone formed. Will endochondral ossification
proceed beyond 5-6 months of implantation and will we observe further increase in the size of
the original scaffold? Current and future studies in our laboratory will attempt to address these

issues.
CONCLUSIONS

We have presented evidence that a transient cartilage scaffold (CP chondrocytes) created in
vitro carries all the signals necessary to induce ectopic new bone formation in vivo, while a
permanent cartilage scaffold failed to do so (CD chondrocytes). We extended our study
beyond the 2 months of observation that characterize most bone tissue engineering

20,23,32,45
approaches,” """

to study the stability of the bone formed and its potential to grow. We are
very excited to report that endochondral ossification (subcutaneously) proceeded in a manner
strikingly similar to the endochondral ossification occurring in the vertebra of the host, the
mice. The nature of the bone formed in response to the chick cartilage signals, the amount,
and the increase in bone tissue over the first year of implantation, are currently under
investigation in our laboratory. We believe that this represents an optimized approach to bone
grafting of large defects and in growing patients. The source of chondrocytes for such a
clinical application would be autologous cartilage from the host (nasal, ear, costochondral) or
chondrocytes obtained from different of stem cell sources, that could be induced to
hypertrophy in vitro before implantation. A very promising approach is the use of autologous
chondrocytes obtained from a bioreactor created in the space under the periosteum of the
host.*® Given that chitosan in different formulations and for multiple applications (health and

food industry) is currently FDA approved,*’ we do not anticipate major obstacles to its use in

humans for the novel bone regeneration approach we propose in these studies.
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Concluding remarks and future directions

CONCLUDING REMARKS

The development of a bioactive and osteoinductor injectable system was the goal of this work.
Initially, the injectable system was studied in terms of its rheological properties. The system
used hydroxyapatite (HAp) microspheres as reinforcement phase and polymeric solutions as
the vehicle to carry the microspheres through an orthopedic injecting device. In addition, a
novel osteoinductor system using a cartilage template was developed. After implantation in

ViVO extensive ectopic bone was formed.

Hydroxyapatite is a bioactive ceramic presenting high compression strength. Thus, HAp
particles with different size distribution were used to prepare microspheres. “Captal s”
(Cs) particles enabled the preparation of microspheres with pores smaller than those
formed in microspheres prepared using either “Captal 20” (C20) or “Captal 30 (C30)
particles. Additionally, the surface roughness of the first type of microspheres was the
smoothest. At sintering temperatures below 1300 °C, microspheres prepared using either
C20 or C30 particles were not strong enough to enable compression strength
measurements, whereas Cs microspheres supported 0.35+0.08 N, after sintering at 1200
°C for 1 hour. As expected, the diameter of all microspheres decreased as the sintering
temperature increased though C30 microspheres always presented larger diameter. After
sintering at 1200 °C for 1 hour, the diameter of Cs microspheres was 535+38 pum. Thus,
Cs microspheres sintered at 1200 °C for 1 hour were selected as the solid phase to

reinforce the polymeric solution (vehicle).

Polymeric solutions of Hydroxypropylmethylcellulose (HPMCO), sodium
carboxymethylcellulose (NaCMC) and Alginate (ALG) were prepared at different
concentrations and tested in terms of their rheological properties and injectability. In terms of

rheology, viscosity was measured as a function of both shear rate and concentration of
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solutions, in order to predict injectability. The use of sterile materials is a demand in the

biomedical field, thus sterilization was done in an autoclave at 121 °C for 15 minutes.

Stability tests were performed in order to evaluate changes in rheological properties after

solution preparation and storage.

Viscosity tests showed that either HPMC or NaCMC viscosities greatly changed with
both polymeric concentration and shear rate presenting shear thinning behavior.
Furthermore, NaCMC solutions presented thixotropy at high concentrations. Contrarily,
small variation of viscosity versus shear rate was observed on ALG solutions though its
viscosity increases slightly with concentration. Considering the above observations and
taking in account that ALG is widely applied as a biomedical material and its
crosslinking by ionic interactions allows a gelation at physiological pH and temperature,
alginate was selected to be used as the polymer to prepare the vehicle.

Among the alginate solutions tested, non-sterile ALG 6% (w/w) (NS-ALG 6%) and
sterile ALG 7.25% (w/w) (S-ALG 7.25%) presented similar properties in terms of
viscosity and injectability. Both solutions were extruded using forces below 40 N.
Additionally, in preliminary tests, microspheres were added to the NS-ALG 6%
solutions and extruded at forces below 100 N (an accepted force for injectability).'
Sterile materials are a requirement for biological purposes, thus S-ALG 7.25% was
chosen as the suitable vehicle and its physical stability was evaluated after storage for 3
months at 40 °C, 25 °C and 4 °C. Results showed that rheological properties were
maintained after storage at 4 °C and only minor changes occurred when stored at 25 °C.

In contrast, rheological properties completely changed for solutions stored at 40 °C.

Gelation, injectability, osmolality of mixtures (vehicle/microspheres), as well as mechanical

properties of composites obtained after injection and gelation, were then investigated.

Injectability tests were performed using an orthopaedic device applied in vertebroplasty

surgeries and the resulting composites were tested in compression to characterize their

strength.

Sterile ALG 7.25% gelation was based in CaCO3 and D-glucono-d-lactone (GDL). The
concentrations were optimized to induce gelation in about 15 minutes, which seems to
be the most appropriated time to perform (simulate) an injection during vertebroplasty.
In these conditions, S-ALG 7.25% can work as a vehicle able to gelify in situ at 37 °C.
A ratio Ca*/CO0O™=0.288 was found as the most suitable to allow gelation of S-ALG
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7.25% 1in a period of time closest to the one specified above and was used as the ratio to
prepare the injectable mixtures. Mixtures of the vehicle with different concentrations of
microspheres (20, 30, 35 and 40% (w/w)) were prepared and extruded through an
orthopedic device to evaluate injectability. Extruded mixtures were collected and
allowed to gelify at 37 °C for 24 hours before compression tests were performed. In
those conditions only the mixture containing 40% of microspheres was difficult to
inject. Mixtures prepared using 20, 30 and 35% of microspheres were easily injected at
forces below 100 N. In terms of mechanical strength, mixtures prepared with higher
concentrations of microspheres lead to higher strength, which is favorable in a clinical
application. Among those mixtures, the ones using 35% of microspheres enabled the
strongest composites and their compression strength was closer to the trabecular bone

strength than most of the materials currently used in vertebroplasty.**

In the last part of this project a new approach to the development of an osteoinductive
material was investigated. Bone can form either by intramembranous or endochondral
mechanism. Interestingly, most bones are the result of endochondral ossification. This
mechanism is based on orchestrated events occurring in a cartilage template, the growth plate.
To overcome the osteoinduction limitations of the injectable system studied, we mimicked
nature by developing a cartilage template able to induce endochondral ossification.
Chondrocytes have the advantage to resist low oxygen concentrations and to deliver factors to
induce vascular invasion and osteogenesis.”’ Therefore, we prepared cartilage templates
using 3D chitosan sponges and chondrocytes collected from the sterna of 14 days chick
embryos. In the sterna, cephalic (CP) chondrocytes differentiate and induce bone formation
whereas caudal (CD) chondrocytes maintain a stable cartilage phenotype and do not induce

bone formation.

Sponges were prepared by a freeze/dry process using a solution of 2% of chitosan (4%
acetylated) and were characterized in terms of compression strength, permeability and pores
size. Both elastic modulus and permeability were also measured on sponges cultured with
chondrocytes and on tibia growth plates from 6 weeks old chicken. Those sponges proved
suitable for in vitro cultures since they allowed proliferation and differentiation of
osteoblasts.® After collection, chondrocytes were allowed to proliferate in culture dishes for

one week before they were seeded in chitosan sponges, and cultured for 20 days using regular
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medium. During the last 10 days the medium was supplemented daily with retinoic acid (RA)
to induce chondrocytes maturation.”'" Scaffolds seeded with CD chondrocytes were used as
control while scaffolds loaded with CP chondrocytes were the experimental samples. The
proliferation of cells into the sponges was characterized by DNA measurements, scanning
electronic microscopy (SEM) and hematoxylin & eosin (H&E) staining. Maturation was
evaluated measuring alkaline phosphatase (AP) activity and gene expression by real time RT-
PCR. Addicionally, immunohistochemistry using specific antibody against type X collagen
was also used to evaluate chondrocytes maturation in cross-sections. Both AP and type X

collagen are markers of chondrocytes undergoing hypertrophy/maturation.'>"?

Mechanical properties were evaluated before and after culturing the scaffolds with cells
and the results showed that those cultured with CP chondrocytes were the strongest.
Elastic modulus of experimental samples (22.0+£9.3 kPa) was enhanced while sponges
without cells presented the lowest value (7.4+2.0 kPa), though similar to the elastic
modulus of the control scaffolds (9.4+1.7 kPa). However, the growth plate of 6 weeks
old chicken was hundred folds stiffer than experimental samples, most likely due to the
presence of mineral. In terms of permeability, values were similar among scaffolds
either seeded or not with cells but it decreased more that 30 folds on growth plate, in
opposition to elastic modulus.

As expected, DNA increased on both control and experimental samples during 20 days
in culture, showing chondrocytes proliferation even after RA treatment. Those results
were confirmed by SEM and H&E images since pores were completely filled by cells
and matrix.

Immunohistochemistry tests showed the deposition of type X collagen in experimental
samples. Besides type X collagen synthesis, CP chondrocytes also expressed the gene
for type X collagen 10 fold more than CD chondrocytes. Additionally, both AP activity

and AP gene expression were increased in the matured CP chondrocytes.

The in vitro studies opened good perspectives in terms of the potential of the mature cartilage
to induce bone formation in vivo. Therefore, it was planed to implant both control and
experimental samples subcutaneously in the back of nude mice after in vitro culture for 20
days. The implantation of both control and experimental samples in the same animal and

subcutaneously (area where bone is not formed naturally) were performed to clarify if the
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implants are indeed the source of signals for ectopic bone formation. Animals were sacrificed
monthly for five months. It was expected to observe the events leading to endochondral
ossification (mineralization, vascularization and bone deposition) in experimental samples.
Faxitron, micro computed tomography (microCT) and SEM using backscattered electrons
were used to identify mineralization. Energy dispersive X-ray microanalysis was used to
analyze the mineral phase composition and Fourier transformed infrared spectroscopy
allowed the identification of the functional groups presented in explants. The structural
changes, namely vascularization and ossification, were detected by histology and H&E
staining.
In experimental samples, both Faxitron and microCT showed the presence of areas of
high opacity as earlier as one month after implantation that increased with the
implantation time. Furthermore, microCT quantification showed a linear increase in
mineral content over time. The mineral formed in experimental samples was rich in Ca
and P and its structures were composed by carbonate and phosphate functional groups,
suggesting the formation of apatite. Additionally, those functional groups matched the
same groups in the mice own bone.
Histology analyses demonstrated that blood vessels invaded scaffolds and a bone like
structure was deposited. In those areas, osteocyte-like cells and bone surrounded by
marrow cavities were clearly identified.
Formed bone was organized in cortical-like layer structure on the surface, while in the
interior it was organized in trabecular-like structure which was similar to the structure of
the mice vertebra. In control implants, neither mineralization nor bone formation were
identified. Besides, a structure similar to permanent cartilage remained, although some

areas were invaded by fibroblast-like cells.
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FUTURE DIRECTIONS

The research projects described in this thesis provides evidence for the potential of an
injectable system to fill and correct skeletal defects. The optimized rhelogical properties and
the gelation timing can serve as reference to prepare other injectable systems, either using the
same vehicle or a different one. Likewise, the growth cartilage scaffolds created to mimick
endochondral ossification, revealed high potential for bone regeneration even in ectopic areas.
While we are very excited about these different approaches to skeletal tissue regeneration,
questions remain unanswered and some topics await further investigation. Therefore, in the

following paragraphs we discuss some of these future directions.

Injectable System

Optimization of the opacity of the vehicle — During the injection of a material into a bone
defect some issues become important, such as position of the material inside the injecting
device, as well as the distribution of the material in the defect. Mechanisms need to be
devised to monitor the injected material. Materials should present opacity in order to be
distinguished from host tissues. In our injectable system, the HAp microspheres are opaque to
X-ray but the vehicle (alginate solution) is not. Thus, studies optimizing vehicle observation,
either adding X-ray opaque products to the vehicle or using a different technique
(computerized tomography), to follow the material’s flow, should be considered in future

studies.

Unwanted side effects — On the other hand, high amount of injected material, low viscosity of
material or high pressure in the defect may induce invasion of the surrounding tissue namely
the vascular system which should be avoid preventing thrombus formation. Therefore,
occurrence of these and other side effects need to be evaluated and techniques and properties

adjusted to avoid such problems.

Partial versus complete defect filling — The extent of the injection of a material into a specific
defect is an important question to be addressed. A completely filled defect enhances the
possibility of osteoconduction and osteointegration of material with host bone tissue. In
addition, a partially filled defect may compromise the strength. In this context is important to

investigate to what extent the defect needs to be filled and how much pressure should be used
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to accomplish optimal tissue response, integration and mechanical properties.

In vivo studies — The injectable system we described was able to gelify at 37 °C. Also, both
materials used to prepare the system are considered biocompatible and have been tested in
vivo; however, when changes are implemented in materials or new surgeries techniques are
used, new in Vivo testes are required. Furthermore, to evaluate the ability of these changes to
improve mechanical strength, either immediately after injection or at later stages, new in vivo
implantation studies will be necessary. We believe that the injection of these materials into

osteoporotic vertebras is a very good and simple model to test and to clarify these issues.

Cells viability after injection — The use of this injectable system as a drug delivery system or
as an osteoinductor system carrying cells or growth factors (bone morphogenic proteins) are
other possible applications. To address these new applications it is necessary to evaluate the
system in terms of its capacity to adsorve and to deliver drugs, and the viability of cells in the
mixture. In terms of drug and growth factors delivery, studies have been performed using
microspheres prepared from alginate and HAp particles'’. However, the use of sintered HAp’
microspheres being carried by an alginate vehicle was not tested for this purpose yet. It is also
important to test if cells viability is maintained under injection conditions and in the alginate
(vehicle) environment. We believe that the use of chondrocytes will offer no major problems

since they are known to resist hypoxic® conditions.

Endochondral ossification

In vivo long term study — The in vivo implantation of scaffolds to induce bone regeneration is
not a new concept though most of the studies are based on osteoblast cells. Even when
materials induce bone formation, the bone does not grow for long periods because it begins to
resorb. However, the use of chondrocytes (cartilage template) to induce bone may offer a
solution to some of these setbacks. We believe that bone will continue to be formed after the
five months (described in this thesis). Therefore, a long term implantation study is necessary
to address the stability of the bone formed and to potential for the bone to growth as it is

normally observed as the result of the activity of the growth plate cartilage.

Bone characterization — The evidence of endochondral mechanism was clear since ectopic

bone has been formed. However, the type of bone formed was not characterized. The

160



Future directions

implanted cells were harvested from chicken, whereas the host animals were mice. Therefore
the bone induction signals came from chicken cells while the induced bone cells had a mice
origin. The question is: what type of bone was formed, avian or mammalian? While bone
from different species is made up of the same proteins and mineral, some studies demonstrate
that bone from different species, present different osteocytes densities. Thus, future work
should be carried out to analyze the number of osteocytes in the ectopic bone formed and it

correlates with both chicken and mouse bone.

Test the cartilage template in a bone defect — The implanted materials induced bone
formation in an ectopic area so the connection between the new bone and the host bone
cannot be established though this is also an important issue to be addressed. Thus it is
suggested that similar experimental samples should be implanted in bone defects in order to
analyze how bone grow and which type of network is established between both new and host

bone.

Mechanical stress — Bone tissues are anisotropic materials because they are adapted to their
mechanical functions. Thus, bones from different regions, even in the same animal, present
different mechanical properties and dimensions. It is also well known that tissues, particularly
bone, responds to the mechanical stress adapting to it. Furthermore, cells in proliferative zone
of growth plate are aligned with load application. Therefore, it is important to study if
mechanical stress can induce any kind of orientation, either in chondrocytes undergoing
hypertrophy or in bone being formed in response to our cartilage template. During the present
work it was possible to observe that bone has formed in preferential directions, though it was

not possible to understand the primary reason.
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