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Summary

With the progressive aging of the population, the need for functional tissue
substitutes is increasing. Tissue engineering can provide an alternative to more
traditional medical interventions by replacing failing or missing tissue with
tissue grown in vitro that is designed and engineered in such a way that it
meets the needs of individual patients and repair sites by the integrated use of
cells, biomaterial scaffolds, and physical and regulatory biochemical factors.
Interest in improved treatment options has prompted the search for new
biomaterials and combinations of materials which enable the development of
more sophisticated methods for tissue engineering in combination with the
delivery of growth factors in order to mimic endogenous profiles during natural
tissue morphogenesis or regeneration. In the first place, this work investigates
into silk fibroin (SF) as a biomaterial for tissue engineering and drug delivery,
especially in the field of bone and cartilage repair. Silks as produced by spiders
or insects can provide three-dimensional scaffolds for tissue engineering that
meet basic requirements for this purpose such as biocompatibility,
osteoconductivity, biodegradability over an appropriate time scale, mechanical
robustness and high porosity for cell ingrowth. Therefore, silks bear great
promise as a biomaterial for tissue engineering and drug delivery.

Chapter I presents an introduction to the topics addressed in this PhD
thesis. It outlines the rationale for finding new solutions in the treatment of
musculoskeletal defects and diseases through tissue engineering approaches.
The introduction imparts basic knowledge about tissue engineering, particularly
for bone and cartilage repair, and illustrates crucial requirements for scaffold
materials and geometries. Also illustrated is the potential of human
mesenchymal stem cells (hMSC) for this field. The choice of SF as biomaterial
für tissue engineering and drug delivery is explained by highlighting its
historical use and the appealing properties and modification possibilities of this
protein.
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In chapter II, we explored the feasibility of hMSC differentiation on protein
scaffolds for tissue engineering of cartilage-like tissue. hMSC were isolated,
expanded in culture, characterized with respect to the expression of relevant
surface markers and their ability for chondrogenic and osteogenic
differentiation, and seeded on scaffolds. Four different scaffold types were
tested, all processed in such a way that they formed highly porous sponges
made of: (i) collagen, (ii) cross-linked collagen, (iii) SF, and (iv) RGD-coupled
SF. Cell-seeded scaffolds were cultured for up to 4 weeks in either control
medium or chondrogenic medium; hMSC attachment, proliferation, and
metabolic activity were markedly better on slowly degrading SF than on fast-
degrading collagen scaffolds. In chondrogenic medium, hMSC formed
cartilaginous tissues on all scaffolds, but the extent of chondrogenesis was
substantially higher for hMSC cultured on SF as compared to collagen
scaffolds. The deposition of glycosaminoglycan (GAG) and type II collagen and
the expression of type II collagen mRNA were all higher for hMSC cultured on
SF than on collagen scaffolds. Taken together, these results suggest that SF
scaffolds are particularly suitable for tissue engineering of cartilage starting
from hMSC, presumably due to their high porosity, slow biodegradation, and
structural integrity.

In Chapter III, as a follow-up study to the previous chapter, we seeded
hMSC on SF, collagen, and cross-linked collagen scaffolds and cultured them
for 21 days in serum free chondrogenic medium. Cells proliferated more rapidly
on the SF scaffolds as compared to the collagen matrices. Total GAG
deposition was three times higher on SF as compared to collagen scaffolds.
GAG deposition coincided with overexpression of type II collagen and aggrecan
genes. Cartilage-like tissue was homogeneously distributed throughout the
entire SF scaffolds, while on the collagen and cross-linked collagen systems
tissue formation was restricted to the outer rim leaving a doughnut-like
appearance. Round or slightly angled cells resided in deep lacunae in the silk
systems and stained positively for type II collagen. The aggregate modulus of
the tissue engineered cartilage constructs was more than two-fold above that of
unseeded SF scaffold controls. These results suggest that SF scaffolds are
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suitable biomaterial substrates for autologous cartilage tissue engineering in
serum free medium and enable mechanical improvements along with
compositional features suitable for durable implants to (re)generate cartilage. 

In analogy to chapter II, in chapter IV we explored the feasibility of hMSC
differentiation on protein scaffolds for tissue engineering of bone-like tissue.
Two different scaffolds with the same microstructure were studied: collagen (to
assess the effects of fast degradation) and SF with or without covalently bound
RGD sequences (to assess the effects of enhanced cell attachment and slow
degradation). The hMSCs were isolated, expanded in culture, characterized
with respect to the expression of surface markers and ability for chondrogenic
and osteogenic differentiation, seeded on scaffolds, and cultured for up to 4
weeks. Histological analysis and microcomputed tomography showed the
development of up to 1.2-mm-long interconnected and organized bone-like
trabeculae with cubical cells on the SF-RGD scaffolds. These features were still
present but to a lesser extent on SF scaffolds and absent on the collagen
scaffolds. The X-ray diffraction pattern of the deposited bone-like tissue
corresponded to hydroxyapatite as present in native bone. Biochemical
analysis showed increased mineralization on SF-RGD scaffolds as compared
with either SF or collagen scaffolds after 4 weeks. Expression of bone
sialoprotein, osteopontin, and bone morphogenetic protein 2 was significantly
higher for hMSCs cultured in osteogenic than control medium both after 2 and 4
weeks in culture. The results suggest that SF-RGD scaffolds are particularly
suitable for autologous bone tissue engineering, presumably because of their
stable macroporous structure, tailorable mechanical properties matching those
of native bone, and slow biodegradation.

Natural bone consists of cortical and trabecular morphologies, the latter
having variable pore sizes. Chapter V aims at engineering different bone-like
structures using scaffolds with small pores (112-224 µm) in diameter on one
side and large pores (400-500 µm) on the other, while keeping scaffold
porosities constant among groups. We hypothesized that tissue engineered
bone-like structure resulting from SF implants can be pre-determined by the
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scaffolds´ geometry. To test this hypothesis, SF scaffolds with different pore
diameters were prepared and seeded with hMSC. As compared to static
seeding, dynamic cell seeding in spinner flasks resulted in equal cell viability
and proliferation, and better cell distribution throughout the scaffold as
visualized by histology and confocal microscopy. Dynamic seeding was,
therefore, selected for subsequent differentiation studies. Differentiation of
hMSC in osteogenic cell culture medium in spinner flasks for three and five
weeks resulted in increased alkaline phosphatase activity and calcium
deposition when compared to control medium. Micro-computed tomography
(µCT) detailed the pore structures of the newly formed tissue and suggested
that the structure of tissue engineered bone was controlled by the underlying
scaffold geometry.

The design of implants for bone regeneration is expected to be optimized
when implant structures are based on the anatomical situation of the defect
site. In chapter VI, we tested the validity of this hypothesis by exploring the
feasibility of generating different in vitro engineered bone-like structures
originating from slowly degrading, porous SF scaffolds decorated with cell
adhesive RGD sequences, previously seeded with hMSC. For this purpose, we
prepared SF-RGD scaffolds with different pore geometries, namely small (106–
212 µm), medium (212-300 µm) and large pore size ranges (300–425 µm).
Upon seeding with hMSC and subsequent cell culture and differentiation into
osteogenic cells in vitro, we managed to engineer bone-like tissue resembling
the initial geometries of the scaffolds and featuring bone-like trabecular
structures in medium- and large pore size scaffolds and plate-like bone
structures in scaffolds with small pore size ranges. Eight weeks after their
implantation into calvarial defects in mice, the in vitro engineered bone-like
tissues were found to remodel into bone tissue featuring different proportions of
immature woven bone and mature lamellar bone bridging the critical size
defects. Regardless of the pore diameter of the underlying scaffold, all implants
integrated well into the defects, vascularization of the implants was advanced
and, beginning from the borders of the defects, bone marrow ingrowth had
started. Ultimately, in this defect model, the geometry of the in vitro generated
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tissue engineered bone structure, trabecular or plate-like, had no significant
impact on the healing of the defect, owing to an efficient remodeling of its
structure after implantation.

In chapter VII, tissue engineering of bone-like tissue, gene therapy based on
hMSC, and SF biomaterials were studied in combination to evaluate the impact
of viral transfection on osteogenic performance of hMSC in vitro. hMSCs were
transduced with adenovirus containing a human BMP-2 (Ad-BMP-2) gene at
clinically reasonable viral concentrations and cultured for 4 weeks. Controls
with nontransfected hMSCs, but exposed to exogenous BMP-2 concentrations
simulating an analogous time profile as that secreted by the Ad-BMP-2 group,
were compared. Both the Ad-BMP-2 MSC group and the exogenous protein
BMP-2 group strongly expressed osteopontin and bone sialoprotein. Cells
secreted a matrix that underwent mineralization on the SF scaffolds, forming
clusters of osseous material, as determined by µCT. The expression of
osteogenic marker proteins and alkaline phosphatase was significantly higher
in the Ad-BMP-2 hMSC group than in the exogenous protein BMP-2 group, and
no significant differences in mineralization were observed in two of the three
hMSC sources tested. The results demonstrated that transfection resulted in
higher levels of expression of osteogenic marker genes, no change in
proliferation rate and no impact on the capacity of the cells to calcify tissues on
SF scaffolds. These findings suggest additional options to control differentiation
where exogenous additions of growth factors or morphogens can be replaced
with transfected hMSC.

Chapter VIII investigates into the pharmaceutical utility of SF as a
biomaterial for drug delivery. SF films were prepared from aqueous solutions of
SF and crystallinity was induced and controlled by methanol (MeOH) treatment.
Dextrans of different molecular weights as well as proteins, serving as
macromolecular drug models, were physically entrapped during processing into
films. Drug release kinetics were evaluated as a function of dextran molecular
weight, and film crystallinity. Treatments with MeOH resulted in an increase in
ß-sheet structure, crystallinity and film surface hydrophobicity as determined by
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WAXS, X-ray and contact angle techniques, respectively. The increase in
crystallinity resulted in the sustained release of dextrans of molecular weights
ranging form 4 kDa to 40 kDa, whereas for less crystalline films sustained
release was confined to the 40 kDa dextran. Protein release from the films was
studied with horseradish peroxidase (HRP) and lysozyme as model
compounds. Enzyme release from the less crystalline films resulted in a
biphasic release pattern, characterized by an initial release within the first 36
hours, followed by a lag phase and continuous release between days 3 and 11.
No initial burst was observed for films with higher crystallinity, and subsequent
release patterns followed linear kinetics for HRP, or no substantial release for
lysozyme. In conclusion, SF is an interesting polymer for the delivery of
macromolecular drugs as it demonstrates a controllable level of crystallinity and
the opportunity to process the biomaterial under ambient conditions to avoid
damage to sensititive compounds.

As a final contribution to this topic, chapter IX presents a collection of
methodologies to the field in the form of a hands-on monograph containing an
array of standardized laboratory protocols typical for this subject. This collection
should aid scientists to understand and work on key concepts in
musculoskeletal tissue engineering in a reproducible way.

In conclusion, SF provides unique properties for tissue engineering of
musculoskeletal tissues and in the context of drug delivery. Optimizing the
various factors of influence and their combinations still remains a complex
process and needs further development and exchange of knowledge between
the various domains in this field.
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Zusammenfassung

Der anhaltende Überalterungprozess der Bevölkerung in vielen Industrie-
staaten hat ein steigendes Bedürfnis nach funktionellen Gewebekulturen zur
Behandlung von Gewebedefekten geweckt. Alternativen zu traditionellen
Behandlungsmethoden für solche Defekte bietet das Tissue-Engineering. Es
setzt sich zum Ziel, fehlendes oder geschädigtes Gewebe durch Zellkulturen zu
ersetzen, die den Bedürfnissen des Patienten bzw. dessen Gewebedefekt
gerecht werden. Tissue-Engineering erfordert somit ein ganzheitliches
Konzept, welches Zellkulturen autogener oder allogener Zellen mit
dreidimensional strukturierten Biomaterialien (Scaffolds) und weiteren
physikalischen und/oder biochemisch-regulatorischen Einflussgrössen
kombiniert. Die von diesem Konzept ausgehende Suche nach verbesserten
Therapiemöglichkeiten hat nicht nur zur Entwicklung neuer Biomaterialien oder
Kombinationen solcher Materialien geführt, sondern umfasst auch den Einsatz
dieser Scaffolds als Freigabesysteme für Wachstumsfaktoren. Im besten Fall
könnten derartige Freigabesysteme es erlauben, die für die physiologische
Neubildung oder Regenerierung eines Gewebes typischen Konzentrations-
Zeit-Profile an endogenen Wachstumsfaktoren nachzuahmen. Die vorliegende
Arbeit ist in erster Linie darauf ausgerichtet, Grundlagen für die Verwendung
von Seidenfibroin (SF) als Biomaterial für das Tissue-Engineering von
muskuloskeletalen Geweben und als kontrolliertes Freigabesystem für
Wachstumsfaktoren zu etablieren. Der Schwerpunkt der Arbeit liegt auf dem
Gebiet der Heilung von Knochen- und Knorpeldefekten. 

Seide wird natürlicherweise von Spinnen oder Insekten produziert. Das
daraus gewonnene SF kann zu dreidimensionalen Scaffolds verarbeitet
werden, welche wichtige Eigenschaften für Implantate erfüllen: Seide ist
biokompatibel und osteokonduktiv; eignet sich zur Einbettung von
Wachstumsfaktoren, baut sich in vivo über eine angemessene Zeitspanne ab
und erlaubt die Herstellung von mechanisch stabilen Scaffolds von so hoher
Porosität und Interkonnektivität, dass Zellen in deren innere Struktur
einwachsen und darin In-vitro-Gewebe ausbilden können. Als Biomaterial stellt
Seide daher eine vielversprechende Option zur Herstellung von Scaffolds für
das Tissue-Engineering und als Plattform für die Freigabe von
Wachstumsfaktoren dar.
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Kapitel I vermittelt einen Überblick über die grundlegenden Themen dieser
Dissertation. Zunächst hebt es die Bedeutung neuer Möglichkeiten für die
Therapie muskuloskeletaler Defekte und Krankheiten hervor. Es vermittelt dazu
Grundwissen über Tissue-Engineering, speziell auf dem Gebiet der Knochen-
und Knorpelregeneration, und fasst die dazu unabdingbaren Eigenschaften der
Biomaterialien sowie die bisherigen Erkenntnisse über das Design von
Scaffolds zusammen. Weiter werden die Möglichkeiten und Grenzen der
Nutzung von humanen mesenchymalen Stammzellen (hMSC) auf diesem
Gebiet diskutiert. Die Wahl von SF als Biomaterial für das Tissue-Engineering
und als Freigabesystem von Arzneistoffen wird durch dessen langjährige
Anwendung als medizinisches Nahtmaterial, seine ausgeprägten
mechanischen Eigenschaften unter Stress und die vielfältigen Möglichkeiten
zur Modifizierung unterstrichen.

In Kapitel II wird die Differenzierung von hMSC in knorpelbildende Zellen
unter Verwendung unterschiedlicher Scaffolds aus natürlichen und
modifizierten Proteinen untersucht. Die Zellen wurden aus menschlichem
Knochenmark isoliert, expandiert und anhand der selektiven Expression
bestimmter Oberflächenantigene sowie ihrer Fähigkeit charakterisiert, in
knochen- und knorpelbildende Zellen zu differenzieren. Vier unterschiedliche
Materialien wurden zu hochporösen, dreidimensionalen Scaffolds verarbeitet
und mit hMSC besiedelt: (i) Kollagen, (ii) quervernetztes Kollagen, (iii) SF und
(iv) mit RGD-Sequenzen modifiziertes SF (SF-RGD). Die besiedelten Scaffolds
wurden in vitro während vier Wochen in einem die Knorpelentwicklung
förderndem Medium bzw. in Kontrollmedium kultiviert. Zelladhäsion,
Zellproliferation und metabolische Aktivität waren auf den langsam abbaubaren
SF-Scaffolds höher als auf den Kollagen-Scaffolds. Unter zur Differenzierung
führenden Kulturbedingungen bildeten die Zellen unabhängig vom Typ des
Scaffolds knorpelähnliche Gewebe, wobei die chondrogene Differenzierung auf
SF-Scaffolds am ausgeprägtesten war. Die gebildete extrazelluläre Matrix,
gemessen als Menge produzierter Glykosaminoglykane (GAG) und Kollagen
Typ II, sowie die Genexpression von mRNA für Kollagen Typ II waren auf SF-
Scaffolds jeweils höher als auf den Kollagen-Scaffolds. Aufgrund dieser Daten
scheinen sich SF-Scaffolds gut für das Tissue-Engineering von
knorpelähnlichem Gewebe mit hMSC zu eignen, speziell im Vergleich mit den
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bereits etablierten Kollagen-Scaffolds. Bezüglich spezieller Eigenschaften wie
hohe Porosität, langsame Biodegradation und grosse mechanische Stabilität
sind sie Kollagen überlegen.

In Kapitel III, einer Folgestudie des vorangehenden Kapitels, wurden SF-
Scaffolds, Kollagen-Scaffolds und quervernetzte Kollagen-Scaffolds mit hMSC
besiedelt und während 21 Tagen in serumfreiem Medium kultiviert. Die Zellen
proliferierten auf den SF-Scaffolds stärker als auf den beiden Kollagen-
Matrizen. Die Menge produzierter GAGs war auf den SF-Scaffolds dreimal
höher, was mit einer Ueberexpression der Gene für Kollagen Typ II und
Aggrecan korrelierte. Bei den SF-Scaffolds war das knorpelähnliche Gewebe
regelmässig über das gesamte Scaffoldvolumen verteilt, während es bei den
Kollagen-Scaffolds ringförmig auf den äusseren Bereich beschränkt war. Die
Zellen wiesen eine runde oder elliptische Form auf und lagen tief in den Poren
der Scaffolds. Durch immunhistochemische Färbung konnte Kollagen Typ II
nachgewiesen und dessen Verteilung sichtbar gemacht werden. Der Aggregat-
Modul von in vitro hergestellten Geweben lag bei SF-Scaffolds mehr als
doppelt so hoch wie derjenige von unbesiedelten Scaffolds, welche als
Kontrolle dienten. Die Resultate dieser Studie bekräftigen erneut die Eignung
von SF-Scaffolds für das Tissue-Engineering von Knorpelgewebe, diesmal in
serumfreiem Medium. Durch die vielfältigen Möglichkeiten zur Modifizierung
dieses Biomaterials ergeben sich weitere Optionen, die die Herstellung eines
belastbaren, voll funktionsfähigen Knorpelimplantates möglich erscheinen
lassen.

In Analogie zu Kapitel II befasst sich Kapitel IV mit der Differenzierung von
hMSC auf Protein-Scaffolds, diesmal aber in Richtung Knochenbildung. Zwei
unterschiedliche Materialien mit gleicher Mikrostruktur wurden untersucht:
Kollagen (um den Einfluss einer raschen Biodegradation zu bestimmen) und
SF mit bzw. ohne kovalent gebundene RGD-Sequenzen (um den Einfluss
schneller Zelladhäsion und langsamer Biodegradation zu untersuchen). Die
Zellen wurden aus menschlichem Knochenmark isoliert, vermehrt, und anhand
der selektiven Expression bestimmter Oberflächenantigene sowie ihrer
Fähigkeit charakterisiert, in Knochen- oder Knorpelzellen zu differenzieren. Die
isolierten hMSC wurden auf die Scaffolds aufgebracht und während vier
Wochen in vitro kultiviert. Histologische sowie mikrocomputertomographische
(µCT) Auswertungen zeigten knochenähnliche Trabekel auf den SF-RGD-
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Scaffolds, die bis zu 1.2 mm lang und untereinander verbundenen waren.
Diese Merkmale waren auch auf SF- und Kollagen-Scaffolds vorhanden,
allerdings weniger ausgeprägt. Das Röntgenbeugungsmuster des dabei
gebildeten Gewebes stimmte gut mit dem von Hydroxyapatit überein, welches
natürlicherweise in Knochen vorkommt. Biochemische Analsysen zeigten einen
erhöhten Mineralisierungsgrad auf SF-RGD-Scaffolds im Vergleich zu SF- und
Kollagen-Scaffolds. Nach zwei bzw. vier Wochen in Kultur war die
Genexpression der Zellkultur für bone sialoprotein und bone morphogenetic
protein-2 (BMP-2) signifikant höher als bei Zellen, welche in einem die
Knochenbildung fördernden Medium anstelle von Kontrollmedium kultiviert
wurden. Die Resultate zeigen, dass sich SF-basierte Scaffolds gut für das
Tissue-Engineering von Knochengewebe eignen, was vermutlich auf ihre
stabile makroporöse Struktur, ihre leicht modifizierbaren Eigenschaften und
eine langsame Biodegradation zurückzuführen ist.

Natürlicher Knochen besteht aus kortikalen und trabekulären Strukturen, die
letzteren mit unterschiedlichen Porengrössen. Gegenstand von Kapitel V ist
das Tissue-Engineering unterschiedlicher Knochenstrukturen durch
Verwendung von SF-Scaffolds mit verschiedenen Porendurchmessern aber
konstanter Porosität. Dazu wurden Scaffolds mit kleinen Poren (112-224 µm)
auf einer Seite und grossen Poren (400-500 µm) auf der gegenüberliegenden
Seite hergestellt. Arbeitshypothese der Untersuchung war, dass sich das
Tissue-Engineering von knochenähnlichen Strukturen mittels SF-Scaffolds
durch deren Porenform und -grösse vorbestimmen lässt. Zur zellulären
Besiedlung der Scaffolds wurden zwei unterschiedliche Methoden
herangezogen und verglichen: die statische und die dynamische Besiedlung.
Gegenüber der statischen Besiedlung führte die dynamische Besiedlung in
Spinner-Flask-Bioreaktoren zwar zu vergleichbarer Zellviabilität und -
vermehrung, aber zu einer verbesserten dreidimensionalen Verteilung der
Zellen im Scaffold, was mittels histologischer Schnitte und konfokaler
Mikroskopie dokumentiert werden konnte. Aufgrund dieser Resultate wurde die
dynamische Besiedlung auch für die nachfolgenden Differenzierungsstudien
eingesetzt. Die Differenzierung der hMSC in Spinner-Flask-Bioreaktoren
während drei bzw. fünf Wochen ergab im Vergleich zur Zellkultur im
Kontrollmedium eine erhöhte Aktivität der alkalischen Phosphatase (AP) und
eine höhere Kalziumabscheidung. µCT-Messungen ermöglichten differenzierte
Einblicke in das neugeformte Gewebe und liessen darauf schliessen, dass die
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Struktur eines durch Tissue-Engineering erzeugten und dem trabekulären
Knochen ähnlichen Gewebes bis zu einem gewissen Grad durch die Geometrie
des zugrundeliegenden Scaffolds kontrolliert werden konnte.

Es ist zu erwarten, dass das Design von Implantaten für die
Knochenregeneration weiter optimiert werden kann, wenn die implantierten
Strukturen den anatomischen Anforderungen am Ort des Defekts möglichst
ähnlich sind. In Kapitel VI wurde versucht, diese Hypothese zu bestätigen. Zu
diesem Zweck wurden SF-RGD-Scaffolds mit unterschiedlichen
Porengeometrien hergestellt, d.h. mit kleinen (106–212 µm), mittleren (212–
300 µm) und grossen (400–500 µm) Porendurchmessern. Nach der Besiedlung
der Scaffolds mit hMSC und deren Differenzierung in knochenbildende Zellen
in vitro während vier Wochen resultierten knochenähnliche Gewebe, deren
Strukturen denen der ursprünglichen Scaffolds ähnlich waren. Bei kleinen
Porendurchmessern entstanden hauptsächlich plattenähnliche Strukturen,
während aus Scaffolds mit mittleren und grossen Porendurchmessern
vorwiegend trabekuläre Strukturen resultierten. Acht Wochen nach
Implantation solcher Strukturen in kraniale Defekte in Mäusen waren diese
Defekte überbrückt. Gleichzeitig kam es zu einem Umbau der genannten
Geometrien in knochenähnliche Strukturen mit unterschiedlichen Anteilen an
unreifem Geflechtknochen und ausgereiftem Lamellenknochen. Unabhängig
vom Porendurchmesser der ursprünglichen Scaffolds wurden alle Implantate
gut in das bestehende Gewebe integriert, und ihre Vaskularisierung war
fortgeschritten. Ausgehend vom gesunden Gewebe begann bereits
Knochenmark in solche Defekte einzuwachsen. Insgesamt spielte die
Geometrie der implantierten Strukturen – ob trabekulär oder plattenähnlich - bei
diesem Defektmodell somit letztlich keine signifikante Rolle. Als weit wichtiger
für die Knochenregeneration in vivo stellte sich der Umbau der vorgegebenen
Strukturen heraus.

In Kapitel VII wurde der Einfluss einer viralen Transfektion von hMSC auf
deren Differenzierungsfähigkeit in knochenähnliches Gewebe in vitro auf SF-
Scaffolds untersucht. Dazu wurden hMSC mit klinisch relevanten Dosen eines
Adenovirus transfiziert, dessen Genom humanes BMP-2 kodierte (Ad-BMP-2),
und während vier Wochen kultiviert. In der Kontrollgruppe wurden nicht
transfizierte hMSC unter Zugabe von exogenem BMP-2 kultiviert, wobei das
Konzentrations-Zeit-Profil des zugesetzten BMP-2 dem Profil des freigesetzten
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BMP-2 in der mit Ad-BMP-2 transfizierten Gruppe entsprach. Die von den
Zellen produzierte Matrix mineralisierte zu einem knochenähnlichem Material,
was durch µCT nachgewiesen wurde. Die Zellen der Gruppen, die mit BMP-2 in
Kontakt kamen, zeigten im Vergleich zu Zellen, die nur in Kontrollmedium
kultiviert wurden, eine Ueberexpression der Gene für Osteopontin und Bone
Sialoprotein. Die Genexpression von knochentypischen Markern und
alkalischer Phosphatase war in der Ad-BMP-2-Gruppe signifikant höher als in
der Gruppe mit exogenem BMP-2. Für zwei von drei getesteten hMSC-Quellen
ergaben sich keine signifikanten Unterschiede in der Mineralisierung. Die
Resultate veranschaulichen, dass die Transfizierung von hMSC eine erhöhte
Expression osteogener Markergene zur Folge hat, aber keine Veränderung der
Proliferationsrate oder der Fähigkeit der Zellen zur Mineralisierung von SF-
Scaffolds veursacht. Insgesamt weisen die Ergebnisse darauf hin, dass neben
der Zufuhr von exogenem BMP-2 auch mit Ad-BMP-2 transfizierte hMSC die
Möglichkeit bieten, die Differenzierung in knochenähnliches Gewebe zu
kontrollieren.

In Kapitel VIII wurde die Möglichkeit einer Nutzung von SF als Biomaterial
für die kontrollierte Freigabe von Arzneistoffen untersucht. Ausgehend von
einer wässrigen SF-Lösung wurden SF-Filme hergestellt, deren Kristallinität
durch Behandlung mit Methanol (MeOH) hervorgerufen und kontrolliert wurde.
Als Modell-Arzneistoffe wurden Dextrane mit unterschiedlichen Molekular-
gewichten und Proteine eingearbeitet. Die Freisetzungskinetiken aus den
Filmen wurden in Abhängigkeit zu den Molekulargewichten der Dextrane und
zur Kristallinität der Filme untersucht. Die MeOH-Behandlung bewirkte mit
Zunahme des Anteils an ß-Faltblatt-Strukturen eine Erhöhung der Kristallinität
und Oberflächenhydrophobizität. Dies konnte mit FTIR, Röntgenbeugungs-
studien und Kontaktwinkelmessungen ermittelt werden. Erhöhte Kristallinität
der Filme bewirkte eine verzögerte Freisetzung der Dextrane mit
Molekulargewichten zwischen 4 und 40 kDa, während bei weniger kristallinen
Filmen nur die Freisetzung des 40 kDa-Dextrans verzögert wurde. Meerrettich-
Peroxidase (horseradish peroxidase, HRP) und Lysozym dienten als
Modellsubstanzen für die Freisetzung von Proteinen. Deren Freisetzung aus
weniger kristallinen Filmen ergab ein zweiphasiges Profil. Dieses bestand aus
einer hohen initialen Freisetzung während der ersten 36 Stunden und eine
daran anschliessende verzögerte aber gleichmässige Freisetzung zwischen
dem dritten und elften Tag. Aus stärker kristallinen Filmen war die initiale
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Freisetzung gering: HRP folgte ab dem fünften Tag einer linearen
Freisetzungskinetik, während bei Lysozym keine relevante Freisetzung der
aktiven Substanz stattfand. Zusammengefasst stellt sich SF als ein
interessantes Biomaterial für die Freisetzung von makromolekularen
Arzneistoffen dar, welches eine Kontrolle der Freisetzung durch Variation
seiner Kristallinität zulässt. Die Möglichkeit, SF unter sehr milden Bedingungen
aus wässrigen Lösungen zu verarbeiten, erlaubt zudem eine schonende
Einarbeitung von empfindlichen Arzneistoffen.

Kapitel IX besteht aus einer Sammlung von angewandten Methoden auf
dem Gebiet des Tissue-Engineering in Form von standardisierten
Laborprotokollen. Diese Sammlung soll dazu beitragen, Wissenschaftler im
Verständnis und bei der experimentellen Arbeit im Bereich des
muskuloskeletalen Tissue-Engineering zu unterstützen.

Alles in allem bietet SF einzigartige Möglichkeiten für das Tissue-
Engineering von muskuloskeletalen Geweben und als Freisetzungssystem von
Arzneistoffen. Die Optimierung der einzelnen Einflussfaktoren sowie deren
Kombination bleibt eine komplexe Aufgabe, die weitere Forschungsarbeiten
und einen kontinuierlichen Wissensaustausch zwischen Experten aus den
beteiligen  Forschungsgebieten erfordern. 



16

   



 

17

Chapter I

Background, purpose and introduction

Rationale
Musculoskeletal disorders are among the most common medical conditions

with a substantial influence on health, quality of life and health care costs. By
the age of 40 years, 90% of the population harbors degenerative changes in
their weight-bearing joints, ultimately leading to pain and immobility1. Already
by 1996, more than 7.5 million musculoskeletal interventions were performed
annually in the US, the majority being fracture repair and total joint replacement
(National Center for Health Statistics: National Hospital Discharge Survey,
1996). In the US alone, 2.5 million orthopedic and plastic reconstructions
including bone, cartilage, tendon, ligament and breast are performed annual-
ly2-4. With the progressive aging of the population in many developed countries
and in China, the incidence of these conditions and - in parallel - the need for
functional tissue substitutes is steadily increasing. It is expected that by the
year 2010, there will be more people over 60 years of age than under 20, and
by 2020, these elderly will represent 25% of the population in the western world
(www.boneandjointdecade.org). By that time, medical interventions to
regenerate functional tissues will represent a major clinical need to an even
greater extent than now5.



Chapter I

18

The skeleton has been designed through optimization by natural selection to
physically support and physiologically maintain diverse tissue types
encompassing a wide variety of functions6. It is comprised of connective tissue
which is typically thought to be "simpler" than highly metabolic tissues such as
liver, panreas and kidney. But despite their apparent biological simplicity, cells
and matrix of musculoskeletal tissues such as cartilage, bone, tendons, and
ligaments, are precisely organized to provide these tissues with the unique
properties that allow them to function properly4. Bone tissue is unique in that it
retains a high regenerative capacity; but the repair of badly damaged bone
tissue frequently results in the formation of dysfunctional fibrous bone tissue
due to limited orientational and directional information available to bone cells
during regeneration and, therefore, represents a challenge6,7. In contrast to
bone, severely damaged articular cartilage surfaces in hips, knees and hands
are generally not easy to treat locally, and usually require replacement of the
entire joint with metal prostheses8,9. Skeletal deficiencies due to congenital
defects, disease or injury are currently treated with freshly harvested
autologous tissue grafts, providing both structural and functional replacement
of host tissue. Despite the availability of large grafts, this "gold standard" has
several limitations which impair its exclusive use: it is frequently associated with
donor site morbidity, infection, bleeding, hematoma, malformation, chronic
pain, subsequent loss of graft function and difficulties in contouring delicate 3D
shapes6-8,10-14. Further options including the transplantation of allografts are
also widely employed, but still subject to a multitude of risks that hamper their
clinical efficacy, such as for disease transmission, cell-mediated host
responses or even host rejection, as well as limited supply and the need for
continuous immunosuppression6,13,15. Although synthetic grafting materials or
metal implants eliminate these risks, these materials do not transfer
osteoinductive or osteogenic elements to the host site and sometimes exhibit
limited integration between graft material and native tissue15. Furthermore,
distinct cells in the musculoskeletal system have the capacity to continually
remodel the tissue and respond to changes in their physical and mechanical
environment, roles that purely nonbiological prosthetics are incapable to fulfill4.
The variety of interventions currently under investigation reflects both the
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inadequacy of existing techniques in reconstructive surgery and trauma, and
the need to more faithfully restore skeletal tissue6,16. To expand in this direction
this work investigates into silk as a new biomaterial for tissue engineering and
drug delivery, with a focus on cartilage and bone regeneration.

Tissue engineering
Tissue engineering has been defined as an interdisciplinary field that

combines the principles of engineering and applied life sciences towards the
development of biological substitutes that restore, maintain or improve tissue
function17. It has the potential to provide an alternative to traditional treatment
protocols by replacing living tissue with tissue grown in vitro that is designed
and engineered to meet the individual needs of each patient and repair site18.
Our approach is based on the assumption that normal tissue function can be
restored by transplantation of an engineered tissue graft that is immature but
functional, and has the ability to integrate with the adjacent native tissue16,19. In
many cases, biomimetic strategies do not set out to directly copy the structures
of biological materials, but rather aim to extract key concepts from biological
systems that can be adapted within a synthetic context6. The focus on cell-
based or bioactive materials and stimuli distinguishes it from the use of
materials-based medical devices, and the delivery of an assembled "tissue
equivalent" makes it distinct from a traditional pharmaceutical product20,21.

The approach envisaged in this PhD thesis involves the integrated use of
mesenchymal stem cells (MSC) or progenitor cells from the patient in
combination with a three-dimensional biomaterial scaffold to support and guide
regeneration, and with a judicious selection of appropriate biochemical and
physical regulatory factors to induce tissue formation6,18,22. It is important for
tissue engineers to understand the events in developmental biology and wound
healing since definition and assessment of each variable that may contribute in
designing the appropriate microenvironment might be advantageous for tissue
regeneration21. In turn, in vitro engineered structures may serve as high-fidelity
models for controlled quantitative studies of cell function and tissue
development and provide useful complementary information to events obtained
in vivo16,23.
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The tissue engineering strategy involves three complex challenges,
spanning a wide range of disciplines: (i) the in vitro generation of a functional
tissue, (ii) its implantation in a manner that preserves the viability and function
of the cells, and (iii) the biological and mechanical fixation at the defect site,
together with its integration with the adjacent tissue4,21. Potential applications
are diverse, and as a basis of musculoskeletal interventions, tissue engineering
is likely to have a major impact in rheumatology, tissue repair, and
orthopedics20.

Cartilage
Articular cartilage is composed of hyaline cartilage which has unique

properties, such as viscoelastic deformability, that allow to withstand an
astounding amount of recurrent physical stress: it absorbs shock, distributes
loads, and facilitates stable motion14,24-31. It is considered a relatively simple
tissue given its limited cell number and diversity, lack of vasculature and
innervation, and low metabolic demands4,32. However, articular cartilage loss,
e.g., upon trauma, injury, tumor resection or degeneration, lacks the ability for
self-repair, cannot be adequately replaced with de novo synthesized normal
articular cartilage, and the recruitment of cells to the site of damage is
limited1,20. Defects that penetrate the subchondral bone elicit an intrinsic repair
response that yields a fibrocartilaginous repair tissue which is a poor substitute
for hyaline articular cartilage1,24,33. Current treatment options include abrasion
arthroplasty, subchondral Pridie drilling, microfracturing of the subchondral
plate, implantation of periosteum with or without injection of isolated autologous
chondrocytes, and mosaicplasty10,34-38. This variety of concepts reflects that
the best therapy for cartilage repair is still to be developed39-42. 

Tissue engineering of cartilage has great potential in providing the
appropriate replacement tissue with features necessary for a successful
repair14,43-48. It attempts to introduce cells into the injury site, with or without a
scaffold, and to recapitulate the molecular organisation that forms the basis for
the necessary mechanical properties of the tissue4,20. Chondrogenesis is
directed by a highly regulated consortium of growth factors and signaling
molecules in addition to cell-cell interactions, cell-matrix interactions and
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biomechanical factors4,49. While it may not be possible to include all of the
known regulators of mesenchymal stem cell differentiation in current tissue-
engineering systems, incorporation of selected elements of normal
development such as controlled release of growth factors seems to be
adequate4,50. However, tissue-engineering attempts, which have progressed
significantly, have yet to produce a cartilage replacement with the appropriate
structure and mechanical properties to function in vivo at the articular cartilage
surface51. Ultimately, for defects in articular locations with substantial
curvature, the tissue-engineered constructs should also have appropriate
curvature14. While there has been success in growing cartilage in vitro,
success in vivo requires reliable fixation into the joint defect and integration with
the subchondral bone14.

Bone
Bone is a complex tissue consisting of sponge-like cancellous bone and solid

compact bone in varying proportions depending on its location in the
skeleton4,6,7,51,52. It is made of a variety of different cells and a highly complex
matrix consisting of mineralized (hydroxyapatite) and non-mineralized
components53-55. The non-mineralized part normally contains collagens,
glycoproteins, proteoglycans and sialoproteins playing an essential role in the
control of growth and differentiation of osteoblasts, osteocytes and in bone
remodeling7,55-57. Throughout life, the skeleton is constantly remodeled, a
mandatory event for normal skeletal tissue integrity and maintenance of mineral
homeostasis6.

Bone tissue has the capacity of postnatal self-reconstruction. However, in
severe pathological situations such as complicated fractures with non- or
delayed unions, trauma, treatment of bone tumors, joint replacement,
congenital defects or spinal fusion, the damaged bone will not form or
regenerate spontaneously. Instead it may rather form dysfunctional fibrous
bone tissue due to limited oriental and directional information available for the
bone cells during regeneration58,59. In fact, such situations require
manipulation or augmentation of natural healing mechanisms in order to
provide complete regeneration60. Biochemical stimulation of local bone healing
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via the delivery of growth factors can supplement conventional bone repair
therapies59,61,62. It has been postulated that even better regeneration could be
obtained by supplementing a resorbable scaffold with regeneration-competent
cells to recreate an embryonic environment in the injured adult tissue, and thus
improve the clinical outcome58,63.

Osteoconductive scaffolds facilitate cell attachment and tissue development,
they initially provide a structural and logistical template and they biodegrade in
parallel with the accumulation of tissue components39,64-67. For tissue
integration, a highly porous template, combined with structural properties
analogous to bone is favoured6. In some settings, scaffolds must immediately
bear or share substantial load. A scaffold's mechanical properties are
determined by both material properties and geometry21. Scaffold geometry also
determines the transport of nutrients, metabolites and regulatory molecules to
and from the cells, and pore size and interconnectivity influence the structure of
the engineered tissue. Recent research indicated that bone cells grown on
three-dimensional scaffolds, although secreting sufficient amounts of
extracellular matrix molecules, still failed to aquire a complex bone architecture
due to an impaired nutritional supply of the transplanted construct23,68. It is also
known that under conditions of physiological strain cycles, the mechanical
properties of engineered bone-like tissues appear to improve significantly, and,
in addition, the synthesis of bone-specific matrix proteins and collagen, both
being components of the secreted bone cell environment, is enhanced by
dynamic loading68. By a simple improvement in bioreactor design through the
usage of a spinner flask, as applied throughout this thesis, tissue development
was demonstrated to improve substantially, e.g., due to better exposure to
nutrients and physiological strains such as fluid shear stress, which in turn
activated growth factor signalling pathways69, cytoskeleton-integrin
interactions70, and the formation of stress fibers and their attachment to focal
adhesion points68,71,72. Convective forces were generated by a stirrer allowing
continuous mixing of the medium in contact with the scaffold73. Other
bioreactors consisted of rotating vessels, in which the tissue constructs were
subject to dynamic laminar flow, and perfused chambers maintaining a flow of
medium all-around or through the constructs67,74-76.
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When in vitro engineered cellular constructs are transferred in vivo, they
have to rely on processes like interstitial fluid diffusion and blood perfusion, and
the survival of cells in the center of the implant is, therefore, often limited by
suboptimal initial vascularization7. Bone vascularization, besides providing
nutrients essential for tissue survival, plays also a crucial role in coordinating
the activity of bone cells and their migration for bone remodeling7,59,77,78.

As compared to the more complex physiological situation, the in vitro

environment to engineer tissue needs to be largely simplified, and therefore,
tissue engineers search for straightforward concepts that allow the
recapitulation of at least some aspects of physiological tissue morphogenesis
and cellular assembly into tissue structures79.

Osteochondral Defects
Biological integration of cartilage grafts with subchondral bone remains a

significant clinical challenge and the success of engineered musculoskeletal
tissues may require design strategies to more closely mimic the anatomical and
biochemical organization of cells and matrix4,45,80. The use of osteochondral
autografts to reconstruct knee defects was reported as early as 1996 and first
results have been promising81,82. Several groups have reported on the
development of tissue-engineered osteochondral grafts, which may have
application in clinical settings1,14,19,40,67,83,84.

Ideally, a large osteochondral defect should be repaired with a dual-phase
composite graft that can provide mechanical stability and allow early
postoperative function under physiologic loading conditions as well as stable
integration with the host tissue40,84. It has been envisaged that a prefabricated
bone layer may provide subchondral support, osteoinductive signals for its
replacement by bone and the added benefit of more rapid healing and
osseointegration after in vivo implantation, while the cartilaginous side of the
graft may offer a living chondrogenic environment1,10,40,84-87. During
endochondral bone formation – accompanying bone tissue development and
fracture healing - cartilage serves as the morphological template for vascular
invasion for bone tissue production. It may be necessary to duplicate some of
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the events of physiological chondrogenesis and endochondral ossification
through temporal and spatial delivery of growth factors to initiate the
appropriate cascade of cellular events required for proper bone formation4,51.

Scaffold features requested for an osteochondral implant are (i) a highly
porous cartilage region to facilitate selective cell seeding, possibly with
staggered channels to facilitate seeding throughout the whole scaffold
thickness of approximately 2 mm, (ii) a cloverleaf-shaped bone region to
promote bone ingrowth for fixation and integration while maintaining necessary
mechanical characteristics, and (iii) a transition region with a gradient of
materials and pore structure to prevent delamination14. Biphasic scaffolds
could be functionalized for the engineering of complex tissue grafts with
gradients of molecular, structural or functional materials´ properties or by
covalent binding of growth factors in form of spatial gradients to drive the
differentiation of the cell source – mesenchymal stem cells – along the desired
lineages16,19

The 3D scaffold
Any vital tissue consists of both cells and extracellular matrix. The scaffold

acts as a temporary, artificial substrate for the cells and provides a tissue-
specific environment for proliferation and/or differentiation6,7,56,88. Ideally, a
scaffold should be biocompatible, interact positively with the cells and be
designed to facilitate cell distribution, guide tissue regeneration in three
dimensions, support mechanotransduction during cultivation, integrate with
host tissues and be able to bear load following implantation before it degrades
completely upon repair of the tissue7,68,89. Surface properties, both chemical
and topographical, have been suggested to control and affect cellular adhesion
and proliferation90.

Porous structures are important in many ways because they determine initial
cell distribution during the seeding process, whether the scaffold will eventually
guide tissue formation and how well the tissue will survive in vitro or in vivo

depending on the availability of nutrients or de novo blood vessel
formation23,88,91. Cells were reported to respond directly to the pore size of a
scaffold, but the ideal scaffold geometry for tissue engineering purposes is
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subject to an ongoing discussion92-95. According to the requirements of the
engineered tissue, scaffold specifications may vary. A number of animal studies
have shown specific biological tissue responses and different cell types were
shown to be sensitive to the physical properties of their immediate environment
in terms of surface composition, surface energy, roughness and
topography6,96-98. A prerequisite were interconnected pores, as incomplete
interconnectivity might limit blood vessel invasion and, therefore, blood supply
to the cells91. For osteoconductive bioceramics (hydroxyapatite), pore size was
directly related to bone formation, and it is generally accepted that pore
diameters should be larger than 50–100 µm, and that a large surface area may
be favorable for bone regeneration91,93. Matrix geometry determines the void
space available for cells to form new tissue including new blood vessels and
pathways for mass transport, but it also defines the initial mechanical
properties, with larger pores and interconnections resulting in a lower stiffness,
the magnitude depending on the material used21,68.

Problems arising from non-absorbable implants have increased the desire to
use biodegradable scaffolds wherever feasible. Ideally, their biodegradation
kinetics should be in concert with new tissue formation21,58. Three features of
the degradation (or resorption) process appear to influence performance: the
rate at which the scaffold loses its mechanical properties, the rate at which the
biodegradable matrix is cleared from the implantation site, and the nature and
concentration of the soluble products that are released as the material is
broken down, or, in other words: biocompatibility21.

The chemical nature of the scaffold material critically affects tissue formation.
Type I collagen physiologically makes up to 90% of the total protein content of
bone and would, therefore, render it an ideal material for a biomimetic tissue
engineering strategy for bone. It has frequently been used as a scaffolding
material in tissue regeneration, but has disadvantages such as a significant
lack of control regarding its mechanical properties, degradation rate, batch-to-
batch consistency, as well as the potential for pathogen
transmission88,99,100,101,102,103. As alternatives to autografts, various other
materials have been tested: hyaluronan, chitosan, fibrinogen, starch,
polyhydroxybutyrate ceramics and injectable calcium phosphate cements, or
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polyesters such as poly(glycolic acid) (PGA), poly(lactic acid) (PLA), or
poly(lactic-co-glycolide) (PLGA) and many more, which all have advantages
but also limitations that are described elsewhere11,90,104-108. Many processing
technologies exist for those materials which have been shaped into scaffolds,
membranes, granules, implant coatings, microparticles, hydrogels and
foams59. Those methods must not adversely affect the materials´ properties,
namely their biocompatibility or chemical properties. The technologies should
be reliable and consistent, and different scaffold batches should exhibit minimal
variations in their properties when processed under the same set of processing
parameters and conditions90. Of the many existing technologies, particulate
leaching was applied throughout this thesis. Other approaches such as phase
inversion, fiber bonding, electrospinning, melting techniques, high pressure
processing, freeze drying, rapid prototyping, solid freeform fabrication, 3D
printing, fused deposition modeling etc. were reviewed elsewhere and out of
the scope of this introduction90,99.

Silk
Through the need for alternative biomaterials which can meet the

challenging combination of biological, mechanical and biodegradation features,
the focus of this work is on silks, which have impressive mechanical properties,
rendering them interesting for scaffolding purposes. For a very long time, silks
have been used traditionally in the form of threads in textiles and sutures for
biomedical needs109-113. Their native functions in web construction and prey
capture (spider webs), safety lines (draglines) and reproduction (cocoons) are
provided through light weight (1.3 g/cm3), high tensile strength (up to 4.8 GPa
as the strongest fiber known in nature) and remarkable toughness and good
elasticity (up to 35%)113-118. Silks are naturally procuced by spiders or insects,
such as Nephila claviceps and Bombyx mori, respectively. They contain a
fibrous protein termed silk fibroin (SF) whose elementary unit consists in a
disulfide-linked heavy and light chain that forms the thread core, which is
encased in a sericin coat that glues the individual fibers together. Structurally,
SF from these species are characterized as natural block copolymers
composed of hydrophobic blocks with highly preserved repetitive sequences
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consisting of short-chain amino acids, and hydrophilic blocks with more
complex sequences that consist of larger side-chain amino acids as well as
charged amino acids119-121. Up to 90% of the protein consists of the amino
acids glycine, alanine and serine that form water-insoluble ß-sheets upon
shearing, drawing, heating, spinning or exposure to an electric field or polar
solvents such as methanol122. SF, as other proteins, provides easy access to
functional groups, allowing covalent decoration through straightforward
chemical reaction, e.g., with the integrin recognition domain RGD, with
parathyroid hormone (PTH) or with the growth factor bone morphogenetic
protein 2 (BMP-2)113,123-125. In most cases, biological activity was retained and
in some cases improved. Further strategies under investigation aim at
regulating the self-assembly of recombinant SF-like polymers through the
inclusion of molecular triggers, chimeric structures or the inclusion of elastin-
like domains121,126-130. These strategies as well as the possibility of blending
SF with other natural or synthetic polymers open further options for selective
chemical refinement of SF to encode functions related to directing cell and
tissue outcomes in a tissue engineering context116.

Being used for decades in vivo as sutures, SF from the silkworm has an
extensive track record on biocompatibility. Initially, adverse immunological
reactions were found, and this prompted the replacement of silkworm sutures
with nylons approximately 20 years ago131. However, it was subsequently
shown that the observed adverse reactions to silks owed to the presence of
residual sericin and not the fibroin itself131. The biocompatibility was also
evaluated for human mesenchymal stem cells (hMSC). The inflammatory
reaction was significantly lower in cells seeded on SF films as compared to
collagen and poly(lactic acid) (PLA) films. Furthermore, the accumulation of
inflammatory cells on films implanted intramuscularly was lower for SF as
compared to collagen and PLA132. The available data, both in vitro133 and in
vivo131, illustrates that biocompatible SF rivals other biomaterials in use today.

Silk sutures for ophthalmic surgery, an FDA approved biomaterial, is defined
by the USP as non-degradable because it retains more than 50% of its tensile
integrity 60 days post-implantation in vivo. However, according to the literature,
SF is biodegradable over long time frames as a function of proteolytic
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degradation and matrix mechanical fatigue114,131,134,135. Several studies detail
SF degradation in vivo with variable rates dependent on the animal model and
implantation site136-140. In general, SF lost most of its tensile strength within
one year in vivo, and failed to be recognized in the implantation site within two
years114,141.

Despite all the advantages, silks as a natural product have an intrinsic batch-
to-batch variability, depending on the sericulture of the silkworms, nutrition, and
temperature of silkworm culture. Aside from existing natural sources of silk,
future options request the availability of reasonable quantities of genetically
engineered silk variants (such as from Protein Polymer Technologies Inc.,
Nexia Biotechnologies Inc., and others) that have the potential to expand the
set of structures available for use in vivo, including spider silk, all of which
aiming at more homogenous and reproducible fabrication of silks, thus
overcoming natural variability114,117,142.

In summary, silks provide interesting and unique properties for
musculoskeletal tissue engineering promoting orderly tissue regeneration.
Their matchless properties offer the advantage of prolonged mechanical
competence together with the opportunity of exposing the biomaterial to
repetitive cycles of biomechanical stimulation without compromising its
structural integrity.

Cells
Cells are an integral part of any tissue engineering strategy. They are either

transplanted along with the appropriate scaffold into the defect or attracted from
the host7. Ideally, a single autologous cell source should be used, which
minimizes handling while eliminating the risk of immunologic rejection and
infectious disease transmission. For bone, e.g., the presence of cells has been
suggested to increase both the extent and rate of a biomaterial's capacity to
support in vivo bone formation. Furthermore, osteoinductivity may be enhanced
through the deposition and release of osteogenic factors responsible for
stimulating the migration and differentiation of indigenous osteoprogenitor
cells13,143-146. To speed up defect repair, a more mature osteogenic population
capable of immediate bone formation has been shown to be advantageous
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over the seeding of scaffolds with undifferentiated cells only13,147,148.
Numerous cell types are available for the engineering of organized
musculoskeletal tissues. For therapeutic use, the cells´ isolation and expansion
efficiency ex vivo, the differentiation capability and phenotypic stability, as well
as immunogenicity and long-term safety have to be taken into consideration4.

Mesenchymal stem cells (MSC) were first described by Friedenstein, Owen
and colleagues149-152, who demonstrated that fibroblastoid cells could be
isolated from single-cell suspensions of rodent bone marrow explants on the
basis of their ability to adhere to tissue culture plastic. MSC have been
demonstrated to be an attractive cell source for tissue engineering applications
because they are thought to be naturally recruited in the body for the repair of
injured tissues4. They can be easily isolated from adult bone marrow, and,
upon separation from hematopoietic stem cells, they can be expanded in their
undifferentiated state and successively be differentiated into several
mesenchymal tissues such as bone, cartilage, muscle, ligament, tendon,
adipose and stroma and contribute to their regeneration13,58,149,153,154.
Differentiation can occur in response to selected environmental factors and
extrinsic signals that can act iteratively and dependent on time and pattern of
their administration16. Although the availability of bone marrow drops with age
and depends on health, gender and local and systemic disease of the donor,
these cells are still present and biologically active in aged individuals and their
aspiration is associated with less morbidity than the harvest of whole tissues21.

Drug delivery
Between drug delivery and tissue engineering exist strong scientific links

because successful tissue growth is often dependent on or can be enhanced
through the delivery of growth factors to cells within regenerating tissues68.
Growth factors are polypeptides that can activate or regulate a variety of
cellular functions, depending on the dose, the targeted cell type, and the cells´
state of differentiation59,155. Their short biological half-life, the lack of long-term
stability and tissue-selectivity, their potential toxicity and risk of mitogenic side-
effects call for localized and controlled delivery systems for therapeutic
applications, through which it is hoped that supraphysiologic systemic levels
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can be avoided3,11,59,156-158. There is an increasing awareness of the need to
develop more sophisticated rationales for growth factor delivery in order to
mimic endogenous profiles of growth factor production during natural tissue
morphogenesis or therapeutic regeneration68.

An ideal delivery device should (i) assure a spatiotemporal and dose-
controlled release of the growth factor, (ii) provide a scaffold that enhances cell
recruitment and attachment, and (iii) allocate void space to promote cell
migration and angiogenesis. Additional requirements include biocompatibility,
adequate biodegradability, mechanical accuracy, low toxicity, malleability, ease
of manufacture (reproducible, upscalable), and cost-effectiveness59,159.
Several delivery strategies and delivery systems exist: non-covalent growth
factor immobilization (entrapment, microencapsulation, coating, adsorption, ion
complexation, crystallization), covalent growth factor immobilization, chemical
modifications of growth factors (to modulate carrier affinity, bioactivity, stability
and bioavailability)59,160,161. Delivery systems for soluble molecules should
ensure both a biologically active conformation and a local concentration or
concentration gradient that is appropriate to affect the target cell population,
while at the same time minimizing the total dose of the agent that is required for
efficacy7,21. For example, for bone morphogenetic proteins (BMPs), it has been
shown that the capacity to sustain the release of embedded BMPs correlated
well with its biological efficacy to regenerate bone, presumably because the
longer BMP is retained in the delivery system, the higher the likelihood that it
will act on the appropriate target cell21.

Another approach to differentiate MSC into the desired tissue is through the
use of gene therapy7. Different strategies allow to deliver DNA sequences into
cells. Viral vectors provide high transfection efficiency and some viruses even
allow stable transfection of osteogenic cells162. Non-viral gene transfer is
achieved by either using transfection reagents or mediator-free
techniques163,164. It has been shown that MSC engineered to secrete BMP-2
not only showed paracrine effects on the host mesenchymal tissue but also
autocrine effects supporting their own differentiation along the osteogenic
lineage in vivo165. However, precise control over the production and release
kinetics as well as the necessary dose have not yet been mastered and need to
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be further investigated. Gene transfer strategies may, therefore, provide
efficient stimulation for tissue formation, but safety concerns require further
insights into long-term effects, and phenotypic stability and application
techniques need to precede any wide-spread application in humans7.

Overall, there is yet no ideal carrier or delivery system for all growth factors
or pathologies. The appropriate choice of a suitable delivery system is essential
to induce a specific biological effect, and further complications in human clinical
settings as genetic background, lifestyle, physical activity, age of the patient
and additional medications need to be considered59. Minimally effective as well
as maximal doses need to be determined separately for each growth factor or
growth factor combination and each disease condition167,168. Equally, tight
control of a drug's release kinetics according to a predetermined profile may be
critical for the design of delivery devices169,170. Ideal would be an
individualized system that would provide growth factors in response to
physiological requirements, having the capacity to "sense" changes in the
defect's microenvironment and alter growth factor release accordingly.
Optimizing and customizing currently known drug carriers requires continued
attention and will then hopefully lead to more efficient therapies for
musculoskeletal disorders59.

Conclusions
Taken together, SF-based protein polymers show promise to combine

several features that might be advantageous for musculoskeletal tissue
engineering. They may offer a "new" alternative biomaterial for use as both
scaffold in tissue engineering and matrix for drug delivery, especially where
mechanically robust, long-term biodegradable materials are needed.

For this aim this PhD thesis investigates into SF as a new biomaterial for
tissue engineering and drug delivery, especially in the field of bone and
cartilage repair. We will mainly detail selected features of SF and RGD-
decorated SF as biomaterials for scaffolding and highlight their prospects for in
vitro differentiation of hMSC, in particular versus collagen as benchmark. Both
the osteogenic and chondrogenic lineages of differentiation will be given
consideration. Points of interest that will be covered in this thesis are optimized
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seeding and culture conditions, seeding protocols, culture media composition,
and static vs. bioreactor tissue culture approaches. Attention will be also given -
in the context of bone repair - to evaluate impact and limitations of scaffold pore
structure on hMSC differentiation and both in vitro and in vivo. Distinct attempts
will be made to assure optimal cell differentiation and extracellular matrix
deposition through the delivery of growth factors at appropriate kinetics. In this
context two ways of protein delivery to the hMSC will be explored: (i) the
transfection of hMSC seeded on SF scaffolds with an adenoviral vector
encoding a growth factor and (ii) the direct use of SF as a drug-releasing
system. It is envisaged that these studies contribute to an improved knowledge
on tissue engineering approaches with hMSC in general and on SF as a
biomaterial for tissue engineering and drug delivery in particular.
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Abstract
Human mesenchymal stem cells (hMSC) derived from bone marrow

aspirates can form the basis for the in vitro cultivation of autologous tissue
grafts, and help alleviate the problems of immunorejection and disease
transmission associated with the use of allografts. We explored the utility of
hMSC cultured on protein scaffolds for tissue engineering of cartilage. hMSC
were isolated, expanded in culture, characterized with respect to the
expression of surface markers and ability for chondrogenic and osteogenic
differentiation, and seeded on scaffolds.  Four different scaffolds were tested,
formed as a highly porous sponge made of: (i) collagen, (ii) cross-linked
collagen, (iii) silk, and (iv) RGD-coupled silk. Cell-seeded scaffolds were
cultured for up to 4 weeks in either control medium (DMEM supplemented with
10% fetal bovine serum) or chondrogenic medium (control medium
supplemented with chondrogenic factors). hMSC attachment, proliferation and
metabolic activity were markedly better on slowly degrading silk than on fast
degrading collagen scaffolds. In chondrogenic medium, hMSC formed
cartilaginous tissues on all scaffolds, but the extent of chondrogenesis was
substantially higher for hMSC cultured on silk as compared to collagen
scaffolds. The deposition of glycosaminoglycan (GAG) and type II collagen and
the expression of type II collagen mRNA were all higher for hMSC cultured on
silk than on collagen scaffolds. Taken together, these results suggest that silk
scaffolds are particularly suitable for tissue engineering of cartilage starting
from hMSC, presumably due to their high porosity, slow biodegradation and
structural integrity.
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1. Introduction
Healthy joint cartilage can withstand an astonishing amount of repetitive

physical stress. However, once injured, articular cartilage fails to self-repair
even minor defects in its structure. At present, osteoarthritis accounts for half of
all chronic conditions in persons aged over 65 and it affects approximately 25%
of the population aged over 60 (The Bone and Joint Decade, 2000). Current
treatment protocols are limited by incomplete integration between the graft and
host tissue and the scarcity of suitable donor material1,2. The inability of
cartilage for self-repair and the lack of protocols that can reproducibly
regenerate durable articular surface provide rationale for the development of
new treatment options based on tissue engineered cartilage repair3.

Tissue engineering has a potential to provide functional substitutes of lost or
damaged native tissues, by an integrated use of cells, biomaterial scaffolds,
biochemical and physical regulatory factors4. Engineered constructs can also
serve as high-fidelity tissue models for controlled quantitative studies of cell
function and tissue development5. In particular, research in tissue engineering
can help us understand the complex requirements for regeneration of joint
cartilage3. The acquired experience suggests that successful tissue
engineering involves the recapitulation of certain embryonic events6. Central to
the regeneration of mesenchymal tissues, including cartilage, is the
avaailability of MSC, their recruitment into the repair site and directed
conversion into specialized tissues. Ideally, cartilage can be engineered
starting from chondrogenic cells that are isolated from the recipient, expanded
in culture, seeded onto an appropriate scaffold, and either cultured in vitro (to
obtain an engineered graft) or implanted to enhance tissue formation in vivo.

MSC expanded in vitro under conditions that maintain their chondrogenic
potential are an obvious source of autologous chondrogenic cells. In vivo, the
availability of MSC is critical for chondrogenesis. The embryonic development
of cartilage is based on MSC directed by arrays of growth factors acting in
concert and according to specific spatial and temporal sequences6,7. In vitro,

MSC can be first expanded in their undifferentiated state, and then directed to
differentiate into cells of various mesenchymal lineages by using appropriate
extrinsic signals8-11. The number of MSC in bone marrow decreases with age,
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but these cells are still present and biologically active in old individuals8, thus
forming a basis of an autologous cell source for tissue engineering. The key
requirements related to the use of MSC are to document their “stem cell”
nature, develop robust techniques for their expansion in culture, and design
specialized scaffolds and bioreactors that can support their differentiation and
functional assembly.

Scaffold requirements for cartilage tissue engineering include:
biocompatibility, biodegradation over an appropriate time scale, and high
porosity with large interconnected pores to facilitate mass transport, infiltration
of cells and interstitial flow of fluid5. Ideally, the scaffold should provide a
surface for cell attachment, a structural and logistic template for tissue
formation and its subsequent integration with the host tissues, and adequate
mechanical properties to support mechanotransduction during cultivation and
load bearing following implantation of the engineered graft12. MSCs can form
cartilaginous tissues on scaffolds made of poly(lactic-co-glycolide) or poly(lactic
acid)13,14, but the same cells failed to differentiate when cultured on
poly(glycolic acid) scaffolds, which collapsed after 4 weeks of culture14.
Although frequently used for tissue engineering, polyesters can induce
inflammation due to the acidity of their hydrolysis products15,16. Inadequate
mechanical properties also remain an issue, both with polyesters and with
alginates17,18. 

Therefore, there is a need for alternate biomaterials to meet the challenging
combination of biological, mechanical, and degradation features for cartilage
tissue engineering. Collagen is frequently used as a scaffold material because
it is a major component of the cartilage matrix19, but its rapid degradation has
been recognized as a limitation both in vivo and in vitro. Degradable silk is a
mechanically robust biomaterial that offers a wide range of mechanical and
functional properties for biomedical applications20. Silk has a long history of
use in medicine, for example as sutures and artificial ligaments21,22. Recent
studies with silk films and fibers have demonstrated the feasibility of their use
for the cultivation of hMSCs23-27. Silk scaffolds were superior to collagen
scaffolds when used for bone tissue engineering starting from human MSC28. 
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This study was aimed at the evaluation of highly porous, slowly degrading
silk scaffolds for tissue engineering of autologous cartilage starting from hMSC.
Three different controls were used: (i) fast degrading collagen (to assess the
effect of degradation rate), (ii) slowly degrading cross-linked collagen (to
assess the effect of material), (iii) silk, and (iv) silks decorated with the integrin
recognition and adhesion ligand RGD (to assess the effect of enhanced cell
adhesion). hMSC were derived from bone marrow, expanded and
characterized in vitro, cultured on the above four scaffold types for 4 weeks and
evaluated with respect to the attachment, proliferation, metabolic activity and
ability to form cartilaginous tissue.
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2. Materials and methods
2.1. Materials

Fetal Bovine Serum (FBS), RPMI 1640 medium, Dulbecco's Modified Eagle
Medium  (DMEM) medium, basic fibroblast growth factor (bFGF), transforming
growth factor-ß1 (TGF-ß1), penicillin and streptomycin (Pen-Strep), Fungizone,
non essential amino acids, and trypsin were from Gibco (Carlsbad, CA).
Ascorbic acid phosphate, Histopaque-1077, insulin, and dexamethasone were
from Sigma (St. Lois, MO). All other substances were obtained from Sigma.
Silkworm cocoons were kindly supplied by M. Tsukada, Institute of Sericulture,
Tsukuba, Japan, and Marion Goldsmith, University of Rhode Island). 

2.2. Scaffold preparation and characterization
Collagen scaffolds were punched from sheets of Ultrafoam® (collagen

hemostat obtained from Davol, Cranston, RI). Ultrafoam® is a water-insoluble,
partial HCl salt of purified bovine dermal (corium) collagen formed as a sponge
with large (at the order of 100 µm) interconnected pores. Discs had dry
dimensions of 8 mm diameter x 3 mm thick, and dimensions of 6 mm diameter
x 0.15 cm thick following hydration in culture medium for 1 hr in a 37 ºC
incubator. 

To reduce the rate of degradation, in some experiments the collagen
scaffolds were cross linked using the ethyl-3-(3-dimethyl aminopropyl)
carbodiimide hydrochloride/N-hydroxy succinimide (EDC/NHS) chemistry that
has been previosuly established for collagen films and fibers20 and used in our
previous work to modify Ultrafoam® scaffolds for tissue engineering
applications28. This method of chemical cross-linking was shown to decrease
the rate of degradation of collagen by two orders of magnitude20. Briefly,
collagen scaffolds were incubated for 30 min in a buffer (0.1M of 4-
Morpholineethanesulfonic acid (MES), 0.5 M NaCl, pH 6). The cross-linking
reaction was carried out using a solution of 1.713 g 1-ethyl-3-
(dimethylaminopropyl)carbodiimide hydrochloride (EDC) and 0.415 g N-
hydroxysuccinimide NHS in 100 ml 0.1M MES (supplemented with 0.5 M NaCl,
pH 6), using 100 mL solution per gram of collagen. The reaction was allowed to
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proceed for 4 h under gentle shaking and was stopped by washing for 2 h with
0.1 M Na2HPO4, and scaffolds were extensively rinsed with water (4 times for
30 min). The entire procedure was carried out aseptically.

Silk scaffolds were prepared as described before20. Cocoons from the
Bombyx mori were boiled for 1 h in an aqueous solution of 0.02 M Na2CO3 and
rinsed with water to extract sericin. Purified silk was solubilized in 9 M LiBr
solution and dialyzed (Pierce, MWCO 2000 g/mol) first against PBS for 1 day
and then against 0.1 M MES, 0.5 M NaCl (pH 6) for 1 day. To enhance cell
attachment, in some experiments solubiized silk was modified by attaching the
RGD sequences. For this modification, silk solution was coupled with the
GRGDS peptide, as previously described29. Briefly, the COOH groups on silk
were first activated by reaction with EDC/NHS for 15 min at room temperature.
To quench the EDC, 70 µl/ml ß-mercaptoethanol was added. The solution was
then incubated with 0.5 g/l peptide 2 h at room temperature. The reaction was
stopped with 10 mM hydroxylamine.

Purified silk (either unmodified or RGD-modified) was dialyzed against 0.1 M
2-(N-morpholino)-ethanesulfonic acid buffer, pH 4.5-5 for 1 day, lyophilized and
redissolved in hexafluoro-2-propanol (HFIP) to obtain a 17% (w/v) solution.
Granular NaCl was weighed in a Teflon container and silk/HFIP solution was
added at a ratio of 20:1 (NaCl/silk). HFIP was allowed to evaporate for 2 days
and NaCl/silk blocks were immersed in 90% (v/v) methanol for 30 min to induce
a protein conformational transition to ß-sheet29. Blocks were removed, dried
and NaCl was extracted by incubation in water for 2 days. Disk-shaped
scaffolds (5 mm diameter, 2 mm thick) were prepared using a dermal punch
(Miltey, Lake Success, NY), and autoclaved at 121 ºC for 15 min. 

2.3. Iodination of GRYDS peptide and XPS analysis
To assess the amount of bound RGD to the scaffolds, GRYDS peptide was

treated with non-radioactive iodine and the amount of covalently bound peptide
on the silk surface was measured by X-ray photoelectron spectrometer (XPS),
as previously described20. The procedure involved flushing of a Sep-Pak C18
reverse phase cartridge (Waters, Milford, MA) first with 10 ml of a 80:20 (v/v)
mix of methanol:water and then with 10 ml of 0.1 M PBS 0.5 M NaCl pH 6
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buffer. Iodo-beads (n = 3, Pierce) were rinsed with 1 ml of PBS buffer, 80 mL of
PBS and 10 µl of 3.75 g/L NaI in PBS were added, and the activation was
allowed for 5 minutes. The peptide (1 ml of 0.1 g/l GRYDS in PBS) was added
and the reaction was allowed for 15 min. The iodination procedure was
repeated until the desired extent of iodination was achieved (~1 atom of iodine
per molecule of GRYDS). The peptide solution was injected into the C18
column followed by elution with 0, 20, 40, and 60% solutions of methanol in
water. Fractions were collected and analyzed at 280 nm. The lyophilized
GRYDS-decorated silk was dissolved in HFIP (2.5 % w/v solution) and one film
from each fraction was cast on polystyrene. Elemental scans (spot 600 µm,
resolution 4, window 20 eV) for iodine (613 eV) were performed using a X-ray
photoelectron spectrometer (Model SSX-100, Surface Science, Lewisville, TX)
in order to determine the surface density of the iodinated GRYDS peptide, and
the peaks were compared to those measured for pure NaI surfaces (obtained
from Aldrich, Milwaukee, WI).

2.4. Cell isolation, expansion and characterization
hMSC were isolated by density gradient centrifugation from whole bone

marrow (two different donors without identifiers, 25 cm3 harvests) obtained
from Clonetics (Santa Rosa, CA). Briefly, samples of bone marrow were diluted
in 100 ml of isolation medium (RPMI 1640 supplemented with 5% FBS). Bone
marrow suspension (20 ml aliquots) was overlaid onto a polysucrose gradient
(density  = 1.077 g/cm3, Histopaque, Sigma, St. Louis, MO) and centrifuged at
800g for 30 min at room temperature. The cell layer was carefully removed,
washed in 10 ml isolation medium, pelleted, and the contaminating red blood
cells were lysed in 5 ml of RBC lysis solution (Gentra systems, Minneapolis,
MN). Cells were pelleted and suspended in expansion medium (DMEM, 10%
FBS, non essential amino acids (NEAA) consisting of 8.9 mg/L L-alanine, 13.21
mg/L L-asparagine, 13.3 mg/L L-aspartic acid, 14.7 mg/L L-glutamic acid, 7.5
mg/L glycine, 11.5 mg/L L-proline, 10.5 mg/L L serine), 1 ng/ml bFGF
(Invitrogen)) and seeded in 75 cm2 flasks at a density of 5 x 104 cells/cm2. The
adherent cells were allowed to reach approximately 80% confluence (12-17
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days for the first passage). Cells were trypsinized and  replated every 6-8 days
at approximately 80% confluence. The 2nd passage (P2) cells were used if not
otherwise stated.

hMSC were characterized with respect to (i) the expression of surface
antigens and (ii) the ability to selectively differentiate into chondrogenic or
osteogenic lineages in response to environmental stimuli, as follows. The
expression of the following six surface antigens: CD44 (hyaluronate receptor),
CD14 (lipopolysaccharide receptor), CD31 (PECAM-1/endothelial cells), CD34
(sialomucin/hematopoietic progenitors), CD71 (transferrin receptor/proliferating
cells), and CD105 (endoglin) was characterized by Fluorescence Activated Cell
Sorting (FACS) analysis, as in our previous studies28. Cells were detached with
0.05% (w/v) trypsin, pelleted and resuspended at a concentration of 1 x 107

cell/ml. 50 µl aliquots of the cell suspension were incubated (30 min on ice) with
2 µl of each of the following antibodies: anti-CD44 and anti-CD14 conjugated
with fluoresceine isothiocyanate (CD44-FITC, CD14-FITC), anti-CD31
conjugated with phycoerythrin (CD31-PE), anti-CD34 and anti-CD71
conjugated with allophycocyanine (CD34-APC, CD71-APC), and anti-CD105
with a secondary rat-anti mouse IgG-FITC antibody, all obtained from
Neomarkers (Fremont, CA). Cells were washed, suspended in 100 µl of 2%
formalin, and subjected to FACS analysis.

To assess the potential of hMSC for osteogenic and chondrogenic
differentiation, the cells were cultured in pellets in either control medium

(DMEM supplemented with 10% FBS, Pen-Strep and Fungizone), or
chondrogenic medium (control medium supplemented with 0.1 mM
nonessential amino acids, 50 µg/ml ascorbic acid-2-phosphate, 10 nM
dexamethasone, 5 µg/ml insulin, 5 ng/ml TGF-ß1) or osteogenic medium

(control medium supplemented with 50 µg/ml ascorbic acid-2-phosphate, 10
nM dexamethasone, 7 mM ß-glycerolphosphate, and 1 µg/ml BMP-2). Cells
were isolated from monolayers by trypsin and washed in PBS. Aliquots
containing 2 x 105 cells were centrifuged at 300g in 2 ml conical tubes and
allowed to form compact cell pellets over 24 hours in an incubator (5% CO2,
37°C). Medium was changed every 2-3 days. After 4 weeks of culture, pellets
were washed twice in PBS, fixed in 10% neutral buffered formalin (24 h at 4°C),
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embedded in paraffin and sectioned (5 µm thick). Sections were stained for
general evaluation (hematoxilin and eosin), the presence of glycosaminoglycan
(GAG) (safranin-O / fast green), and mineralized tissue (according to von
Kossa in 5% AgNO3 for 1 h, exposed to a 60W bulb and counterstained with
fast red). In addition, the amounts of GAG and calcium were measured as
described below using n = 5–6 pellets per sample. 

2.5. Tissue culture
Each scaffold was pre-wetted by an overnight incubation in DMEM, blotted

dry and seeded by adding 7 x 105 cells (P2 hMSC) suspended in 40 µl DMEM.
The resulting constructs were placed in 6-well Petri dishes (one construct per
well) and incubated at 37°C for 2 h to allow cell attachment. To maintain
moisture, 30 µl DMEM was added to each well every 30 minutes. After 2 h, 5 ml
of medium was added into each well. Control medium consisting of DMEM,
supplemented with 10% FBS and Pen-Strep, was used for studies of cell
attachment, growth and metabolism. Chondrogenic medium consiting of the
control medium that was further supplemented with 0.1 mM nonessential amino
acids, 50 µg/ml ascorbic acid-2-phosphate, 10 nM dexamethasone, 5 µg/ml
insulin, 5 ng/ml TGF-ß1, was used for studies of cartilage tissue engineering. In
all groups, medium was exchanged every 2-3 days over 4 weeks of cultivation.
Constructs were harvested at timed intervals (6 h denoted as the initial
conditions, 1, 2, 3 and 4 weeks) for analytical assays. 

2.6. Biochemical analysis
2.6.1. DNA analysis

For DNA analysis, n = 3-4 constructs per group and time point (initial
conditions, 1, 2 and 4 weeks) were disintegrated using steel balls and a
Minibead beater (Biospec, Bartlesville, OK). DNA content was measured
fluorometrically using the PicoGreen assay (Molecular Probes, Eugene, OR),
according to the protocol of the manufacturer (excitation wavelength of 480 nm;
emission wavelength of 528 nm). 
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2.6.2. Metabolic activity
Metabolic activity of the cells was assessed by the MTT assay. For each

group and time point, n = 3-4 constructs were transferred into a 2 ml plastic
tube. The reagent was added (1.5 ml serum-free DMEM containing 0.5 g/l
MTT) and incubated in the dark at 37°C, 5% CO2 for 2 h. Tubes were
centrifuged for 10 min at 2000g and the supernatant was removed. Isopropyl
alcohol (1.5 ml) was added and constructs were disintegrated using steel balls
and a Minibead beater. Tubes were centrifuged at 2000 g for 10 min, and
absorption was measured in the supernatant at 570 nm. 

2.6.3. GAG deposition
To measure the amount of GAG, samples (n = 3-4 per group and time point)

were frozen, lyophilized, and digested for 15 h at 56oC with 1 mg/cm3 papain
solution in buffer (50 mM TRIS, 1 mM ethylene diamine tetra acetate, EDTA, 1
mM iodoacetamide, 10 µg/ cm3 pepstatin-A) using 1 ml enzyme solution per 4-
10 mg dry weight (mg dw) of the sample5. GAG content was determined
spectrophotometrically (Perkin Elmer, Oak Bridge IL) at 525 nm following
binding to the dimethylmethylene blue dye30. The same method was applied to
the measurements of GAG in cell pellets, using n = 5–6 pellets per sample.

2.6.4. Calcium deposition
To measure the amount of calcium in  cell pellets, samples (n = 3–4 per

group, containing n = 5–6 pellets per sample) were extracted twice with 0.5 ml
5% trichloroacetic acid. Calcium content was measured spectrophotometrically
at 575 nm following the reaction with o-cresolphthalein complexone according
to the manufacturer’s protocol (Sigma, St. Louis, MO).

2.7. RNA isolation and real-time reverse transcription polymerase chain 
reaction (real-time RT-PCR)

Fresh constructs (n = 3-4 per group and time point) were transferred into 2 ml
plastic tubes and 1.5 ml Trizol was added. Constructs were disintegrated using
steel balls and a Minibead beater. Tubes were centrifuged at 12,000 g for 10
min and the supernatant was transferred to a new tube. Chloroform (190 µl)
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was added to the solution and incubated for 5 minutes at room temperature.
Tubes were again centrifuged at 12,000g for 15 min and the upper aqueous
phase was transferred to a new tube. One volume of 70% ethanol (v/v) was
added and applied to an RNeasy mini column (Qiagen, Hilden, Germany). The
RNA was washed and eluted according to the manufacturer’s protocol. 

The RNA samples were reverse transcribed in cDNA using oligo (dT)-
selection according to the manufacturer’s protocol (Superscript
Preamplification System, Life Technologies, Gaithersburg, MD). Collagen type
II gene expression was quantified using the ABI Prism 7000 Real Time PCR
system (Applied Biosystems, Foster City, CA). PCR reaction conditions were 2
min at 50°C, 10 min at 95°C, 50 cycles at 95°C for 15 sec, and 1 min at 60°C.
The expression data were normalized to the expression of the housekeeping
gene, glyceraldehyde-3-phosphate-dehydrogenase (GAPDH). Probes were
labelled at the 5’ end with fluorescent dye FAM (VIC for GAPDH) and with the
quencher dye TAMRA at the 3’ end. Primer sequences for the human collagen
type II gene were: 

-   Forward primer 5’-GGC AAT AGC AGG TTC ACG TAC A-3’
-   Reverse primer 5’-CGA TAA CAG TCT TGC CCC ACT T-3’
-   Probe 5’-CCG GTA TGT TTC GTG CAG CCA TCC T-3’

Primer sequences for the human GAPDH gene were: 
-   Forward primer 5’-ATG GGG AAG GTG AAG GTC G-3’
-   Reverse primer 5’-TAA AAG CCC TGG TGA CC-3’
-   Probe 5’-CGC CCA ATA CGA CCA AAT CCG TTG AC-3’. 
Primers and probes for MMP1 and MMP2 were purchased from Applied

Biosciences (assay on Demand Hs00233958_m1 for MMP1, Hs00234422_m1
for MMP2).

2.8. Histology, immunohistochemistry and scanning electron microscopy 
For histology, constructs were fixed in neutral-buffered formalin (24 h at 4

°C), dehydrated in graded ethanol solutions, embedded in paraffin, bisected
through the center and cut into 5-µm-thick sections. To stain for GAG, sections
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were treated with eosin for 1 min, fast green for 5 min, and 0.2% aqueous
safranin O solution for 5 min, rinsed with distilled water, dehydrated through
xylene, mounted, and placed under a coverslip.

To immunostain for type II collagen, a monoclonal antibody against type II
collagen (2B1.5, dilution 1:100, Neomarkers, Fremont, CA) was used. Paraffin
embedded tissue sections were deparrafinized through a series of graded
alcohols, and treated with protease II for 16 min. The primary antibody was
added to each slide and the slide was incubated for 32 min at room
temperature in a humidified chamber. The secondary antibody (horseradish
peroxidase) was then applied, and developed according to the manufacturer’s
protocol (BenchMark IHC staining module, Ventana, Tucson, AZ). Sections
were counterstained using hematoxylin for 2 min.

For SEM, constructs were bisected either en-face or in cross-section and
fixed for 12 h in the Karnovsky's fixative (2% paraformaldehye, 2%
glutaraldehyde in PBS). The constructs were subsequently fixed with 1%
osmium tetroxide in 0.1 M phosphate buffer for 1 h, rinsed with PBS for 15 min,
dehydrated using a series of graded alcohols and dried. Constructs were gold-
sputtered prior to evaluation.

2.9. Statistical analysis
Statistical analysis of data was performed by one-way analysis of variance

(ANOVA) and Tukey-Kramer procedure for post hoc comparison. Differences
between the groups with p < 0.05 were considered statistically significant.
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3. Results
3.1. Characterization of hMSC

The expression of all surface antigens studied (hyaluronate receptor: CD44,
lipopolysaccharide receptor: CD14, PECAM-1 marker characteristic of
endothelial cells: CD31, sialomucin characteristic of hematopoietic progenitors:
CD34, transferrin receptor characteristic of proliferating cells: CD71, and
endoglin: CD105) was similar for P1 and P2 hMSC. FACS analysis
demonstrated that > 90% of the cells were positive for CD105, a putative
marker for mesenchymal stem cells (Fig. 1A), and negative for CD34, a
putative marker of hematopoietic progenitor cells (Fig. 1B). The majority of
hMSC expressed CD71, a surface antigen commonly present in proliferating
cells (Fig. 1C) and CD44, a transmembrane hyaluronate receptor for
osteopontin, ankyrin, and fibronectin (Fig. 1D). Negative expression of surface
antigens for CD31 suggested the absence of cells of endothelial origin (Fig.
1D).

Figure 1: Characterization of MSC: surface markers. hMSC obtained from human bone
marow and expanded in culture were labeled with monoclonal antibodies to six surface
markers and examined by flow cytometry. Data are shown for P2 cells. Relative numbers of
hMSC are presented as a function of fluorescence intensity for CD105 (endoglin) and CD34
(hematopoietic cells). Dot plots are shown for CD71 against CD14, and CD31 against CD44.
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Culture-expanded hMSC maintained their ability to selectively undergo
chondrogenic and osteogenic differentiation, as assessed histologically and
biochemically (Fig. 2). Pellets of P2 hMSC cultured for 4 weeks in chondrogenic
medium accumulated GAG in the entire inner phase of the pellet, as evidenced
by red stain for safranin-O (Fig. 2A); pellets incubated in control medium
showed no red staining, indicating the absence of GAG (Fig. 2B). The
corresponding hMSC pellets cultured for 4 weeks in osteogenic medium
accumulated mineralized matrix as evidenced by black stain for von Kossa
(Fig. 2D); pellets incubated in control medium did not show any black staining,
indicating the absence of mineralization (Fig. 2E). These findings were
corroborated by biochemical measurements of GAG content per unit DNA for
chondrogenic differentiation (Fig. 2C), and calcium content per unit DNA for
osteogenic differentiation (Fig. 2F). The amounts of GAG and calcium in pellet
cultures of P1 and P2 cells were comparable. Importantly, pellets of hMSC
underwent chondrogenic differentiation only when cultured in chondrogenic
medium and osteogenic differentiation only when cultured in osteogenic
medium.

Figure 2: Characterization of MSC: potential of differentiation. (A,B) Chondrogenic
differentiation of P2 hMSC in pellets cultured either in chondrogenic medium (A) or in control
medium (B). Scale bar = 1 mm. Stain: safranin-O (cartilaginous glycosaminoglycan, GAG, is
shown in red). (C) Deposition of GAG (µgGAG/ngDNA) in P1 and P2 hMSC in pellets cultured
in chondrogenic medium for 4 weeks. (D,E) Osteogenic differentiation of P2 hMSC in pellets
cultured either in osteogenic medium (D) or in control medium (E). Stain: von Kossa
(mineralized bone matrix is shown in black). (F) Deposition of calcium (µgCa/ngDNA) and
alkaline phosphatase (AP) activity (AP units/ngDNA) in P1 and P2 hMSC in pellets cultured in
osteogenic medium for 4 weeks. For (A,B,D,E), representative images are shown. For (C,F),
data are shown as average ± SD (n=3)
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3.2. Attachment, metabolic activity and proliferation hMSC cultured on 
scaffolds

The microstructures of four different scaffolds used to culture hMSC are
shown in Fig. 3. Unmodified collagen (Fig. 3A) and cross-linked collagen (Fig.
3B) have the same microstructure, with interconnected pores that were
approximately 100 µm in diameter. Unmodified silk (Fig. 3C) has
interconnected pores that are approximately 200 µm in size. RGD coupling
yielded silk scaffolds containing 3.5 ± 0.5 pM RGD/cm2 scaffold surface to
enhance cell attachment without apparent effects on scaffold microstructure
(Fig. 3D). 

During the 6 h of cell seeding, 60–70% of the added cells attached to the
scaffolds such that the initial DNA contents measured 6 h after seeding were
comparable for all scaffolds (Fig. 4A). Over the first week of culture in control
medium, cell number decreased by approximately 30% on all substrates (Fig.
4A). During weeks 2–4, DNA contents of hMSC cultured on silk and RGD-silk
increased and reached initial levels, in contrast to the DNA content of hMSC
cultured on collagen scaffolds which were only 20% of the initial after 4 weeks

Figure 3: Scaffold structure. Scanning electron micrographs of biodegradable scaffolds made
of (A) unmodified collagen sponge (Ultrafoam), (B) crosslinked collagen sponge, (C) porous
silk, and (D) RGD-modified porous silk. Scale bar: 500 µm.



Chapter II

57

of culture. The differences in DNA contents between constructs based on
collagen and those based on silk and RGD-silk became significant (p < 0.01)
after 3–4 weeks of culture (Fig. 4A). The MTT assay was used as an indicator
of the metabolic activity of hMSC cultured on scaffolds in control medium (Fig.
4B). Significant differences in metabolic activity were measured after 2 weeks
of culture between hMSC cultured on collagen scaffolds and those on silk
scaffolds (p < 0.05) and RGD-silk scaffolds (p < 0.01). After 4 weeks of culture,
the metabolic cell activities returned to their initial levels, and no statistically
significant differences were observed between the hMSC cultured on various
biomaterial scaffolds (Fig. 4B).

The decrease in DNA content of cells cultured on collagen scaffolds was
accompanied by advanced biodegradation of the biomaterial. Wet weights of
collagen-based constructs cultured in chondrogenic medium and control
medium decreased to 16 ± 6% and 19 ± 6%, of the respective initial wet
weights.  

Figure 4: Cell proliferation and metabolic activity. Data are shown for hMSC cultured for 4
weeks in control medium on collagen, silk, and silk-RGD scaffolds. (A) DNA content (µg/
construct). (B) MTT activity (units per construct). Data represent the Average ± SD (n = 3-4).
Asterisks denote statistically significant differences between the groups (p < 0.05). 
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The wet weights of un-seeded collagen scaffolds cultured in control medium
for 4 weeks decreased to 25 ± 11% of the initial. In contrast, cross-linked (CL)
collagen scaffolds had 90 ± 5% of their initial wet weight after 4 weeks of
incubation in chondrogenic medium. Likewise, the wet weights of silk-based
constructs were 94 ± 9% and 95 ± 13% for cultivation in chondrogenic and
control medium, respectively, after 4 weeks of culture. Wet weights of un-
seeded silk scaffolds cultured in control medium for 4 weeks were 100 ± 3% of
initial. There was no difference in wet weights of constructs based on silk and
RGD-silk scaffolds. 

hMSC cultivation resulted in the formation of continuous sheets of cells on
surfaces of silk and collagen scaffolds after 4 weeks in culture (Fig. 5A,B).
Cross-sections revealed more homogeneous cell growth within silk scaffolds
(Fig. 5D) as compared to collagen scaffolds (Fig. 5C). Degradation of collagen
scaffolds resulted in a breakdown of the support lattice structure, whereas the
silk scaffolds retained their structural integrity throughout the duration of
culture. hMSCs attached to the pores of silk scaffolds via cellular extensions
(Fig. 5E), and formed cell networks after 2 weeks (Fig. 5F) and continuous
sheets after 4 weeks of culture (Fig. 5D).

Figure 5: Cell morphology and attachment. Scanning electron micrographs of hMSC cultured
in control medium on collagen and silk scaffolds. Face view images of hMSC cultured for 4
weeks on (A) collagen and (B) silk scaffolds. Cross-section images of hMSC cultured for 4
weeks on (C) collagen and (D) silk scaffolds. (E,F) High magnification images of hMSC
cultured for 2 weeks on silk scaffolds. Scale bar = 400 µm (A-D), 200 µm (E), and 20 µm (F)
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3.3. Chondrogenesis
The deposition of sulphated glycosaminoglycans (GAG) was studied for

hMSC cultured for 4 weeks on four different scaffolds (collagen, cross-linked
collagen, silk, RGD-silk) in chondrogenic medium. After 2 weeks of culture, the
total amounts of GAG were comparable for all scaffolds (Fig. 6A). Between
weeks 2 and 4, the total GAG content increased on all slow-degrading scaffolds
(cross-linked collagen, silk, RGD-silk) and decreased on the fast-degrading
collagen scaffold. Significant differences were detected in the total GAG
contents between the constructs based on unmodified collagen and all other
groups (p < 0.001), as well as between 2-week and 4-week time points in
constructs based on unmodified collagen (Fig. 6A). The amount of GAG per
unit DNA, an indicator of GAG accumulation per unit cell mass, also increased
with time for all scaffolds except for the unmodified collagen (Fig. 6B). 

Figure 6: GAG content of tissue constructs. Biochemically determined amounts of chondroitin
sulfate (CS) are shown for tissue constructs based on collagen, crosslinked collagen, silk, and
RGD-silk scaffolds after 2 and 4 weeks of cultivation in chondrogenic medium. (A) GAG per
construct (µgCS/construct). (B) GAG per unit DNA (gCS/gDNA). *Significant differences
between the groups at p < 0.05; **significant differences between the groups at p < 0.01 (n =
3-4).
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The hallmark of human cartilage differentiation, expression of type II collagen
mRNA, was determined for the hMSC cultured in chondrogenic medium on
collagen, silk, and silk-RGD scaffolds; only minimal expression of type II
collagen mRNA was observed for the corresponding hMSC cultured in control
medium (Fig. 7). The differences in expression levels for cultivations in
chondrogenic and control medium were significant in all groups (p < 0.01). After
4 weeks of culture in chondrogenic medium, type II collagen expression was
significantly higher for hMSC cultured on silk scaffolds than either collagen or
RGD-silk scaffolds (Fig. 7). 

In constructs cultured in chondrogenic medium (Fig. 8A-C, E-G), round or
angular shaped cells were found in scaffold pores, embedded in the
extracelluar matrix (ECM) that stained with safranin O. In collagen-based
constructs, the ECM deposition was less extensive than in silk scaffolds (Fig.
8E,F and Fig. 8A,B, respectively), and the areas of continuous ECM were only
approximately 100-200 µm in length (Fig. 8F). In contrast, 500-700 µm long
interconnected areas of cartilaginous tissue were observed within the silk and
RGD-silk scaffolds (Fig. 8B). Concomitant deposition of type II collagen was
observed in hMSC cultured on all scaffolds (Fig. 8C,G). Cells cultured in control
medium had fibroblastic morphology and did not stain with safranin O (Fig.
8D,H).

Figure 7: Expression of collagen type II. The expression of collagen type II mRNA was
determined by RT-PCR for hMSC cultured on collagen, silk and silk-RGD scaffolds in
chondrogenic medium (+) and control medium (-). Expression levels are normalized to those
measured for the corresponding scaffolds freshly seeded with hMSC (baseline). In all groups,
collagen type II expression was significantly higher for cells cultured in chondrogenic medium
as compared to control medium (p < 0.05). Data represent the average ± SD (n = 3-4).
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Figure 8: Deposition of GAG and collagen type II. Representative histological sections of
tissue constructs obtained by culturing hMSC for 4 weeks on either silk (A-D) or collagen
scaffolds (E-H). In either chondrogenic (A-C,E-G) or control medium (D,H). Asterisks denote
polymer, arrows denote cartilaginous tissue. (A,B,E,F): The presence of GAG is shown by red
stain (safranin O). (C,G): The presence of collagen type II is shown by brown stain (antibody
against collagen type II). (D,H): Constructs cultured in control medium did not stain for either
GAG or collagen type II. Scale bars = 300 µm (A,E), or 150 µm (B-D,F-H)
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4. Discussion
We report that human mesenchymal stem cells (hMSC) isolated from bone

marrow and expanded by serial passaging can be directed to undergo
chondrogenesis and form cartilaginous tissue constructs when cultured in
chondrogenic medium on appropriate biomaterial scaffolds. Our study was
motivated by the need to establish autologous cell source for tissue
engineering of cartilage, and the notion that scaffold architecture and physical
integrity regulate cell attachment, proliferation, differentiation and functional
assembly into engineered tissues. Data were collected for hMSC cultivation on
four highly porous scaffolds: (i) fast degrading collagen, (ii) slowly degrading
cross-linked collagen, (iii) slowly degrading silk, and (iv) slowly degrading silk
decorated with the integrin recognition and adhesion ligand RGD. The collected
data suggest that the structural stability of the scaffold was the single most
important factor determining the progression of chondrogenesis in cultures of
hMSC, presumably due to the enhanced structural support of cell attachment
and tissue formation, in conjunction to improved mass transport in the scaffold
interior. 

Our approach to tissue engineering of cartilage involves the cultivation of
cartilaginous constructs that would have a capacity to further develop following
implantation, develop site- and scale-specific structural and biomechanical
properties, and integrate firmly and completely to the adjacent bone and
cartilage. These goals can potentially be met if the engineered graft has the
ability to support and mediate matrix remodeling in a fashion similar to that
normally present in immature tissue. In vivo, the availability of mesenchymal
stem cells (e.g., from bone marrow) differentiating in response to regulatory
factors is critical for the formation of new cartilage. In vitro, cell-based repair of
cartilage requires the utilization of chondrogenic cells in conjunction with a 3D
scaffold and an environment capable of supporting chondrogenesis. 

Mesenchymal stem cells isolated from adult human bone marrow were
selected as a cell source for tissue engineering based on their documented
potential for expansion in culture and osteogenic and chondrogenic
differentiation8,11,31,32. The expanded (P2) cells used in the present study were
characterized by the expression of CD105 (a putative marker of mesenchymal
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stem cells33,34, CD71 (a receptor expressed in proliferating cells35,36 and CD44
(a receptor for osteopontin, ankyrin, and fibronectin), and the lack of expression
of CD31 and CD34 (markers for cells that are of endothelial37 or
haematopoietic origin37-39) (Fig. 1).

The ability of hMSC to undergo selective differentiation in response to
environmental factors was documented by chondrogenic or osteogenic
differentiation in chondrogenic or osteogenic culture medium (Fig. 2A and Fig.
2D, respectively), and the lack of differentiation in control medium (Fig. 2B,E).
Comparable per-cell amounts of GAG and calcium measured in P1 and P2
cells (Fig. 2C,F) are also important as they enable the use of small initial bone
marrow aspirates to obtain sufficient amounts of cells for seeding clinically
sized scaffolds. Taken together, the capacity for expansion in undifferentiated
state and the maintained ability for subsequent chondrogenic or osteogenic
differentiation establish the feasibility of using hMSC for cartilage tissue
engineering. This result is consistent with the large body of literature (please
see Caplan, 2003 for review) and with our recent related data for hMSC used
for bone tissue engineering28.

Most studies suggest that a scaffold is essential for promoting orderly
regeneration of cartilage, in vivo and in vitro, as it provides a structural template
for cell attachment and tissue development. Scaffold structure (the size and
connectiveness of the pores) determines the transport of nutrients, metabolites
and regulatory molecules to and from the cells. The scaffold chemistry may
have an informational role and it determines the rate of scaffold degradation
and thereby the structural stability of the scaffold. Mechanical properties of the
scaffold, which in turn depend on its chemistry and structure, affect the
mechanotransduction within the developing tissue, and thereby determine the
suitability of a particular scaffold for a particular application. Scaffolds used thus
far to engineer cartilage starting from MSC from various species and sources
included poly(lactic acid) (PLA)13 and poly(lactic-co-glycolide)/polyethylene
glycol (PLGA/PEG)14. Fibrous mesh scaffolds made of PGA supported
cartilage development by chondrocytes but failed to maintain structural stability
when cultured with mammalian MSC14. Although these polymers have been
widely used, they may elicit inflammatory responses due to the release of acidic
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hydrolysis products and the associated change in local pH15. Our recent study
demonstrated that the in vitro and in vivo inflammatory responses elicited by
silk, silk-RGD and collagen were substantially lower than those due to PLA40.
These previous findings, and the successful use of silk and collagen scaffolds
for cultivation of hMSC for bone tissue engineering28 motivated our choice of
scaffold materials.

The four scaffolds used in the present study are all biocompatible and
biodegradable, and have highly porous structures with large interconnected
pores (Fig. 3). The important differences between the scaffolds included: (i)
pore size (on the order of 100 µm for collagen and 200 µm for silk), (ii)
degradation (fast for unmodified collagen (Fig. 3A), slow for all other scaffolds
(Fig. 3B-D)), and (iii) surface modifications (covalent coupling of RGD for one
group of silk scaffolds (Fig. 3D)). A minimal concentration of RGD that resulted
in a significant increase in the number of attached cells, and a minimal
concentration of TGF-ß1 shown to enhance chondrogenesis in pellet cultures,
were selected for this initial study. This experimental design enabled the
evaluation of the effects of scaffold properties on the attachment and
proliferation of hMSC cultured without chondrogenic supplements, and the
formation of engineered cartilage by hMSC cultured in the presence of
chondrogenic supplements (TGF-ß1, dexamethasone, insulin, ascorbic acid-2-
phosphate). Further studies are needed to determine the optimal
concentrations of RGD and chondrogenic factors for inducing and maintaining
chondrogenesis of MSC cultured on silk scaffolds.

Both pore sizes appeared to be sufficiently large for cell infiltration into the
scaffold interior. However, the pore size appeared to affect the cell distribution
within the scaffolds after 4 weeks of cultivation, as evidenced by the relatively
homogenous cell distribution on silk scaffolds (Fig. 5D) as compared to
collagen scaffolds where cells resided in small discrete areas (Fig. 5C). It is
likely that these differences are due, at least in part, to the structural stability of
slowly degrading silk scaffolds which maintained open pores for cell growth, as
compared to collagen scaffolds which collapsed as a result of fast degradation.
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This finding is consistent with the relatively constant DNA contents of silk
scaffolds and rapidly decreasing DNA contents of collagen scaffolds over 4
weeks of culture (Fig. 4A).

For all scaffolds, approximately 60–70% of the cells attached to scaffold
surfaces over 6 h of seeding. We have previously shown that seeding can have
a significant impact on tissue development, as it determines the initial cell
concentration and distribution uniformity. Dynamic seeding in spinner flasks
was quite suitable for highly porous fibrous scaffolds where it resulted in an
essentially 100% cell yield and in uniform distributions of attached cells41, but
the same technique was less successful when used to seed sponge-like
scaffolds14. We therefore developed an alternative technique based on the use
of a polymerizing gel as a delivery vehicle for rapid and spatially uniform
seeding of collagen scaffolds identical to those used in the present study42,43.
The application of an advanced seeding method would likely improve the yield
of hMSC seeding on collagen and silk scaffolds achieved in the present study.

The initial decrease in the amount of DNA, an index of construct cellularity,
during the first week of hMSC culture in control medium (Fig. 4A) may be due to
the seeding protocol which involved the use of a minimal amount of medium to
allow cell attachment, and may have caused the loss of cells during subsequent
cultivation. Interestingly, this decrease was not observed (p > 0.05) for RGD-
silk scaffolds. For the remainder of culture, stable amounts of DNA for hMSC
cultured on silk and RGD-silk scaffolds and substantially decreased amounts of
DNA on collagen scaffolds were observed (Fig. 4A), a result consistent with the
respective scaffold degradation properties. After 4 weeks of culture, the
amounts of DNA on silk-RGD and silk scaffolds were markedly and significantly
higher than on collagen scaffolds (6-fold and 4-fold, respectively).  For all
scaffolds, the metabolic activity of the cells was relatively constant throughout
the duration of culture (Fig. 4B). This behaviour may be governed by the
diffusional gradients of mass transport into the scaffold interior that limited the
supply of nutrients and oxygen to the dense cell mass at the surfaces of the
scaffolds (Fig. 5A,B). A similar pattern of viability was observed on silk fibres,
where the viability of hMSC decreased over the first week of culture by
approximately 30% and was maintained at the initial level thereafter25.
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We demonstrate that human cartilage constructs can be generated by
culturing hMSC on highly porous and slowly degrading protein scaffolds (cross-
linked collagen, silk, RGD-coupled silk) that maintained their structural stability
over 4 weeks in vitro. This is in contrast to hMSC cultured on unmodified
collagen scaffolds, where fast degradation caused the construct to collapse
before substantial amounts of new tissue matrix were deposited by the cells
(Fig. 6A). With time in culture, the total amount of GAG (a marker of
chondrogenesis) increased on all three slowly degrading scaffolds and
decreased on the fast degrading collagen scaffold (Fig. 6A), whereas the
amounts of GAG per unit DNA were comparable for all groups (Fig. 6B).

The accumulation of GAG and type II collagen in 4-week constructs (Fig.
8A,B and 8E,F for silk and collagen scaffolds, respectively) was concomitant
with the accumulation of type II collagen (Fig. 8C,G, for silk and collagen
scaffolds, respectively) and the expression of type II collagen mRNA (Fig. 7).
Notably, the presence of RGD adhesion sequences on silk scaffolds which
resulted in a transient increase in DNA levels as compared to other groups (Fig.
4A) and did not lead to a corresponding increase in final GAG concentration
(Fig. 6) or expression of type II collagen mRNA (Fig. 7). The amounts of GAG
and type II collagen and the expression level of type II collagen mRNA after 4
weeks of culture were all significantly higher for hMSC cultured on silk than on
other scaffolds (Figs. 6A, 7, 8).

The amounts of GAG per unit DNA measured in the present study for adult
human MSC cultured on silk scaffolds were approximately 3-fold lower than the
corresponding values measured for young bovine MSC cultured on PLGA/PEG
in our previous studies14. This result is qualitatively consistent with 2-fold lower
concentration of TGF-ß1 and 3-fold lower initial cell density used in the present
study as compared to  the previous study, and may be further affected by the
differences in the age and species of MSC in the two studies.

The progression of chondrogenesis in hMSC appeared to be determined by
the rate of scaffold degradation rather than by other candidate factors (e.g.,
scaffold chemistry, scaffold structure). To understand the significance of
scaffold degradation on the decline in GAG content on collagen scaffolds,
collagen scaffolds were crosslinked to reduce their degradation rate. The direct
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comparison of GAG deposition on unmodified and cross-linked collagen
scaffolds (Fig. 6A), which have the same basic chemistry and structural
properties (Fig. 3), best supports the importance of degradation rate and
structural integrity for scaffolds that are used for tissue engineering based on
hMSC. After 4 weeks of cultivation in chondrogenic medium, large areas of
cartilage-like tissue were observed on silk and silk-RGD scaffolds, and only
relatively small areas on unmodified collagen scaffolds (Fig. 6). A similar result
was obtained for tissue engineering of bone using the same cells and scaffolds
as in the present study28.

Our results are consistent with other published studies reporting that the
chondrogenic medium supplements used in the present study
(dexamethasone, insulin and TGF-ß1) reproducibly induced the differentiation
of rabbit44, bovine14 and human45 MSC into chondrocytes. In vivo, TGFß1 is
known to play a pivotal role in skeletal development46,47 and in particular in the
formation of limb cartilage48. Strong chondrogenic role of TGF-ß1 in our model
system supports the notion that the tissue engineering system based on MSC
cultured in vitro on porous scaffolds embodies some of the factors present
during embryonic development. This opens an exciting possibility for more
extensive use of engineered tissues as high-fidelity models for quantitative
studies of factors and mechanisms involved in skeletal tissue development.
The clinical relevance of such studies will certainly depend on complementary
in vivo studies that will determine some of the criteria for translating the results
of in vitro studies into animal models and eventually into clinical applications.

In summary, this study demonstrates that chondrogenesis of hMSC can be
induced on both collagen and silk scaffolds. However, the structural integrity of
unmodified collagen was insufficient for cartilage tissue engineering, due to the
premature scaffold degradation and collapse, such that only small discrete
areas of 4-week constructs were filled with cartilaginous tissue. In contrast,
continuous cartilage-like tissue was formed within constructs grown using
cross-linked collagen, silk and silk-RGD scaffolds. When these results are
considered in connection with the unique and tailorable mechanical properties
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of silk23,28,49, cartilage formation by hMSC on silk scaffolds offers new
opportunities for engineering of cartilage-like tissues in vitro and their
application in vivo.
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Abstract
Silk fibroin scaffolds were studied as a new biomaterial option for tissue

engineered cartilage-like tissue. Human bone marrow derived mesenchymal
stem cells (MSC) were seeded on silk, collagen, and cross-linked collagen
scaffolds and cultured for 21 days in serum free chondrogenic medium. Cells
proliferated more rapidly on the silk fibroin scaffolds when compared to the
collagen matrices. The total content of glycosaminoglycan (GAG) deposition
was three times higher on silk as compared to collagen scaffolds. GAG
deposition coincided with overexpression of collagen type II and aggrecan
genes. Cartilage-like tissue was homogeneously distributed throughout the
entire silk scaffolds, while on the collagen and cross-linked collagen systems
tissue formation was restricted to the outer rim leaving a doughnut appearance.
Round or angular-shaped cells resided in deep lacunae in the silk systems and
stained positively for collagen type II. The aggregate modulus of the tissue
engineered cartilage constructs was more than 2-fold higher when compared to
the unseeded silk scaffold controls. These results suggest that silk fibroin
scaffolds are suitable biomaterial substrates for autologous cartilage tissue
engineering in serum-free medium and enable mechanical improvements along
with compositional features suitable for durable implants to generate or
regenerate cartilage. 
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1. Introduction
Cartilaginous tissues have an intrinsic lack of regenerative potential,

rendering it a target for tissue engineering approaches. Most engineering
concepts are aimed at the (re)generation of hyaline cartilage, which covers the
subchondral bone of diarthrodial joints1. Articular cartilage damage is common
due to fatigue in the aging population, young athletes and others, often
resulting in defects exceeding 1 cm in diameter. Tissue engineering aims to
restore this compromised function through the use of cells in combination with
scaffolds to guide tissue repair. Osteoarthritis resulting from cartilage damage
is problematic in the elderly and approximately 25% of the population over 60
has significant pain and disability caused by osteoarthritis2. The degeneration
of cartilage associated with this disease results in enormous economic costs
and causes the most problems to populations after retirement age2. Current
treatment protocols for osteoarthritis, such as chondral shaving3, abrasion
arthroplasty4, subchondral drilling5, chondrogenic cell and chondrocyte
transplantation, or autologous tissue grafting6,7 have limitations because of
suboptimal integration with the defect zone and limited availability of
autologous donor material.

A potential cell source for the tissue engineering of autologous cartilage are
mesenchymal stem cells (MSCs), thereby potentially addressing cartilage
breakdown by avoiding autologous grafting techniques. These cells proliferate
well in culture while maintaining their capacity to differentiate along the
chondrogenic, osteogenic or other mesenchymal pathways under appropriate
culture conditions8-11. For successful tissue engineering of cartilage, a
mechanically robust and biocompatible biomaterial is needed on which MSCs
undergo chondrogenic differentiation and form three-dimensional cartilage-like
tissue. In particular, polyesters have been used such as poly(lactic-co-
glycolide) or poly(lactic acid)12,13. However, these materials are problematic as
they can induce inflammation due to elevated acidity caused by polymer
hydrolysis, processing difficulties may lead to inconsistent biodegradation rates
and tissue response profiles, and difficulties in matching mechanical properties
remain an issue14-17. Many hydrogel based systems, such as those based on
alginates, are compromised by a large gap between the mechanical features of
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a rather soft matrix and the need for mechanical robustness of the in vitro
generated chondrogenic tissue. Recently, silks have been demonstrated to
offer a new option to fill the niche. Silk scaffolds provide mechanical properties
superior to collagen or hydrogels, and foster the deposition of cartilage in a
homogenous and robust fashion due to the slower biodegradation at
comparable and biocompatibility of these fibroin scaffolds as compared to
collagen scaffolds18. The purpose of the present study was to further develop
the use of silk fibroin as a substrate for MSC based cartilage tissue engineering
toward clinical applications. Importantly, tissue formation was studied under
serum-free conditions. This strategy was expected to minimize the risk of
disease transmission and increase the level of control of serum composition.
The present results were tracked by assessing transcription, protein-
expression, and mechanical features.
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2. Materials and Methods
2.1. Materials

Ascorbic acid-2-phosphate, Histopaque-1077, bovine insulin and
dexamethasone were from Sigma (St. Louis, MO). BDTM ITS+ Premix was
obtained from Becton Dickinson (Allschwil, Switzerland) and papain from
Worthington Biochemical Corporation (Allschwil, Switzerland). Fetal bovine
serum (FBS), Dulbecco's minimum essential medium (DMEM), Roswell park
memorial institute medium (RPMI-1640), basic fibroblast growth factor (bFGF),
transforming growth factor-ß1 (TGF-ß1), penicillin-streptomycin, fungizone,
nonessential amino acids (NEAA, consisting of 8.9 mg/L L-alanine, 13.21 mg/L
L-asparagine, 13.3 mg/L L-aspartic acis, 14.7 mg/L L-glutamic acid, 7.5 mg/L
glycine, 11.5 mg/L L-proline, 10.5 mg/L L-serine) and trypsin were purchased
from Gibco (Carlsbad, CA). BMP-2 was kindly supplied by Wyeth (Andover,
MA). Silkworm cocoons were generously donated by M. Tsukada (Institute of
Sericulture, Tsukuba, Japan) and Marion Goldsmith (University of Rhode
Island). All other substances were of analytical or pharmaceutical grade and
obtained from Sigma (St. Louis, MO).

2.2 hMSC isolation, expansion, and characterization
Total bone marrow (25 cm3, Clonetics, Santa Rosa, CA) was diluted in 100

ml of isolation medium (5% FBS in RPMI-1640 medium). Cells were separated
by density gradient centrifugation. Briefly, 20 ml aliquots of bone marrow
suspensions were overlaid onto a polysucrose gradient (density=1,077 g/cm3,
Histopaque, Sigma, St.Louis, MO) and centrifuged at 800xg for 30 minutes at
room temperature. The cell layer was carefully removed, washed in 10 ml
isolation medium and pelleted. Cells were resuspended in expansion medium
(DMEM, 10% FBS, 1 ng/ml bFGF, 1% NEAA) and seeded in 75 cm2 flasks at a
density of 5x104 cells/cm2. The adherent cells were allowed to reach
approximately 80% confluence (12-17 days for the first passage). Cells were
trypsinized, replated and passage 2 (P2) cells (80% confluence after 6-8 days),
were used for the experiments.
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hMSCs were characterized with respect to the expression of surface
antigens and the ability to selectively differentiate into chondrogenic or
osteogenic lineages in response to environmental stimuli, as follows. The
expression of the following six surface antigens: CD14 (lipopolysaccharide
receptor), CD31 (PECAM-1/endothelial cells), CD34 (sialomucin/hematopoietic
progenitors), CD44 (hyaluronate receptor), CD71 (transferrin receptor/
proliferating cells), and CD105 (endoglin) were characterized by Fluorescence
Activated Cell Sorting (FACS) analysis, as in our previous studies18,19. Cells
were detached with 0.05% (w/v) trypsin, pelleted and resuspended at a
concentration of 1x107 cell/ml. Fifty µl aliquots of the cell suspension were
incubated (30 min on ice) with 2 µl of each of the following antibodies: anti-
CD44 and anti-CD14 conjugated with fluorescene isothiocyanate (CD44-FITC,
CD14-FITC), anti-CD31 conjugated with phycoerythrin (CD31-PE), anti-CD34
and anti-CD71 conjugated with allophycocyanine (CD34-APC, CD71-APC),
and anti-CD105 with a secondary goat-anti mouse IgG-FITC antibody. Cells
were washed, suspended in 100 µl of 2% formalin, and subjected to FACS
analysis.

To assess the potential of hMSCs for osteogenic and chondrogenic
differentiation, the cells were cultured in pellets in control medium (DMEM
supplemented with 10% FBS, Pen-Strep and Fungizone), or chondrogenic

medium (control medium supplemented with 1% NEAA, 50 µg/ml ascorbic acid-
2-phosphate, 10 nM dexamethasone, 5 µg/ml insulin, 5 ng/ml TGF-ß1) or
osteogenic medium (control medium supplemented with 50 µg/ml ascorbic
acid-2-phosphate, 10 nM dexamethasone, 7 mM !-glycerolphosphate, and 1
µg/ml BMP-2). Cells were isolated from monolayers by trypsin and washed
inphosphate buffered saline (PBS). Aliquots containing 2x105 cells were
centrifuged at 300g in 2 ml conical tubes and allowed to form compact cell
pellets over 24 h in an incubator (5% CO2, 37°C). Medium was changed every
2-3 days. After 4 weeks of culture, pellets were washed twice in PBS, fixed in
10% neutral buffered formalin (24 h at 4°C), embedded in paraffin and
sectioned (5 µm thick). Sections were stained for general evaluation
(hematoxilin and eosin), the presence of glycosaminoglycan (GAG with
safranin-O/fast green), and mineralized tissue (according to von Kossa in 5%
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AgNO3 for 1 h, exposed to a 60W bulb and counterstained with fast red). In
addition, the amounts of GAG and calcium were measured as described below
using n = 5-6 pellets per sample.

2.3. Silk scaffold preparation
Cocoons from Bombyx mori (Linne, 1785) were boiled 2 times for 1 hour in

an aqueous solution of 0.02 M Na2CO3 and rinsed with water to extract the
sericins, as previously described20,21. Purified silk was dissolved in 9 M LiBr
solution and dialyzed (Pierce, molecular weight cut off 2000 g/mol) against PBS
for 2 days. The silk solution was lyophilized and resolved in hexafluoro-2-
propanol (HFIP) to obtain a 17% (w/v) solution. Sieved granular NaCl with a
diameter between 212 and 300 µm was weighed in a Teflon container and silk/
HFIP solution was added at a ratio of 20:1 (NaCl/silk). HFIP was allowed to
evaporate for 2 days and NaCl/silk blocks were immersed in 90% (v/v)
methanol for 30 minutes. Blocks were removed, dried and NaCl was extracted
in water for 2 days. Disk-shaped scaffolds (5 mm diameter, 2 mm thick) were
prepared using a dermal punch (Miltey, Lake Success, NY) and autoclaved
(121°C for 15 min).

2.4. Collagen and crosslinked collagen scaffolds preparation
Collagen scaffolds were punched from sheets of Ultrafoam (collagen

hemostat obtained from Davol, Cranston, RI). Ultrafoam is water-insoluble,
partial hydrochloride salt of purified bovine dermal (corium) collagen formed as
a sponge with large (at the order of 100 µm) interconnected pores. Discs had
dry dimensions of 5-mm diameter x 2-mm thickness.

To reduce the rate of degradation, collagen scaffolds were cross-linked using
the 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride/N-hydroxy
succinimide (EDC/NHS) chemistry previously established for collagen films and
fibers22.In our previous work, we used this crosslinking to modify Ultrafoam
scaffolds for tissue engineering applications19 This method of chemical cross-
linking was shown to decrease the rate of degradation of collagen by two
orders of magnitude22. Briefly, collagen scaffolds were incubated for 30 min in
a MES buffer (0.1 M of 4-Morpholinoethanesulfonic acid MES, 0.5 M NaCl, pH
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6). The cross-linking reaction was carried out using a solution of 1.713 g EDC
and 0.415 g NHS in 100 ml 0.1 M MES buffer, using 100 ml solution per gram
of collagen. The reaction was allowed to proceed for 4 h under gentle shaking
and was stopped by washing for 2 h with 0.1 M Na2HPO4, and scaffolds were
extensively rinsed with water (4 times for 30 min). The entire procedure was
carried out aseptically.

2.5. Scaffold characterization
Porosity of unseeded scaffolds was determined by helium gas pycnometry

using a Micrometrics Accupyc 1330 device (Micromeritrics, GmbH,
Moenchengladbach, Germany). The measurement on the vacuum-dried
scaffolds was performed in quintuplicate. The microstructure of the surface of
dry and platinum-coated scaffolds was characterized using scanning electron
microscopy (Zeiss Leo Gemini 1530; Zeiss, Oberkochen, Germany).

2.6. Tissue culture
Passage 2 MSC (1x106 cells) were suspended in 20 µl DMEM, and the

suspension was seeded onto prewetted scaffolds. Seeded scaffolds were
placed in 24-well cell culture plates (non-tissue culture treated, Becton
Dickinson, Allschwil, Switzerland) and incubated at 37°C for 2 hours to allow
cell attachment. To keep the constructs wet, 10 µl DMEM was added every 15
minutes. Subsequently, 1 ml FBS-free chondrogenic medium was added per
well. Chondrogenic medium was DMEM supplemented with Pen-Strep,
Fungizone, 100 nM dexamethasone, 50 µg/ml ascorbic acid-2-phosphate, 40
µg/ml proline, 6.25 µg/ml ITSTM, 6.25 µg/ml bovine insulin and 10 ng/ml TGF-
ß1. Medium was exchanged every 2 days for a total culture period of 21 days.

2.7. Biochemical analysis, histology and immunohistochemistry
Constructs were cultured for 21 days in chondrogenic medium and

processed for biochemical analysis, histology and immunohistochemistry. For
DNA analysis, 3 constructs per group and time points (3, 6, 9, 12, 15, 18, and
21 days) were disintegrated using steel balls and a MiniBead beater (Biospec,
Bartlesville, OK). DNA content was measured fluorometrically using the
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PicoGreen assay (Molecular Probes, Basel, Switzerland), according to the
protocol of the manufacturer (excitation wavelength of 480 nm; emission
wavelength of 528 nm). To measure the amount of GAG, 3 samples per group
and time points (3, 6, 9, 12, 15, 18, and 21 days) were digested for 16 hours
with 1 ml 500 U/ml papain solution in buffer (0.1 M disodium hydrogen
phosphate, 0.01 M EDTA disodium salt, 14.4 mM L-cysteine) at 60°C. GAG
content was determined spectrophotometrically (Cary 50, Varian, Zug,
Switzerland) at 525 nm following binding to the dimethylmethylene blue dye23

by using chondroitin sulphate as standard. To measure the amount of calcium
in cell pellets, 3-4 samples (per group) were extracted twice with 0.5 ml 5%
trichloroacetic acid. Calcium content was measured spectrophotometrically at
575 nm following the reaction with o-cresolphthalein complexone according to
the manufacturer's protocol (Sigma).

For histology, constructs were fixed in 10% neutral buffered formalin (24 h at
4°C), dehydrated in graded ethanol solutions, embedded in paraffin, bisected
through the center, cut into 5-µm thick sections and mounted on SuperFrost
microscope slides (Microm International AG, Volketswil, Switzerland). To stain
for GAG, sections were treated with eosin for 1 min, fast green for 5 min, and
0.2% aqueous safranin-O solution for 5 min, rinsed with distilled water,
dehydrated through xylene; and mounted with Cytoseal 60 (Richard-Allan
Scientific, Kalamazoo, MI). To immunostain for collagen type II, a monoclonal
antibody against collagen type II (2B1.5, dilution 1:100, Neomarkers, P.H.
Stehelin & Cie AG, Basel, Switzerland) was used. Paraffin embedded tissue
sections were deparaffinized through a series of graded alcohols and treated
with protease II for 16 min. The primary antibody was added to each slide and
the slide was incubated for 32 min at room temperature in a humidified
chamber. The secondary antibody (horseradish peroxidase) was then applied
and developed according to the manufacturer's protocol (DAKO Corp.,
Carpinteria, CA).
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2.8. RNA isolation and real-time reverse transcription polymerase chain 
reaction (Real-Time RT-PCR)

Fresh constructs (n = 5-6) per group and time point (0, 2, 4, 6, 8, 10, 12, 14,
16, 18, 21 days) were transferred into 2-ml plastic tubes containing 1 ml Trizol
(Invitrogen AG, Basel, Switzerland) and 2 steel balls per construct. Scaffolds
were disintegrated using steel balls and a MiniBead beater. Tubes were
centrifuged at 12,000 g for 10 min and the supernatant was transferred to a
new tube. Chloroform, 190 µl, was added to the solution, vortexed and
incubated for 5 min at room temperature. Tubes were again centrifuged at
12,000 g for 15 min and the upper aqueous phase was transferred to a new
tube. One volume of 70% ethanol (v/v) was added and applied to an RNeasy
minispin column (Qiagen, Hombrechtikon, Switzerland). The RNA was washed
and eluted according to the manufacturer's protocol.

The RNA samples were reverse transcribed in cDNA using oligo (dT)-
selection according to the manufacturer's protocol (SuperScript™ First-Strand
Synthesis System for RT-PCR, Invitrogen AG, Basel, Switzerland). Collagen
type II and aggrecan gene expression was quantified using the ABI Prism 7000
Real Time PCR system (Applied Biosystems, Rotkreuz, Switzerland). PCR
reaction conditions were 2 minutes at 50°C, 10 minutes at 95°C, 50 cycles at
95°C for 15 seconds, and 1 minute at 60°C. The data were normalized to the
expression of the housekeeping gene glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH). Probes were labeled at the 5' end with fluorescent
dye FAM (VIC for GAPDH) and with the quencher dye TAMRA at the 3' end.
Primer sequences for the human GAPDH gene were: Forward primer 5'-ATG,
GGG AAG GTG AAG GTC G-3'; Reverse primer 5'-TAA AAG CCC TGG TGA
CC-3'; Probe 5'-CGC CCA ATA CGA CCA AAT CCG TTG AC-3'. Primers and
probes for human collagen type II and human aggrecan were purchased from
Applied Biosystems (Assay on Demand,  Hs00156568_m1 and
Hs00153936_m1, respectively).
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2.9. Mechanical testing and analysis
Specimens for mechanical testing were punched from the central regions of

the engineered cartilage tissue on silk scaffolds and on silk scaffolds cultured
under the same conditions but without cells using a biopsy punch (Stiefel
Laboratorium, Offenbach, Germany). The cylindrical plugs were tested in
confined compression using a mechanical testing system (EnduraTec ELF
3200, Bose Corporation, Minnetonka, MN) with a 22 N low force cell (Model 31,
Honeywell Sensotec, Columbus, OH). Each specimen was transferred into a
smooth confining chamber (diameter 3.62 mm; pore size 45 µm, porosity 45%,
Schunk Sintermetalltechnik, Heuchelheim, Germany) in PBS. The indentation
site was the top layer of the engineered cartilage specimen. Thickness of the
samples was measured after equilibration under a tare load of 0.02 N. Strains
of 5%, 10% and 15% were applied in a stepwise manner at a rate of V = 1 µm/s
with 1800-s relaxation after each step. The aggregate modulus HA was
calculated from the slope of the best linear fit of the equilibrium stress plotted
against the applied strain.

2.10. Statistical analysis
For evaluation of statistical significance, samples were evaluated using a

Student t-test as well as analysis of variance (ANOVA) where appropriate.
ANOVA was followed by a post-hoc assessment using the Tukey HSD method.
Differences were considered significant when the p-value was equal or less
than 0.05 (SPSS Inc., Chicago, IL).
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3. Results
3.1. Scaffold properties and stem cell characteristics

Scaffolds were prepared from bovine Type I collagen, native and cross-
linked, and from silk fibroin, isolated from B. mori cocoons. All scaffolds had a
porosity of approximately 95%, with the collagen scaffold exceeding those of
the silk (p < 0.05) and the cross-linked collagen (p < 0.01; Fig. 1A) scaffolds.
The structure of the scaffolds prepared from the different biomaterials was
similar, with the silk scaffolds having a more sheet like and spongy structure
when compared to the collagens (Fig. 1B,C).

Figure 1. Scaffold porosity (A) and surface morphology (SEM) of silk (B), crosslinked collagen
(C), and collagen (D) scaffolds. Scale bars: 1 mm, scale bars of inserts: 200 µm.
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The MSC used in this study demonstrated proliferative potential when
analyzed over 5 passages, with an approximately a 14-fold increase in biomass
per passage determined by DNA assay. Cellular surface antigen expression
patterns were CD14+, CD31-, CD34-, CD44+, CD71+, and CD105+, suggesting
the presence of MSC and demonstrating the absence of other cells of
hematopoietic or endothelial origin. In addition, the cells differentiated
selectively into cartilage- and bone-depositing cells in a pellet culture and in
response to TGF-ß1/insulin and BMP-2, respectively (data not shown).
Because of their proliferative capacity, their antigen surface expression pattern,
and their potential to differentiate along the chondrogenic and osteogenic
lineages, respectively, these cells are referred to as hMSC in this study.

3.2. Proliferation and chondrogenic differentiation
MSC proliferation was high within the first 9 days of culture on silk and

crosslinked collagen scaffolds, but significantly lower on the uncrosslinked
collagen at day 6 (p < 0.05) and nonsignificantly different at day 9. Cells
continued to proliferate on the silk scaffolds although with a lower rate. Total
DNA per scaffold was significantly higher on silks at day 15 when compared to
the native and cross-linked collagens (p < 0.01) and at days 13 (p < 0.05), 17 (p
< 0.01), and 21 (p < 0.05) when compared to the native collagen (Fig. 2A).

Figure 2. Biochemical data of hMSC grown for 21 days on silk, crosslinked collagen and
collagen scaffolds. Cell numbers indicated as amount of DNA per scaffold (A), and deposition
of glycosaminoglycans expressed as chondroitin sulphate per scaffold (B).
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Crosslinked collagen and silk scaffolds retained their wet weight, whereas
the wet weight of native collagen scaffolds was reduced to approximately 50%
of the initial wet weight during the 21 days of culture (data not shown).

The MSCs, differentiating along the chondrogenic lineage, deposited
sulfated glycosaminoglycans (GAG), a major component of the cartilage matrix,
on all 3 biomaterials. GAG deposition was first observed at day 7, with a
maximum deposition rate between days 7 and 12, after which GAG deposition
leveled off. GAG deposition was significantly higher on silk than on the native
and cross-linked collagens at day 7 (p < 0.05) and at all later time points (p <
0.01), with the exception of day 9 (nonsignificantly higher; Fig. 2B).

Cartilage-like tissue deposition was corroborated at the transcriptome level
and characterized by over-expression of collagen type II by MSCs on all 3
biomaterials. In general, collagen type II expression followed a biphasic
expression pattern, with a small peak at day 7 on silk scaffolds and a second
and larger peak at day 17 on silk and collagen. Relative peak levels of
overexpression ranged from 50,000- to 150,000-fold when compared to MSCs
at day 0 of culture and no significant differences were found among groups at
any time point (Fig. 3A). Aggrecan transcript overexpression was induced at
days 7 and 9 followed by lower induction at day 19 on all biomaterials. No
significant differences were found among groups at any time point, and relative
peak levels of aggrecan transcript overexpression ranged from 40- to 80-fold
when compared to MSCs at day 0 of culture (Fig. 3B).

Figure 3. Time-dependent over-expression of collagen type II (A) and aggrecan (B) by hMSCs
grown on silk, crosslinked collagen and collagen scaffolds compared to hMSCs at the time of
seeding on the scaffolds.
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The deposition of a negatively charged matrix, determined by safranin O
staining and characteristic for chondrogenic tissues, was observed on all
biomaterials, with cells residing in intensively staining lacunae as observed in
cross sections of the scaffolds (Fig. 4A-C). GAG deposition was more
pronounced at the scaffold rim for the native and crosslinked collagen but
spanned throughout the silk scaffolds with a homogenous deposition
throughout the scaffold diameter. Advanced scaffold degradation was observed
for the native collagen scaffolds but not for the silks and crosslinked collagens,
respectively.

The chondrogenic nature of the deposited cartilage was corroborated by the
deposition of collagen type II – the major collagenous component of
chondrogenic matrices. Positive staining for collagen type II was in particular
found in the lacunae and around the cells (Fig. 4D-F). Tissue deposition
resulted in an increase in overall scaffold thickness after 21 days of culture on
the silk scaffolds (p < 0.05; Fig. 5A). The elastic modulus increased from 0.02
MPa for the unseeded silk scaffolds after 21 days of incubation in culture
medium to 0.04 MPa for the tissue engineered cartilage on silk scaffolds after
21 days of culture (p < 0.05; Fig. 5B). The mechanical properties of collagens
scaffolds were not assessed because of advanced biodegradation which

Figure 4. Production and localization of extracellular matrix components by hMSC on silk (A,
D), crosslinked collagen (B, E) or collagen (C, F) scaffolds. Staining of sulfated GAG
(safranin-O; A, B, C) and collagen type II (D, E, F). Scale bars 200 µm.
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resulted in shrinkage and disintegration. Constructs based on cross-linked
collagen scaffolds were assessed but demonstrated large within-group
variability; as a result, we could not draw any conclusions about the mechanical
properties for this material (data not shown).

Figure 5. Thickness (A) and aggregate modulus (B) of unseeded silk scaffolds and tissue-
engineered cartilage-like tissue after 21 days in culture medium. (p < 0.05). Error bars
represent average ± standard deviation for n = 3, with asterisks indicating a significant
difference (p<0.05). 
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4. Discussion
Cartilage-like tissue was engineered starting from MSCs and highly porous

and structurally stable silk fibroin, with crosslinked collagen scaffolds as well as
noncrosslinked collagen scaffolds for comparison. All differentitation studies
were run in serum free media. Homogenous cartilage-like tissue, characterized
by GAG deposition (Fig 2B, 4A-C), collagen type II deposition (Fig. 4D-F), and
aggrecan and collagen type II mRNA overexpression (Fig. 3), was formed
throughout the silk scaffolds. In contrast, cartilage formation on the native and
cross-linked collagens was restricted to the borders of the scaffolds, and more
specifically noted for the native collagen which was substantially degraded
throughout culture. 

For clinical application of tissue engineered cartilage, it is imperative that in
vitro culture protocols should be devoid of animal or human products, to
preclude from potential contamination with pathogens or related bioburdens.
Furthermore, avoidance of culture medium additives reduces variability within
the culture milieu due to variations in serum batches, thereby, providing more
stringent quality control of tissue outcomes. Finally, the adherence of serum
pathogens, as possible contaminants in serum-containing media, to cell or
scaffold surfaces may increase immunogenicity of implanted tissue engineered
systems24. Therefore, for differentiation of the MSCs, serum containing media
were replaced by completely characterized and serum-free media in this study.
Generally, serum-free media results in a lower mitotic index, apoptotic
responses, and poor adhesion to surfaces for MSCs25. Despite these findings
in micromass cultures, the use of serum-depleted medium in this study resulted
in better proliferation rates of the MSCs in differentiation medium on silk but not
on collagen scaffolds, respectively, as described in earlier studies using
medium supplemented with serum18. These data suggest that the nature of the
substrate is important in terms of interactions with media components, and this
interaction can significantly impact tissue-related outcomes.

In the present study, the combination of silk fibroin scaffolds with serum-free
medium was superior to the collagen based materials, either cultured in
presence or absence of serum, in terms of cartilage-related outcomes. In
principle, such differences could stem from variations in surface area between
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silk and collagen based scaffolds. However, this is unlikely for the scaffolds
prepared in the present study, as they share similar surface morphologies and
porosities (Fig. 1). Moreover and as shown before, the proliferation of MSC was
significantly higher after 96 h on silk and RGD-modified silk films as compared
to collagen type I films or tissue culture plastic with the same surface26.

Similarly, the deposition of GAG was an order of magnitude higher on both
collagens and silk in serum free media when compared to medium
supplemented with serum, in accordance with earlier reports26,27. The
progression of GAG deposition coincided with strong overexpression of
collagen type II and aggrecan. No differences were observed between groups,
mainly because of the large standard deviations (Fig. 3). In the presence of
serum-containing media, no differences in chondrogenic potential were
observed for silk or crosslinked collagen scaffolds, respectively25. In contrast,
using serum-free medium, chondrogenic performance was significantly
improved, approximately 3-fold, on silk when compared to crosslinked collagen.
Similar findings in the case of both proliferation and chondrogenic
differentiation have been described for scaffolds prepared from poly(lactic acid)
and poly(glycolic acid) as compared to collagen scaffolds28. It is well
established from insights into extracellular matrix function, that biomaterial
surfaces may have a substantial effect on the action of growth factors on
cellular performance. For example, collagen type II has been shown to affect
the impact of TGF-ß on chondrocytes enhanced by nondenatured collagen type
II while heat-inactivated collagen type II had no effect29,30. The data reported in
this study suggest that chondrogenic effects mediated by TGF-ß/insulin are
significantly stronger on silk when compared to collagen and cross-linked
collagen scaffolds, respectively, a substrate difference that was not evident in
the presence of 10% serum in earlier studies. This difference may be due to the
presence of adsorbed serum proteins on the different biomaterial surfaces.

Another important consideration for clinical applications is the
biocompatibility of the implanted construct. Silks were initially associated with
adverse immunological reactions in sutures used for cataract surgery. These
early findings prompted the replacement of silkworm silk sutures with nylon
around 20 years ago31. However, these adverse reactions to silks were due to
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the presence of residual sericin, a family of glue-like proteins that coat the core
silk fibers, and not the fibers (fibroin)32,33. Implantation of properly purified silk
fibroin films into muscular pouches of rats, provoked less immunogenic
responses than poly(lactic acide) films and were equivalent to collagen films34.
These differences were recently corroborated in a detailed study of the
inflammatory potential of silks based on C3 activation, fibrinogen adsorption,
and mononuclear cell activation, among other measures, in comparison to
polystyrene and poly(2-hydroxyethyl methacrylate). The silks were not different
from these model surfaces in terms of humoral responses related to
inflammation, and the degree of activation and adhesion of the
immunocompetent cells was less of a problem35. Our data, both in vitro35 and
in vivo34, illustrate that silkworm silk is at least as biocompatible as other
biomaterials in use today and tested in this  study.

Tissue-engineered implants for cartilage repair must have adequate
mechanical integrity to withstand implantation procedures including handling,
as well as the mechanical forces typically experienced at joint surfaces.
Typically, aggregate moduli of native hyaline cartilage are reported to range
from 0.53 to1.82 MPa as a function of harvest location and species36. The
aggregate modulus of the tissue-engineered cartilage reported here is 1 order
of magnitude lower. Future studies are aimed at closing this gap through the
use of rotating bioreactors to facilitate nutrient, gas, and metabolite exchange
to increase the levels of new extracellular matrix production, as well as the use
of mechanical stimuli during culture with more advanced bioreactors37.

In conclusion, this study demonstrates that cartilage-like tissue can be
engineered on silk scaffolds under serum free and clinically acceptable
conditions, forming an implant rich in GAG, collagen type II and aggrecan, and
resulting in mechanical properties that offer a path toward similar features
found in native hyaline cartilage. These findings expand the available options
for biopolymer implant materials by a durable and mechanically robust option
as a substrate for tissue engineering of cartilage and the treatment of cartilage
defects in vivo.
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Abstract

Porous biodegradable silk scaffolds and human bone marrow derived
mesenchymal stem cells (hMSC) were used to engineer bone-like tissue in

vitro. Two different scaffolds with the same microstructure were studied:
collagen (to assess the effects of fast degradation) and silk with covelently
bound RGD sequences (to assess the effects of enhanced cell attachment and
slow degradation). The hMSC were isolated, expanded in culture,
characterized with respect to the expression of surface markers and ability for
chondrogenic and osteogenic differentiation, seeded on scaffolds, and cultured
for up to 4 weeks. Histological analysis and micro-computer tomography
showed the development of up to 1.2-mm-long interconnected and organized
bone-like trabeculae with cuboid cells on the silk-RGD scaffolds, features still
present but to a lesser extent on silk scaffolds, and absent on the collagen
scaffolds. The X-ray diffraction pattern of the deposited bone corresponded to
hydroxyapatite present in the native bone. Biochemical analysis demonstrated
increased mineralization on silk-RGD scaffolds compared to either silk or
collagen scaffolds after 4 weeks. Expression of bone sialoprotein, osteopontin,
and bone morphogenetic protein 2 was significantly higher for hMSC cultured in
osteogenic as compared to control medium both after 2 and 4 weeks in culture.
The results suggest that RGD-silk scaffolds are particularly suitable for
autologous bone tissue engineering, presumably due to their stable
macroporous structure, tailorable mechanical properties matching those of
native bone, and slow degradation. 
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1. Introduction
In the United States, 2.5 million orthopedic and plastic reconstructions

including bone, cartilage, tendon, ligament, and breast are performed
annually1. Most bone repair procedures require a replacement structure to
restore tissue function, including total substitutes (artificial joints), or tissue
harvested from a second anatomic location of the patient or from other patients
and transplanted to the compromised area. Tissue engineering can provide an
alternative to traditional treatment protocols by replacing living tissue with
tissue grown in vitro that is designed and engineered to meet the needs of each
individual patient and repair site2. In particular, tissue engineering of
autologous bone using bone marrow derived mesenchymal stem cells (hMSC)
can potentially avoid autologous grafting techniques. hMSCs can proliferate in
an undifferentiated state and with the appropriate extrinsic signals, differentiate
into cells of various mesenchymal lineages, including cartilage and bone3-6.

To meet mechanical and functional requirements at the implant site, a
mechanically stable slowly degrading and biocompatible scaffold is required for
bone engineering. Several studies have shown that hMSCs can differentiate
along an osteogenic lineage and form 3D bone-like tissue. However, these
studies also highlight several important limitations. Some scaffolds (e.g.,
calcium phosphate) show limited ability to degrade7, while other degrade too
fast8. Polymeric scaffolds used for bone tissue engineering, such as poly(lactic-
co-glycolide) or poly(lactic acid) can induce inflammation due to the acidity of
their hydrolysis products9,10. Moreover, matching mechanical properties of
native bone remains  an issue with most polyesters11,12. Therefore, there is a
need to identify alternate biomaterials to overcome these limitations and meet
the challenging combination of biological, mechanical, and degradation
features for bone tissue engineering.

To address the requirements of a mechanically robust and biocompatible
material, 3D scaffolds were prepared from silk, a biomaterial known to have a
wide range of native functions as high strength netting to entrap insects, and
protective membranes to withstand environmental insults during
development13. In addition, silk has a long history of use in medicine as suture
material14,15. Recent studies with silk films and fiber matrices have shown a
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wide range of potential biomedical utility and the feasibility of hMSCs to attach
to this biomaterial16-21. The goal of this study was to examine porous silk
scaffolds for tissue-engineered human bone starting from hMSCs. The
differentiation of hMSCs along osteogenic lineage and the formation of bone-
like tissue was studied over 4 weeks in vitro on porous scaffolds made of silk
(slow degrading), silk-RGD (slow degrading, enhanced cell attachment), and
collagen (fast degrading), in control and osteogenic media.
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2. Materials and methods
2.1. Materials

Bovine serum, RPMI 1640 medium, Dulbecco's Modified Eagle Medium
(DMEM), basic fibroblast growth factor (bFGF), transforming growth factor-!1
(TGF-ß1) (R&D Systems, Minneapolis, MN), Pen-Strep, Fungizone, non
essential amino acids, trypsin were from Gibco (Carlsbad, CA). Ascorbic acid
phosphate, Histopaque-1077, insulin, dexamethasone, ß-glycerolphosphate
were from Sigma (St. Lois, MO). Collagen scaffolds (Ultrafoam) were from
Davol (Cranston, RI). All other substances were of analytical or pharmaceutical
grade and obtained from Sigma. Silkworm cocoons were kindly supplied by M.
Tsukada (Institute of Sericulture, Tsukuba, Japan) and Marion Goldsmith
(University of Rhode Island, Cranston, RI). BMP-2 was a gift from Wyeth
Biopharmaceuticals, Andover, MA (Thomas Porter).

2.2. Scaffold preparation and decoration
Cocoons from Bombyx mori (Linne, 1758) were boiled for 1  in an aqueous

solution of 0.02 M Na2CO3, and rinsed with water to extract sericins. Purified
silk was solubilized in 9 M LiBr solution and dialyzed (Pierce, Woburn, MA;
MWCO 3500 g/mol) against water for 1 day and again against 0.1 M MES
(Pierce), 0.5 M NaCl, pH 6 buffer for another day. An aliquot of the silk solution
was coupled with glycine-arginine-alanine-aspartate-serine (GRGDS) peptide
to obtain RGD-silk. For coupling COOH groups on the silk were activated by
reaction with 1-ethyl-3-(dimethylaminopropyl)carbodiimide hydrochloride
(EDC)/N-hydroxysuccinimide (NHS) solution for 15 minutes at room
temperature13. To quench the EDC, 70 µl/ml ß-mercaptoethanol was added.
Then 0.5 g/l peptide was added and left for 2 hours at room temperature. The
reaction was stopped with 10 mM hydroxylamine. Silk solutions were dialyzed
against water for 2 days. Silk and Silk-RGD solutions were lyophilized and
redissolved in hexafluoro-2-propanol (HFIP) to obtain a 17% (w/v) solution.
Granular NaCl was weighed in a Teflon container and silk/HFIP solution was
added at a ratio of 20:1 (NaCl/silk). HFIP was allowed to evaporate for 2 days
and NaCl/silk blocks were immersed in 90% (v/v) methanol for 30 minutes to
induce a protein conformational transition to ß-sheets22. Blocks were removed,
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dried and NaCl was extracted out in water for 2 days. Disk-shaped scaffolds (5-
mm diameter, 2-mm thick) were prepared using a dermal punch (Miltey, Lake
Success, NY), and autoclaved.

2.3. Iodiniation of GRYDS peptide
To assess the amount of bound RGD to the scaffolds, GRYDS peptide was

iodinated with non radioactive iodine to quantify the amount of bound peptide in
the silk film surface by X-ray photoelectron spectrometer (XPS). The procedure
involved first flushing of Sep-Pak C18 reverse phase cartridge (Waters) with 10
ml of a 80:20 mix of methanol:water and then flushing with 10 ml of 0.1M PBS
0.5 NaCl pH = 6 buffer, as previously described13. Three Iodo-BEADS (Pierce)
were rinsed once with 1 ml of PBS buffer. Eighty ml of PBS and then 10 µl of
3.75 g/L NaI in PBS were added and the activation was allowed for 5 min.
Then, 1 ml of 0.1 g/l GRYDS peptide in PBS was added and the reaction was
allowed for 15 min. Beads were rinsed with PBS and the peptide solution was
injected into the C18 column followed by elution with 0, 20, 40, and 60%
methanol in water solutions. Fractions were collected and analyzed at 280 nm.
The iodination procedure was repeated with the same peptide through
lyophilization of the desired fractions and resolubilizing in buffer to achieve the
desired extent of iodination (1 atom of iodine per molecule of GRYDS).
Iodinated peptide was coupled to silk matrices as described above for GRGDS.

2.4. Cell isolation, expansion and characterization
The hMSCs were isolated by density gradient centrifugation from whole bone

marrow (25 cm3 harvests) obtained from Clonetics (Santa Rosa, CA). Briefly,
samples of bone marrow were diluted in 100 ml of isolation medium (RPMI
1640 supplemented with 5% FBS). Bone marrow suspension (20 ml aliquots)
was overlaid onto a polysucrose gradient (density = 1,077 g/cm3, Histopaque,
Sigma, St. Louis, MO) and centrifuged at 800 g for 30 min at room temperature.
The cell layer was carefully removed, washed in 10 ml isolation medium,
pelleted and the contaminating red blood cells were lysed in 5 ml of Pure-Gene
lysis solution. Cells were pelleted and suspended in expansion medium

(DMEM, 10% FBS, 1 ng/ml bFGF) and seeded in 75 cm2 flasks at a density of



Chapter IV

99

5 x 104 cells/cm2. The adherent cells were allowed to reach approximately 80%
confluence (12-17 days for the first passage). Cells were trypsinized and
replated every 6-8 days at an ~80% confluence. The 2nd passage (P2) cells
were used if not otherwise stated.

hMSC were characterized with respect to (a) the expression of surface
antigens and (b) the ability to selectively differentiate into chondrogenic or
osteogenic lineages in response to environmental stimuli, as follows. The
expression of the following six surface antigens: CD44 (hyaluronate receptor),
CD14 (lipopolysaccharide receptor), CD31 (PECAM-1/endothelial cells), CD34
(sialomucin/hematopoietic progenitors), CD71 (transferrin receptor/proliferating
cells), and CD105 (endoglin) was characterized by Fluorescence Activated Cell
Sorting (FACS) analysis, as in our previous studies23,24. Cells were detached
with 0.05% (w/v) trypsin, pelleted and resuspended at a concentration of 1 x
107 cell/ml. 50-µl aliquots of the cell suspension were incubated (30 min on ice)
with 2 µl of each of the following antibodies: anti-CD44 and anti-CD14
conjugated with fluoresceine isothiocyanate (CD44-FITC, CD14-FITC), anti-
CD31 conjugated with phycoerythrin (CD31-PE), anti CD34 conjugated with
allophycocyanine (CD34-APC), anti-CD71-APC, and anti-CD105 with a
secondary rat-anti mouse IgG-FITC antibody (all antibodies are from
Neomarkers, Fremont, CA). Cells were washed, suspended in 100 µl of 2%
formalin, and subjected to FACS analysis.

To assess the potential of hMSC for osteogenic and chondrogenic
differentiation, the cells were cultured in pellets in either control medium

(DMEM supplemented with 10% FBS, Pen-Strep and Fungizone), or
chondrogenic medium (control medium supplemented with 0.1 mM
nonessential amino acids, 50 µg/ml ascorbic acid-2-phosphate, 10 nm
dexamethason, 5 µg/ml insulin, 5 ng/ml TGF-ß1) or osteogenic medium (control
medium supplemented with 50 µg/ml ascorbic acid-2-phosphate, 10 nm
dexamethason, 7 mM ß-glycerolphosphate, and 1 µg/ml BMP-2). Cells were
isolated from monolayers by trypsin and washed in PBS. Aliquots containing 2
x 105 cells were centrifuged at 300 g in 2 ml conical tubes and allowed to form
compact cell pellets over 24 hours in an incubator (5% CO2, 37°C). Medium
was changed every 2-3 days. After 4 weeks of culture, pellets were washed
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twice in PBS, fixed in 10% neutral buffered formalin (24 h at 4°C), embedded in
paraffin and sectioned (5-µm thick). Sections were stained for general
evaluation (hematoxilin and eosin), the presence of glycosaminoglycan (GAG)
(safranin O / fast green), and mineralized tissue (according to von Kossa in 5%
AgNO3 for 1 h, exposed to a 60W bulb and counterstained with fast red). In
addition, the amounts of GAG and calcium were measured as described below
using n = 5 or 6 pellets per sample.

2.5. Pellet culture
For pellet culture, 2 x 105 cells were centrifuged at 300g for 10 min at 4°C.

The medium was aspirated and replaced with osteogenic, chondrogenic, or
control medium. Control medium was DMEM supplemented with 10% FBS,
Pen-Strep and Fungizone. Chondrogenic medium was control medium further
supplemented with 0.1 mM nonessential amino acids, 50 µg/ml ascorbic acid-2-
phosphate, 10 nM dexamethasone, 5 µg/ml insulin, and 5 ng/ml TGF-ß1.
Osteogenic medium was control medium further supplemented with 50 µg/ml
ascorbic acid-2-phosphate, 10 nM dexamethasone, 7 mM ß-
glycerolphosphate, and 1 µg/ml BMP-2.

2.6. Tissue culture
For cultivation on scaffolds, P2 hMSC were suspended in liquid Matrigel® ((7

x 105 cells per scaffold in 10 µl Matrigel®) while working on ice to prevent
gelation, and the suspension was seeded onto prewetted scaffolds (overnight
incubation in DMEM). Seeded constructs (in culture dishes, without added
medium) were placed in an incubator at 37°C for 15 min to allow gel hardening,
and 5 ml osteogenic or control medium was subsequently added. Half of the
medium was replaced every 2-3 days. 

2.7. Biochemical analysis
Constructs were harvested after 2 and 4 weeks of cultivation and processed

for biochemical analysis and histology. For DNA analysis, 3-4 scaffolds per
group and time point were disintegrated using steel balls and a Minibead-
beater (Biospec, Bartlesville, OK). DNA content was measured using the
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PicoGreen assay (Molecular Probes, Eugene, OR), according to the protocol of
the manufacturer. Samples were measured fluorometrically at an excitation
wavelength of 480 nm and an emission wavelength of 528 nm. Sulfated
glycosaminoglycan (GAG) content of cell pellets (n = 5), was assessed as
previously described25. Briefly, pellets were frozen, lyophilized for 3 days,
weighed, and digested for 16 h at 60oC with 1 mg/cm3 papain solution in buffer
(50 mM TRIS, 1 mM ethylenediamine tetraacetic acid, EDTA, 1 mM
iodoacetamide, 10 µg/cm3 pepstatin-A) using 1 cm3 enzyme solution per 4 to
10 mg dry weight (mg dw) of the sample26. GAG content was determined
spectrophotometrically (Perkin Elmer, Oak Bridge IL) at 525 nm after binding to
the dimethylmethylene blue dye27. To measure the amount of calcium, samples
(n = 4) were extracted twice with 0.5 ml 5% trichloroacetic acid. To measure the
amount of calcium samples (n = 4-5) were extracted twice with 0.5 ml 5%
trichloroacetic acid. Calcium content was measured spectrophotometrically at
575 nm following the reaction with o-cresolphthalein complexone according to
the manufacturer’s protocol. Alkaline phosphatase activity was measured using
a biochemical assay from Sigma (St. Louis, MO), based on conversion of p-
nitrophenyl phosphate to p-nitrophenol, which was measured spectro-
photometrically at 410 nm.

2.8. RNA isolation, real-time-reverse transcription polymerase chain 
reaction (real time RT-PCR)

Fresh constructs (n = 3-4 per group and time point) were transferred into 2 ml
plastic tubes and 1.5 ml Trizol was added. Constructs were disintegrated using
steel balls and a Minibead beater. Tubes were centrifuged at 12,000 g for 10
min and the supernatant was transferred to a new tube. Chloroform (190 µl)
was added to the solution and incubated for 5 min at room temperature. Tubes
were again centrifuged at 12,000 g for 15 min and the upper aqueous phase
was transferred to a new tube. One volume of 70% ethanol (v/v) was added
and applied to an RNeasy mini spin column (Qiagen, Hilden, Germany). The
RNA was washed and eluted according to the manufacturer’s protocol.
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The RNA samples were reverse transcribed in cDNA using oligo (dT)-
selection according to the manufacturer’s protocol (Superscript
Preamplification System, Life Technologies, Gaithersburg, MD). Collagen type
II gene expression was quantified using the ABI Prism 7000 Real Time PCR
system (Applied Biosystems, Foster City, CA). PCR reaction conditions were 2
min at 50°C, 10 min at 95°C, 50 cycles at 95°C for 15 s, and 1 min at 60°C. The
expression data were normalized to the expression of the housekeeping gene,
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH). Probes were labeled
at the 5’ end with fluorescent dye FAM (VIC for GAPDH) and with the quencher
dye TAMRA at the 3’ end. Primer sequences for the human GAPDH gene
were: Forward primer 5’-ATG GGG AAG GTG AAG GTC G-3’, reverse primer
5’-TAA AAG CCC TGG TGA CC-3’, probe 5’-CGC CCA ATA CGA CCA AAT
CCG TTG AC-3’. Primers and probes for osteopontin, bone sialoprotein (BSP),
and bone morphogenic protein 2 (BMP-2) were purchased from Applied
Biosciences (Assay on Demand Hs00167093_m1 (osteopontin),
Hs00173720_m1 (BSP), Hs00214079_m1 (BMP-2)).

2.9. Histology 
For histology, constructs were fixed in neutral-buffered formalin (24 h at 4°C),

dehydrated in graded ethanol solutions, embedded in paraffin, bisected through
the center and cut into 5-µm-thick sections. To stain for cartilage differentiation
in the pellet culture (Fig. 1), sections were treated with eosin for 1 min, fast
green for 5 min, and 0.2% aqueous safranin O solution for 5 min, rinsed with
distilled water, dehydrated through xylene, mounted, and placed under a
coverslip28. Staining for bone differentiation was according to von Kossa.

2.10. Microcomputerized tomography (µ-CT)
For the visualization of bone distribution, constructs were analyzed using a

µCT20 imaging system (Scanco Medical, Bassersdorf, Switzerland) providing a
resolution of 34 µm in the face and 250 µm in the cross direction of the scaffold.
A constrained Gaussian filter was used to suppress noise. Mineralized tissue
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was segmented from non-mineralized tissue using a global thresholding
procedure. All samples were analyzed using the same filter width (0.7), filter
support (1), and threshold protocol as previously described29.

2.11. X-ray diffraction (XRD)
X-ray diffraction patterns of scaffolds before and after bone formation were

obtained by means of Bruker D8 Discover X-ray diffractometer with GADDS
multiwire area detector. Wide angle X-ray diffraction (WAXS) experiments were
performed by using CuKa radiation (40 kV and 20 mA) and 0.5-mm collimator.
The distance between the detector and the sample was 47 mm.

2.12. Statistical analysis
Statistical analysis of data was performed by one-way analysis of variance

(ANOVA) and Tukey-Kramer procedure for post hoc comparison using
SigmaStat 3.0 for Windows. p < 0.05  was considered statistically significant.
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3. Results
3.1. Characterization of hMSC

The hMSCs exhibited a spindle shaped and fibroblast-like morphology (Fig.
1A). FACS analysis demonstrated that >90% of the cells were positive for
CD105, a putative marker for mesenchymal stem cells (Fig. 1E), The
chondrogenic potential of second passage (P2) cells was evidenced by evenly
red stained areas indicating GAG deposition in the center of the pellets (Fig.
1B); pellets incubated with either control or osteogenic medium showed no red
staining (Fig. 1C).  These findings were corroborated by the analysis of
sulphated GAG content per unit DNA for chondrogenic differentiation of P1, P3,
and P5 cells, with no significant differences between the passaages (Fig. 1D).
Osteogenic potential of the cells was demonstrated by the spatially uniform
deposition of calcified matrix (Fig. 1F); pellets incubated in control medium or
chondrogenic medium did not show any black or dark brown staining, thus
indicating the absence of mineralization (Fig. 1G). Calcium content per unit
DNA was analyzed to quantify the histological observations for osteogenic
differentiation for P1, P3, and P5 cells (Fig. 1H). P1 and P3 cells deposited
significantly more calcium per DNA than P5 cells (p < 0.05). It is important to
note that, hMSCs underwent chondrogenic differentiation only when cultured in
chondrogenic medium and osteogenic differentiation only when cultured in
osteogenic medium. 

3.2. Effect of scaffold material on osteogenic differentiation of hMSC
Calcium content increased on silk and RGD-silk scaffolds but not on collagen

(Fig. 2A), a pattern consistent with the respective differences in degradation
rates of the three scaffolds. In particular, advanced biodegradation of collagen
resulted in a wet weight of approximately 17% of the initial weight after 4 weeks
of culture23. After 2 weeks of culture, the amounts of calcium were comparable
for all three groups. After 4 weeks of culture, the amounts of calcium on silk and
RGD-silk scaffolds were markedly and significantly larger as compared to
collagen scaffolds (p < 0.05 and p < 0.02, respectively, Fig. 2A). In contrast to
collagen scaffolds which tended to lose calcium with time in culture,
significantly more calcium was deposited on silk and RGD-silk scaffolds after 4
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weeks of culture as compared to 2 weeks of culture (p < 0.05, Fig. 2A). In
addition, the amount of calcium on RGD-silk scaffolds was significantly higher
than that on silk scaffolds (p < 0.05, Fig. 2A). Essentially the same pattern was
observed for the alkaline phosphatase (AP) activity of hMSC in tissue
constructs based on collagen, silk and RGD-silk scaffolds (Fig. 2B).

3.3. Gene expression of bone sialoprotein, osteopontin and BMP-2 mRNA 
Strong transcript levels of all three bone markers studied (bone sialoprotein

(BSP), osteopontin and BMP-2) were observed only for hMSC cultured in
osteogenic medium (Fig. 3). For all three scaffolds, a significant decline in BSP
transcript levels were observed between 2 weeks and 4 weeks of cultivation (p
< 0.05) (Fig. 3A). At both time points, BSP expression was higher on silk and
RGD-silk than on collagen scaffolds (Fig. 3A) (p < 0.05), after 4 weeks (p <
0.05). 

Figure 1: Characterization as hMSCs. (A) phase-contrast photomicrographs of passage 2
hMSCs at an original magnification of 20.  (B-D) Characterization of chondrogenic
differentiation in pellet culture. Pellets were either cultured in chondrogenic medium (B) or
control medium (C). Pellet diameter is approximately 2 mm, and pellets were stained with
safranin O/Fast Red. (D) Sulfated GAG/DNA (µg/µg) deposition of passages 1, 3, and 5
hMSCs after 4 weeks. Data represents the average ± standard deviation of 5 pellets. (B)
Endoglin expression (CD105) of passage 2 hMSCs. (F-H) Characterization of osteoblastic
differentiation along in pellet culture either treated in osteogenic (F) or in control medium (G)
and stained according to von Kossa. Pellet diameter is approximately 2 mm. (H) Calcium
deposition/DNA (µg/ng) of passages 1, 3, and 5 hMSCs pellet culture. Passage 1 and 3 cells
deposited significantly more calcium/DNA than passage 5 cells (p < 0.05) and data represents
the average ± standard deviation of 5 pellets. 
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Osteopontin expression in hMSC cultured in osteogenic medium was
comparable for all three scaffolds at both time points (Fig. 3B), and the
measured transcript levels were statistically indistinguishable from those
measured in freshly isolated hMSCs (represented by the baseline).

Bone morphogenetic protein 2 (BMP-2) expression was upregulated 100–
150-fold after 2 weeks on all scaffolds cultured in osteogenic medium as
compared to the hMSCs before seeding (Fig. 3C). Fewer transcripts were
found after 4 weeks on collagen and silk-RGD scaffolds (p < 0.05), whereas silk
scaffolds maintained their expression levels (Fig. 3C). After 4 weeks of culture,
the transcript levels of BMP-2 were comparable for the three scaffolds. 

Figure 2: Biochemical characterization of BMSC differentiation on collagen, silk, and silk-RGD
scaffolds after 2 and 4 weeks in osteogenic culture medium. (A) Calcium deposition per
scaffold and (B) alkaline phosphatase (AP) activity per scaffold. Data are represented as the
average ± standard deviation of 3-4 constructs and asterisks indicate statistically significant
differences (*p < 0.05; ** p < 0.01).  
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3.4. Histogenesis of bone-like tissue
Collagen-based constructs contained mineralized spots after 2 weeks of

cultivation (Fig. 4A). Open areas of the lattice were filled with randomly oriented
fibroblasts, embedded in a fibrous matrix as seen in H&E staining (Fig. 4B).
Enlarged cuboidal cells with an osteoblast-like morphology were also observed
at random locations (Fig. 4B). After 4 weeks, calcification occurred in locations
which coalesced and formed clusters of mineralized matrix (Fig. 1C). Fewer
cells were present after 4 weeks when compared to 2 weeks, and a mixture of
osteoblast-like and fibroblast-like cells was observed (Fig. 4D).

Silk-based constructs had mineralization foci that were appositional to the
scaffold lattice and occurred in distinct spots (Fig. 1E). The void areas of the
matrix were filled with randomly oriented collagen-like fibres and some
fibroblasts and osteoblast-like cells were also found, predominantly adjacent to

Figure 3: Transcript levels from
cells cultured on collagen, silk,
and silk-RGD matrices in
osteogenic medium (+) and
control medium (-) after 2 and 4
weeks in culture. (A) Expression
of bone sialoprotein, (B)
osteopontin, and (C) BMP-2. Data
are shown relative to the
expression of the respective gene
in BMSCs prior to seeding and is
the average ± standard deviation
of 3 or 4 constructs.
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the silk (Fig. 4F). After 4 weeks, mineral deposition was advanced, especially in
the peripheral region (Fig. 4G). Changes in the extracellular matrix were
observed confined to restricted areas (approx. 50 x 50 µm) with parallel
oriented collagen bundles surrounded by areas with randomly oriented
collagen bundles. Increased numbers of osteoblast like cells with a cuboidal or
columnar morphology were observed and some of the cells were in contact via
short processes (Fig. 4H).

 

Figure 4: Histological sections taken from collagen (A-D), silk (E-H) and silk-RGD (I-L)
scaffolds cultured for 2 weeks (upper panel) or 4 weeks (lower panel) in osteogenic medium.
Von Kossa staining (A, C, E, G, I, K) and H&E staining (B, D, F, H, J, L), bar length = 70 µm.
Arrows indicate calcification, asterisks indicate polymer. O = osteoblast-like cell, F =
fibroblast-like cell, B = collagen-like bundles.
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In silk-RGD-based constructs, mineralization occurred in a mode similar to
the silk-based constructs, appositional to the scaffold lattice (Fig. 4I). After 2
weeks of culture in osteogenic medium, the scaffold was filled with connective
tissue, comprised of randomly oriented collagen-like fibers, fibroblasts and
cuboidal osteoblast-like cells connected via cellular processes (Fig. 4J). After 4
weeks of culture, mineralization on the silk-RGD scaffolds was more extensive
as compared to either silk or collagen scaffolds (Fig. 4K).  The void area
between the lattices was completely filled with extracellular matrix, consisting of
parallel oriented collagen bundles, osteoblast-like cells, and few cells with
fibroblast like morphology. The cells seemed to be interconnected via long
processes (Fig. 4L).

3.5. Microstructure of engineered bone
Bone deposition was imaged after 4 weeks of culture in osteogenic medium

with micro-computerized tomography (µCT) (Fig. 5). In collagen-based
constructs, mineralized clusters were smll, discrete and present mainly at the
outer rim of the constructs (Fig. 5A,B). Biodegradation resulted in a concave
shape of the scaffold and a decrease in diameter and thickness by
approximately 30% from the original. The silk-RGD scaffold showed advanced
mineralization, with newly formed bone at the top and bottom but not in the
center of the construct (Fig. 5C,D). The scaffold size remained unchanged
during the experiment indicating no substrate degradation during the time
frame of the experiment (Fig. 5C). The calcified rods formed interconnected
lattices that were up 1.2 mm long. These interconnected lattices formed
trabecular-like geometries, encircling hexagonal voids (Fig. 5D, and insert 5C). 

To verify the bone like nature of the deposited tissue, we compared XRD
patterns of engineered and native bone, to visualize poorly crystalline
hydroxyapatite (p.c. HA) as predominantly present in bone30. XRD analysis
from the tissue-engineered bone like tissue on silk, collagen, and silk-RGD
(Fig. 6) revealed  the same structure of p.c. HA.
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Figure 5: µCT images taken from collagen (A, B), and silk-RGD scaffolds (C, D). Insert in C is
a magnification from D. Bar length = 1.1 mm.

Figure 6: XRD patterns generated by (A) tissue engineered bone on silk-RGD, (B) poorly
crystalline hydroxyapatite (p.c. HA), and (C) the overlay of the XRD patterns of tissue
engineered bone and p.c. HA minus the XRD pattern of air, respectively.
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4. Discussion
We report tissue engineering of bone-like structures based on hMSC

(isolated from bone marrow, expanded in culture and characterized) and
porous silk scaffolds (made from biodegradable silk and in some cases
modified by RGD sequences). When cultured on silk scaffolds in osteogenic
medium (but not in control medium), hMSC expressed bone markers bone
sialoprotein, osteopontin and BMP-2, and accumulated bone-like matrix that
contained alkaline phosphatase and mineral and consisted of bone trabeculae.
The progression and extent of osteogenesis were markedly and significantly
higher, according to all measured parameters, for silk and RGD-silk scaffolds
as compared to collagen scaffolds. These differences could be attributed, at
least in part, to the porous and stable structure, mechanical properties and slow
degradation of silk scaffolds. Taken together, these data suggest that hMSC
cultured on appropriate scaffolds can form the basis for tissue engineering of
autologous human bone grafts for scientific studies and eventual clinical
applications.

The hMSCs are an obvious source of cells for autologous bone tissue
engineering. They proliferate and differentiate in vitro, can be easily isolated
from bone marrow aspirates, and have a documented potential for osteogenic
and chondrogenic differentiation3-5,31. The osteogenic pathway has been
proposed to be the default lineage of this population of cells32. The isolated and
expanded hMSCs were positive for the putative stem cell marker CD105/
endoglin33, and had a capacity for selective differentiation into either cartilage-
or bone-forming cells (Fig. 1E). The expanded cells could be induced to
undergo either chondrogenic or osteogenic differentiation via medium
supplementation with chondrogenic or osteogenic factors, respectively (Fig.
1B,C and  Fig. 1F,G, respectively). No notable difference in cell differentiation
capacity over 3 passages in culture was observed, however, calcium deposition
of P5 cells was significantly reduced when compared to P1 and P3 cells (Fig.
1D,H).  Therefore, P2 hMSCs used in this study retained osteogenic and
chondrogenic differentiation potential, which made them a suitable cell source
for bone tissue engineering.
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Scaffold chemistry had a significant impact on mineralization of the matrices.
Calcium deposition on collagen scaffolds declined after 4 weeks, an effect
correlated with the biodegradation of the collagen scaffold23. Ideally, a scaffold
provides a suitable mechanical match until gradually replaced by the newly
deposited bone. Although some bone deposition was already present after 2
weeks in culture (Fig. 2A), the biodegradation of collagen was too rapid to allow
isomorphous replacement with newly formed bone. Histological evaluation
showed a progression in bone deposition on collagen scaffolds between week
2 and 4, although total calcium per scaffold decreased because of
biodegradation.

Unmodified collagen did not retain its structure leading to collapsed
fragments intermingled with the connective tissue (Fig. 4D,J). Presumably, the
eroding frame did not allow the bone clusters to connect, therefore, randomly
distributed mineralized clusters were scattered mainly at the rim of the scaffold
also leading to transport limitations in the center of the collapsed structure (Fig.
5). In one of our previous studies, collagen scaffolds were crosslinked (CL-
collagen) to reduce the rate of biodegradation, in order to understand the
significance of biodegradation on the decline in calcium content23. The CL-
collagen did not show substantial degradation, whereas the natural polymer
degraded and wet weight after 4 weeks in culture was about 5 times less as the
initial weight. Similarly, calcium content on the CL-collagen was 6 times higher
as compared to the untreated and natural polymer. These previous related data
suggest that the observed loss in calcium content on the natural collagen was
mainly due rapid degradation of the scaffold. However, chemical crosslinking
may cause cytotoxic effects and have reduced biocompatibility as compared to
native materials34. Furthermore silk-based materials can provide a broader
range of mechanical properties than collagen-based materials, which may be a
substantial advantage to meet physiological needs at the implantation site17.
Because of these constraints and the focus of this study to compare natural
polymers, crosslinked collagen was not included in the present study.

The introduction of RGD moieties by covalent binding to silk surfaces
resulted in significantly increased calcium deposition in comparison to either
non decorated silk or collagen (Fig. 2A). This result is consistent with our
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previous studies of silk films decorated with RGD13. It is interesting that bone
formation on silk-RGD scaffolds resulted in interconnected trabeculae of bone-
like tissue (Fig. 5). The trabeculae encircle hexagonal void areas, which were in
the range of the pore sizes of the silk scaffolds. Histological evaluation
corroborated this evidence, documenting that new bone-like tissue was
deposited appositionally to the silk scaffold lattice (Fig. 4G,K). These data
suggest that the silk scaffold geometry may predetermine the geometry of the
engineered bone.

Calcium deposition was mainly on the top and bottom of the scaffold (Fig. 5).
Similar to most previous studies, it is likely that diffusional limitations associated
with mass transport have limited successful efforts to engineer compact and
continuous bone structures35,36. Bioreactors can  help overcome these
limitations, by enhanced supply of oxygen, nutrients, metabolites, and
regulatory molecules to the center of the scaffolds37. Since silk biodegradation
is slow, the scaffolds provide a robust network likely to withstand medium flow
used in most bioreactors without the loss of mechanical integrity.

The similarity in XRD patterns between poorly crystalline hydroxyapatite (p.c.
HA) and the engineered tissue suggested the bone-like nature of the deposited
interconnected trabeculae. (Fig. 6). From early diffraction measurements it was
concluded that bone mineral is a two phase system, one of which was p.c. HA
and the other an amorphous calcium phosphate which makes up less than 10%
of the mineralized bone38. However, more recent studies could not detect
amorphous calcium phosphate even in embryonic bone39,40. Substantial
differences in the organization of the extracellular matrix were observed on the
silks after 2 and 4 weeks of culture in osteogenic medium. After 4 weeks, dense
connective tissue filled the voids of the silk and silk-RGD lattice in which
cuboidal osteoblast-like cells were in contact with one another via long tapering
processes. The intercellular space was occupied with organized bundles of
collagens (Fig. 4K,L). This was accompanied by strong induction of gene
expression for bone sialoprotein (BSP) (Fig. 3). BSP constitutes about 15% of
the noncollagenous proteins found in the mineralized compartment of young
bone and supports cell attachment through both RGD dependent and RGD-
independent mechanisms, with a high affinity for hydroxyapatite41. The strong
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up-regulation of both genes in response to BMP-2 has been reported in
previous studies42,43. The upregulated expression of BSP reflects the strong
induction of extracellular matrix protein production which is seen in the
histological sections (Fig. 4). Osteopontin expression was similarly increased
after 2 and 4 weeks on all scaffolds. Osteopontin regulates cell adhesion,
migration, survival, and calcium crystal formation, playing a role in
biomineralization and early osteogenesis44. Therefore, the increased
expression of osteopontin corroborates the advanced mineralization progress
evident after 2 weeks in culture.

In summary, tissue-engineered trabecular bone-like morphologies were
created in  vitro by culturing hMSCs in osteogenic medium on porous silk
scaffolds. This was accompanied by the production of an organized
extracelular matrix. The decoration of silk scaffolds with RGD sequences
resulted in increased calcification and a more structured extracellular matrix.
Collagen scaffolds could not generate similar outcomes due to the rapid rate of
degradation. An envisioned scenario to obtain large tissue-engineered bone
with an organized geometry on natural noncrosslinked polymers would involve
the cultivation of hMSCs seeded on silk-RGD scaffolds in conjunction with
bioreactors.
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Abstract
Natural bone consists of cortical and trabecular morphologies, the latter

having variable pore sizes. This study aims at engineering different bone-like
structures using scaffolds with small pores (112-224 µm) in diameter on one
side and large pores (400-500 µm) on the other, while keeping scaffold
porosities constant among groups. We hypothesized that tissue engineered
bone-like structure resulting from silk fibroin (SF) implants is pre-determined by
the scaffolds´ geometry. To test this hypothesis, SF scaffolds with different pore
diameters were prepared and seeded with human mesenchymal stem cells
(hMSC). As compared to static seeding, dynamic cell seeding in spinner flasks
resulted in equal cell viability and proliferation, and better cell distribution
throughout the scaffold as visualized by histology and confocal microscopy,
and was, therefore, selected for subsequent differentiation studies.
Differentiation of hMSC in osteogenic cell culture medium in spinner flasks for
three and five weeks resulted in increased alkaline phosphatase activity and
calcium deposition when compared to control medium. Micro-computed
tomography (µCT) detailed the pore structures of the newly formed tissue and
suggested that the structure of tissue-engineered bone was controlled by the
underlying scaffold geometry.
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1. Introduction
Musculoskeletal injuries and diseases are a serious and costly health issue,

and tissue engineering is one possible approach that aims at restoring the
function of these damaged tissues with functional grafts1-7. For example in the
US and only due to osteoporosis, approximately 1.5 million fractures occur
annually, including more than 700,000 vertebral fractures, which require grafts
capable of restoring spine function8. The next generation of tissue engineered
musculoskeletal tissues aims at mimicking physiological tissue morphology and
function by generating more complex and structurally organized implants. This
is particularly important for bone, a complex tissue featuring heterogenous,
sponge-like morphology with characteristic porosities along with solid compact
bone in varying proportions9,10. These tissue properties with transitions from
porous morphologies into more compact ones can be found in almost any bone
in the body and the clinical need for suitable grafts is manifold: vertebral body in
the spine, the temporomandibular joint, long bone defects, to name only a
few7,11,12. In the specific context of bone tissue engineering, input variables
comprise the selection of cells, and spatiotemporal control of growth factor
availability, in combination with appropriate scaffolds for cell growth and
differentiation as well as integration with the host tissue at the site of
implantation13-22. He et al. pointed out that the whole topology of bone
structures comprises not only its external shape topology, but also its internal
morphology, i.e. internal density distribution23. Many groups have put effort on
controlling the properties of scaffolds made out of various materials, but little
work has been devoted to controlling the structure of the in vitro engineered
bone (before implantation) on those scaffolds through scaffold
design7,9,11,13,14,21,24-30. This study aims at demonstrating the feasibility of
controlling dual scaffold geometries on a single scaffold. Manufacture of tissue
engineered bone requires strategies to design 3D scaffolds that closely mimic
the anatomical organization of bone and its tissue matrix. Changes in a
scaffold’s geometry may impact the flow of medium across the scaffold and
thus affect the supply with gases and nutrients and the removal of
metabolites12 and for a given porosity, different geometries will lead to different
effective stiffness28. An increase in pore size in various scaffolds was



Chapter V

120

associated with increased vascularization and osseointegration in vivo but it is
also well known that increased pore sizes reduce the mechanical strength of a
scaffold13. In order to create a mechanically and biologically functional implant,
a compromise has to be found that depends on the material properties. All
these factors determine a certain cell- and graft-environment, which is critically
important so that progression of tissue healing is not limited by mechanical
failure of the scaffold prior to successful tissue regeneration31. 

Silk fibroin (SF) is a biocompatible32-34, enzymatically degradable35-37

material, which can be processed into water insoluble implants using
biomimetic approaches related to the silkworm and spider silk spinning
process. This allows for a process with minimal use of organic solvents33,34,38.
SF differs from original silk of the silkworm Bombyx mori which constitutes a
mix of various proteins including SF and sericin and has been used as clinical
sutures for decades, and in textile production for centuries32,33,39-42. Adverse
biological responses to silk sutures were the result of residual contaminations
with sericin, the glue-like protein holding the SF fibers together. Sericin can be
extracted from SF to overcome this problem32-34,39. It has been shown that
purified, i.e. sericin free SF, is as biocompatible as both collagen and PLGA in
vivo and in vitro32-34,39,43-46. Perhaps the most distinct feature of SF as
compared to other biomaterials such as collagens or synthetic biomaterials, is
the wide range of properties that may be achieved through variations in
scaffolding and subsequent treatment. In fact, SF can be tailored to different
needs in size, shape, crystallinity and mechanical properties47-52. Silks provide
an excellent combination of lightweight (1.3 g/cm3), high strength (up to 4.8
GPa as the strongest fiber known in nature) and remarkable toughness and
elasticity (up to 35%)53. Furthermore, alterations in silk processing may cause
conformational changes in the protein structure potentially increasing or
decreasing susceptibility to degradation32,46. However, none of these variables
has been studied in detail. In conclusion, SF may fill an open niche in scaffold
functionality, addressing needs in musculoskeletal tissue repair.

Previous studies with SF postulated that the structure of tissue engineered
bone – starting off from human mesenchymal stem cells (hMSC) seeded on SF
scaffolds in osteogenic medium and harvested in bioreactors – may be
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controlled by SF scaffold geometry16,17. Building from these observations, the
present study aimed at engineering scaffolds with various pore sizes and
consequently in the bioengineering of dual bone-like structures on a single SF
scaffold. For this purpose we engineered mechanically stable 3D SF scaffolds
with separate domains of different pore diameters ranging from 100 to 500 µm
on a single scaffold to accommodate the hMSC. Initially, we assessed the
impact of scaffold pore size on cell number and viability. This was followed by
an investigation of the calcification process of the cultured hMSC in osteogenic
culture medium and a visualization of the tissue engineered bone-like
structures. Our goal was to control the structure of the engineered bone
through scaffold design and to provide an implant that would mimic tissue
morphology at the site of implantation. 
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2. Materials and Methods
2.1. Materials

Fetal bovine serum (FBS), RPMI 1640 medium, Dulbecco's Modified Eagle
Medium (DMEM), basic fibroblast growth factor (bFGF), transforming growth
factor-ß1 (TGF-ß1), penicillin and streptomycin (Pen-Strep), Fungizone,
nonessential amino acids (NEAA, consisting of 8.9 mg/L L-alanine, 13.21 mg/L
L-asparagine, 13.3 mg/L L-aspartic acid, 14.7 mg/L L-glutamic acid, 7.5 mg/L
glycine, 11.5 mg/L L-proline, 10.5 mg/L L serine), and trypsin were from Gibco
(Carlsbad, CA). L-Ascorbic acid 2-phosphate, dexamethasone, ß-
glycerolphosphate and 3-(4,5-dimethyldiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) were from Sigma (St. Louis, MO). All other substances were of
analytical or pharmaceutical grade and obtained from Sigma. Silkworm
cocoons were kindly supplied by Trudel Silk Inc (Zurich, Switzerland). Bone
morphogenetic protein 2 (BMP-2) was generously provided by Wyeth
Biopharmaceuticals (Andover, MA). 

2.2. SF scaffold preparation and characterization
SF scaffolds were prepared as previously described50,52. In short, cocoons

from Bombyx mori were boiled for 1 h in an aqueous solution of 0.02 M Na2CO3
and rinsed with water to extract sericin. Purified SF was solubilized in 9 M LiBr
solution and dialyzed (Pierce, MWCO 3500 g/mol) against water for 2.5 days,
lyophilized and redissolved in hexafluoro-2-propanol (HFIP) to obtain a 17% (w/
v) SF solution. NaCl crystals with particle diameter ranges of 112-224 µm
(small), 400-500 µm (large) or with small particle diameter ranges on one side
and large particle diameters on the other side (mixed) were weighed in a Teflon
container and SF/HFIP solution was added at a ratio of 20:1 (NaCl/SF). HFIP
was allowed to evaporate for 2 days and NaCl/SF blocks were immersed in
90% (v/v) methanol for 30 min to induce a conformational transition to ß-sheet
domains50. Blocks were removed, dried and NaCl was leached by incubation in
water for 2 days, resulting in scaffolds with approximately 98% porosity50. Disk
shaped scaffolds (8 mm diameter, 2 mm thick) were prepared using a dermal
punch (Miltey, Lake Success, NY), and autoclaved at 121ºC for 15 min.
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2.2.1. Scaffold porosity
Scaffold porosity of each scaffold group (small, medium and mixed, n = 3 of

each group) was evaluated by comparison of the overall scaffold volume
versus the true volumes of the silk material of the specific scaffolds, which were
evaluated by means of a gas pycnometer (Accu Pic 1330, Micromeritics,
Mönchengladbach, Germany).

2.2.2. Scanning electron microscopy (SEM)
Scaffold surface and pore geometries of dried and then platinum-coated

scaffolds of each group was visualized using scanning electron microscopy
(SEM, Zeiss Leo Gemini 1530, Cambridge, UK).

2.3. hMSC isolation, expansion and characterization
hMSC were isolated by cell adhesion to tissue culture plastic from 25 cm3

whole bone marrow obtained from Clonetics (Santa Rosa, CA). 10 mL aliquots
of bone marrow were diluted in 100 mL of isolation medium (RPMI 1640
supplemented with 5% FBS). Cells were pelleted, resuspended in expansion

medium (DMEM, 10% FBS, Pen-Strep, Fungizone, NEAA and 1 ng/mL bFGF)
and seeded in 175 cm2 flasks at a density of 5x104 cells/cm2. Adherent cells
were allowed to reach approximately 80% confluence (12-17 days for the first
passage). Cells were trypsinized and replated every 6-8 days at approximately
80% confluence. The second passage (P2) of the cells was used if not
otherwise stated.

To confirm their mesenchymal character, the cells were characterized with
respect to (i) their proliferative potential, (ii) the characteristic expression of
surface antigens and (iii) the ability to selectively differentiate into chondrogenic
or osteogenic lineages in response to environmental stimuli, as previously
described16,48,54,55. The following marker proteins were assessed: CD14,
CD31, CD34, CD44, CD71 and CD105. The osteogenic differentiation
phenotype of the cells was assessed by alkaline phosphatase activity, and
calcium determination as well as histological evaluation with von Kossa
staining. Chondrogenic differentiation was analyzed by measuring extracellular
glycosaminoglycan deposition and histological characterization with safranin-O.
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2.4. Scaffold seeding
Two different seeding strategies were evaluated with respect to cell

attachment and proliferation capacity using SF scaffolds with small, large, or
mixed pore diameter distributions in a spinner flask bioreactor: (i) dynamic
seeding and (ii) static seeding:.

2.4.1. Dynamic seeding
For dynamic seeding56, 5x106 P2 hMSC per scaffold were suspended in a

total of 150 mL control medium (DMEM, 10% FBS, Pen-Strep, Fungizone) and
directly added into the spinner flask with 8 scaffolds, threaded onto 4 needles
embedded in the stoppers of the spinner flask (2 scaffolds per needle)17,56,57.
The side arm caps were loosened to permit gas exchange and the cell
suspension was stirred with a magnetic stirrer at 60 rpm and incubated for 24 h
in an incubator (37°C, 5% CO2).

2.4.2. Static seeding
Static seeding was performed as previously described16,48. Briefly, P2 hMSC

were suspended in liquid BD Matrigel Basement Membrane Matrix (BD
Biosciences, San Jose, CA) at a concentration of 5x106 cells per scaffold in 20
µl Matrigel while working on ice to prevent gelation. The cell suspension was
seeded onto prewetted scaffolds and placed in an incubator (37°C, 5% CO2) for
15 min to allow gel hardening. For cultivation in spinner flasks, eight of these
cell-seeded SF scaffolds were threaded onto needles as described for the
dynamic seeding method (2 scaffolds per needle, four needles per spinner
flask). Flasks were filled with 150 mL control medium and placed in a
humidified incubator (37°C, 5% CO2), with the side arm caps loosened to
permit gas exchange and stirred with a magnetic bar at 60 rpm for 24 h.

2.5. Biological assessments
Attachment and viability of seeded cells using either dynamic or static

seeding was verified by an epifluorescence staining using the LiveDead®

Viability/Cytotoxicity Kit (Molecular Probes, Eugene, OR). Briefly, three seeded
scaffolds per group were washed three times with PBS at 37°C, then incubated
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in a mixture of 4 µM ethidium homodimer-1 (for dead cells) and 2 µM calcein
AM (viable cells) in PBS for 30 minutes in a humidified incubator (37°C, 5%
CO2). Fluorescence images from cross-sections were obtained immediately
using a confocal laser scanning microscope (CLSM, Zeiss 410 inverted
microscope, Zurich, Switzerland) equipped with Argon (488 nm) and HeNe
(543 nm) lasers; 2-dimensional multichannel image processing was performed
using the IMARIS software (Bitplane AG, Switzerland), Figure 3 shows one
representative sample per group.

Cell proliferation was determined by DNA analysis. After seeding, the
constructs were blotted on a clean paper towel and wet weights were
monitored. Scaffolds were cut into halves, weighed and disintegrated using
steel balls and a Minibead-beater (Biospec, Bartlesville, OK) in 1 mL 0.2%
Triton X-100 and 5 mM MgCl2 solution. DNA content was measured using the
PicoGreen Assay (Molecular Probes, Eugene, OR), according to the protocol of
the manufacturer. Samples (n = 4-5 per group) were measured fluorometrically
at an excitation wavelength of 480 nm and an emission wavelength of 530 nm.

Metabolic activity of the cells was evaluated using a MTT assay. Constructs
(n = 4-5 per group) were transferred to 2 mL plastic tubes, 1 mL serum free
DMEM supplemented with 0.5 g/L MTT was added and incubated in the dark at
37°C and 5% CO2 for 2 h. Tubes were centrifuged for 10 min at 2000 g and the
supernatant was aspirated. For solubilisation, 1 mL of 0.04 M HCl in 2-propanol
was added and constructs were disintegrated using steel balls and a Minibead-
beater (Biospec, Bartlesville, OK). Tubes were centrifuged at 2000 g and
absorption of the supernatant was measured spectrophotometrically at 570 nm.

These findings were visualized through histological assessment. Three
scaffolds of each group were prepared as described under 2.8. and stained
with hematoxylin, images in Fig. 3 show one representative sample of each
condition.

2.6. Osteogenic differentiation of hMSC in spinner flasks
P2 hMSC were seeded on SF scaffolds with small and large pores on one

construct using the dynamic seeding method (see 2.4.1.). For cultivation in
spinner flasks under osteogenic conditions (DMEM, 10% FBS, Pen-Strep,
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fungizone, 0.5 µg/mL L-ascorbic 2-phosphate, 10 nM dexamethasone, 10 mM
ß-glycerolphosphate, 1 µg/mL BMP-2), medium with double concentrations of
L-ascorbic acid 2-phosphate, dexamethasone, ß-glycerophosphate and BMP-2
was replaced at a rate of 50% every second or third day for a total of 5 weeks.

2.7. Biochemical analyses
After 5 weeks of cultivation in bioreactors, scaffolds were blotted on a clean

paper towel and their wet weight was noted. After cutting into halves, scaffolds
(n = 5) were weighed again and disintegrated using steel balls and a Minibead-
beater (Biospec, Bartlesville, OK) in 1 mL 5% trichloroacetic acid in water. After
a second extraction with 1 mL 5% trichloroacetic acid in water for 30 minutes
and allocation of the samples, calcium content was measured
spectrophotometrically at 575 nm following the reaction with o-cresolphthalein
complexone according to the manufacturer's protocol (Sigma, St. Louis, MO).
For alkaline phosphatase (AP) activity and DNA analysis, scaffold halves (n =
5) were disintegrated using steel balls and a Minibead-beater in 0.2% Triton X-
100 and 5 mM MgCl2 solutions. AP activity was measured using a biochemical
assay from Sigma (St. Louis, MO), based on conversion of p-nitrophenyl
phosphate to p-nitrophenol which was measured spectrophotometrically at 405
nm. DNA content was measured as described in the seeding strategies section
(n = 5).

2.8. Histology
For histology, constructs (n = 3) were fixed in 10% neutral buffered formalin

(24 h at 4°C), dehydrated in graded ethanol solutions and embedded in
paraffin, bisected through the center, cut into 5 µm thick sections showing
scaffold cross-sections with a view of both pore diameter distributions and
mounted on SuperFrost microscope slides (Microm International AG,
Volketswil, Switzerland). For a general overview, sections were stained with
hematoxylin and eosin (H&E). To identify mineralization, a staining according to
von Kossa in 5% AgNO3 for 1 h, exposed to a 60W bulb, was performed. Fig. 5
shows representative images of all the samples assessed.
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2.9. Micro-computed tomography (µCT)
Mixed pore size SF constructs (n = 5 per timepoint, which were afterwards

used for calcium content determination and histological evaluation) were
analyzed after three and five weeks of osteogenic culture on a µCT 40 imaging
system (Scanco Medical, Bassersdorf, Switzerland) providing an isotropic
resolution of 10 µm. A constrained Gaussian filter was used to partly suppress
noise. Mineralized tissue was segmented from non-mineralized tissue using a
global thresholding procedure58. All samples were thresholded by using the
same filter width (1.2), filter support (1), and threshold (150; in permille of
maximal image grey value, corresponding to an attenuation coefficient of 1.2
cm-1). Quantitative morphometry was performed on all 5 scaffolds to assess
bone volume per total volume (BV/TV), bone surface-to-volume ratio (BS/BV),
trabecular thickness (Tb.Th.), trabecular separation (Tb.Sp.) and trabecular
number (Tb.N.) of the entire construct as well as of those parts of the scaffold
containing small pores and large pores, respectively, using direct
microstructural bone analysis as previously described59. Three-dimensional
visualizations were generated using in-house software60. Figures show
representative images of all the samples assessed.

2.10. Statistical analysis
All quantitative data are presented as means ± standard deviation. Under the

assumption of normal data, the seeding strategies were analyzed by a general
linear model (GLM) approach, with pore size distribution and seeding strategy
as independent variables. Porosity, biochemical and histomorphometrical
parameters of osteogenic differentiation after three and/or five weeks of culture
or at five weeks compared to the control were evaluated by Student's t-test.
Differences between groups of p < 0.05 were considered statistically
significant, and p < 0.01 highly significant.



Chapter V

128

3. Results
3.1. Stem cell characteristics

The MSC used in this study were from similar sources as cells that have
been used for other studies before, from which they have been extensively
characterized in our prior tudies16,48,54,55. In brief, they demonstrated
proliferative potential when analyzed over five passages, with an approximately
14-fold increase in biomass per passage determined by DNA assay. Cellular
surface antigen expression patterns CD14+, CD31-, CD34-, CD44+, CD71+ and
CD105+, suggesting the absence of other cells of hematopoietic or endothelial
origin. In addition, the cells differentiated selectively into cartilage- and bone-
depositing cells in a pellet culture and in response to TGF-ß/insulin and BMP-2,
respectively (data not shown). Because of their proliferative capacity, their
antigen surface expression pattern, and their potential to differentiate along the
chondrogenic and osteogenic lineages, respectively, the cells are referred to as
human MSC in this study.

3.2. Scaffold geometry and effects of seeding
Using a salt leaching method with sieved NaCl crystals, scaffold pore

diameters were controlled from 112 µm to 500 µm as determined by SEM (Fig.
1). We fabricated scaffolds with either small pores (112-224 µm, Fig. 1A), large

Figure 1. SEM images of silk scaffolds
(A-C) and a µCT image of a cynomolgus
monkey (L1) vertebra (D). (A) SF
scaffold with a pore diameter between
112 and 224 µm, (B) SF scaffold with a
pore diameter between 400 and 500
mm, (C) SF scaffold with a transition
from small (112-224 µm) to large (400-
500 µm) pore diameters. (D)
Cynomolgus monkey L1 vertebra
showing one example of natural
occurrence of pore size transitions.
Scale bar length: 500 µm.
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pores (400-500 µm, Fig. 1B), or with pore diameters of 112-224 µm on one side
and 400-500 µm on the other side of the scaffold (Fig. 1C). In this publication,
the latter scaffolds are referred to as having mixed pore sizes. The porosity of
the scaffolds was statistically equal with 93.5 ± 1.8% for scaffold domains with
small pores, 95.6 ± 1.0% for scaffold domains with large pores and 94.7 ± 0.8%
for scaffolds with mixed pores, respectively, and was not dependent on the
pore size (Table 1).

Both dynamic and static seeding were evaluated in terms of numbers of total
and metabolically active cells on SF scaffolds as a function of scaffold
geometry (Fig. 2, 3). Static seeding resulted in significantly higher amounts of
DNA per mg wet weight than the dynamic seeding method (p < 0.01), whereas
no difference was observed among the different pore sizes (Fig. 2A). Both
seeding methods showed comparable cellular activity per DNA (Fig. 2B). Upon
dynamic seeding, cells had a more globular cell structure and attached closely
to the SF lattice (Fig. 3A-C,G-I), whereas after static seeding, cells embedded
in Matrigel were located in the void spaces (Fig. 3D-F,J-L). 

3.3. Engineering of bone-like pore structures
After 3 and 5 weeks of cultivation in spinner flasks in osteogenic medium, AP

activity increased significantly (p < 0.01), i.e. from 96.6 ± 5 g converted p-
nitrophenol per g DNA to 146.7 ± 14 g/g, whereas hMSC cultured in control
medium for five weeks showed only 28 ± 10 g p-nitrophenol per g DNA (Fig. 4).
Calcium deposition significantly increased, as indicated by a deposition of
calcium of 355.9 ± 274 g per g DNA after three weeks and 1458 ± 422 g/g DNA
after five weeks, although bone volume per total scaffold volume as assessed
by histomorphometric evaluation decreased from 0.028 ± 0.014 after 3 weeks
to 0.22 ± 0.014 after 5 weeks (Table 1). No mineralization was observed in
hMSC cultured in control medium (Fig. 4). Mineralization of cells grown in
osteogenic medium was also demonstrated by histological evaluation (Fig.
5D,E) whereas no mineralization was observed under control conditions (Fig.
5F).
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Table 1. Scaffold porosity before seeding and histomorphometrical analysis of tissue-engineered bone-like structures after 3 and 5 weeks of
in vitro culture on whole scaffolds with mixed pore diameters and of the parts with small or large pore diameters analyzed separately. Data
are shown as average +/- standard deviation, n = 5. BV = bone volume, TV = total volume, BS = bone surface, Tb.Th. = trabecular thickness,
Tb.Sp. = trabecular separation, Tb.N. = trabecular number. Asterisks indicate significant difference between the indicated groups (* p < 0.05,
** p < 0.01).

Scaffold
porosity (%)

BV/TV BS/BV (1/mm) Tb.Th. (mm) Tb.Sp. (mm) Tb.N.

Total 94.7 +/- 0.8

   3 weeks 0.028 +/- 0.014 77.2 +/- 7.8 0.048 +/- 0.003    ** 0.72 +/- 0.08     ** 1.42 +/- 0.16     *

   5 weeks 0.022 +/- 0.014 65.5 +/- 9.3 0.083 +/- 0.015 0.57 +/- 0.06 1.79 +/- 0.21

Small 93.5 +/- 1.8

   3 weeks 0.033 +/- 0.013      * 85.4 +/- 11.4 0.044 +/- 0.004    *    * 0.57 +/- 0.05            * 1.82 +/- 0.20            *

   5 weeks 0.017 +/- 0.007 78.6 +/- 13.4 0.066 +/- 0.014 0.55 +/- 0.04 1.84 +/- 0.13

Large 95.6 +/- 1.0

   3 weeks 0.026 +/- 0.016 73.5 +/- 7.3 0.050 +/- 0.004    ** 0.74 +/- 0.12     * 1.40 +/- 0.23     *

   5 weeks 0.024 +/- 0.018 64.3 +/- 10.3 0.084 +/- 0.016 0.56 +/- 0.06 1.84 +/- 0.25
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Images taken with µCT of hMSC-seeded mixed pore scaffolds grown under
osteogenic conditions for 3 weeks demonstrated the formation of bone-like
tissue (Fig. 6), whereas in control medium no mineralization was found (data
not shown). High intra-group variation was observed with some scaffolds
showing interconnected calcified structures (e.g. Fig. 6A,D,G), whereas in
others mineralization was limited to clusters with poor bone-like structure at the
interfaces between large and small pores, respectively (Fig. 6C,F,I). The
characterization of bone-like structures was based on histomorphometric
analysis (Table 1). A high variability was observed between the individual
scaffolds (n = 5).

Figure 2. Cell proliferation and activity 24 hours after seeding on scaffolds with different pore
sizes: small pores (112–224 µm diameter), large pores (400-500 µm diameter), mixed pores
(112-224 µm diameter on one side, 400-500 µm diameter on the other side of one scaffold) by
two different strategies: static seeding and dynamic seeding. (A) Cell number on scaffolds (ng/
mL DNA per mg wet weight). (B) Cell activity on scaffolds (units MTT per ng/mL DNA). Data
are shown as average ± standard deviation, n = 3. Asterisks indicate significant difference
from the other group (* p < 0.05; ** p < 0.01).
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Figure 3. hMSC on scaffolds with different pore sizes as visualized by CLSM (A-F) and
histology (G-L) 24 hours after seeding: small pores (A, D, G, J; 112–224 µm diameter), large
pores (B, E, H, K; 400-500 µm diameter), mixed pores (C, F, I, L; 112-224 µm diameter on one
side of the scaffold, and 400-500 µm diameter on the other). Two different seeding strategies
were applied: dynamic seeding (A-C, G-I) and static seeding (D-F, J-L). Scale bar lengths are
200 µm for CLSM images, 400 µm for histological pictures and 20 µm for the inserts.
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Figure 4. Biochemical parameters of osteogenic differentiation of hMSC cultured on SF
scaffolds with mixed pores in spinner flasks cultured in osteogenic (black bars) or control
conditions (grey bars). Data were collected after 3 and 5 (osteogenic group) or 5 weeks
(control group), respectively, showing alkaline phosphatase activity (left) and calcium
deposition (right), both per DNA content.

Figure 5. hMSC grown under osteogenic (A, B, D, E) or control (C, F) conditions on SF
scaffolds with mixed pores (112-224 µm pore diameter on one side of the scaffold, and 400-
500 µm pore diameter on the other) in spinner flasks for 3 (A, D) or 5 (B, C, E, F) weeks,
respectively. (A, B, C) H&E staining for a general overview; (D, E, F) staining of mineralization
according to von Kossa. Scale bar length 500 µm.
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The bone surface-to-volume ratio decreased from 77.2 ± 7.8 mm-1 to 65.5 ±
9.3 mm-1 between three and five weeks in mixed pore constructs. Trabecular
structures of mixed pore constructs changed significantly between three and
five weeks: Tb.Th. increased from 0.048 ± 0.003 mm to 0.083 ± 0.015 mm (p =
0.0007), Tb.Sp. decreased from 0.72 ± 0.08 mm to 0.57 ± 0.06 mm (p = 0.006)
and Tb.N. increased form 1.42 ± 0.16 mm-1 to 1.79 ± 0.21 mm-1 (p = 0.012).
For analysis of bone-like tissue formation on the different pore diameter regions
on a single scaffold, constructs were divided along the pore diameter change
line into the domain with with small pores and the domain with large pores,
respectively, and were analyzed separately. For the small pore sections the
surface-to-volume ratio decreased from 85.4 ± 11.4 mm-1 after three weeks to
78.6 ± 13.4 mm-1 after five weeks of culture, for the large pore section a
decrease from 73.5 ± 7.3 mm-1 after three weeks to 64.3 ± 10.3 mm-1 after five
weeks was observed, which is indicative of a coalescence of structures or an
appositional growth of existing pieces. This corroborated with the observation
of a significant increase in Tb.Th. on domains with both small (from 0.044 ±
0.004 ± to 0.066 ± 0.014 mm, p = 0.011) and large pores (from 0.050 ± 0.004
mm to 0.084 ± 0.016 mm, p = 0.001), respectively, and is also consistent with
the decrease in Tb.Sp. from 0.57 ± 0.05 mm to 0.55 ± 0.04 mm for small pores
and from 0.74 ± 0.12 mm to 0.56 ± 0.06 mm (p = 0.013) for large pores while
the number of trabeculae (Tb.N.) stayed equal for small pores with 1.82 ± 0.20
mm-1 after three weeks and 1.84 ± 0.13 mm-1 after five weeks while on large
pores, there was a significant increase from 1.40 ± 0.23 mm-1 to 1.84 ± 0.25
mm-1 (p = 0.017) between three and five weeks of culture. These data indicate
the formation of different bone-like structures in the two pore diameter domains
after three weeks of culture (significant differences after three weeks for Tb.Th.,
Tb.Sp. and Tb.N. with p-values uf 0.048, 0.014 and 0.013, respectively) that
diminish after 5 weeks of in vitro culture to statistically equal values.
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4. Discussion
In order to mimic natural bone morphologies consisting of domains with

variable pore sizes (Fig. 1D), we aimed at engineering varying bone-like pore
structures in vitro using a single scaffold. Recent studies led to the assumption
that the structure of tissue engineered bone using hMSCs seeded on SF
scaffolds in osteogenic medium was guided by the geometry of the
scaffold17,22. The results of the present study corroborated these findings and
demonstrated the feasibility and limitations to address complex geometries
within a single scaffold. Two types of SF scaffolds were generated: (i) one type
with homogenous pore size distributions of either 112-224 µm or 400-500 µm
diameter, respectively, and (ii) another one with two pore sizes on the same
scaffold, namely 112-224 µm pores on one side and 400-500 µm pores on the
other, respectively (termed "mixed pores" in this publication). These scaffolds
were seeded with undifferentiated hMSCs and cultured in osteogenic medium
in spinner flask type bioreactors for up to 5 weeks.

The physical and morphological features of a scaffold, including its
topography and geometry, have been shown to affect cellular adhesion and
proliferation61-63. Porous structures are important in many ways because they
determine where the cells will initially be distributed during the seeding process,
where the scaffold will eventually guide tissue formation, and how well the
tissue will survive in vitro or in vivo depending on the availability of nutrients or
blood vessel formation56,64-66. Two different seeding strategies – static and
dynamic seeding - were evaluated in terms of cell viability and uniformity of cell
distribution. It has been shown that a high seeding density could improve the
structural stability and biochemical composition of the engineered tissues from
chondrocytes56 and cardiac muscle cells67. Cell numbers below a critical
minimum resulted in the formation of fibrous tissue68. Static seeding resulted in
higher cell numbers of both dead and viable cells per scaffold than dynamic
seeding. Through active adhesion to the scaffold, dynamic seeding restricted
cell deposition to viable cells whereas static seeding led to the deposition of all
cells that were passively embedded in the gel matrix - irrespective of their
viability. Both seeding strategies were equivalent in terms of cell viability and
cell activity (Fig. 2B). Overall, the dynamic seeding strategy was selected for
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the experiments because it circumvented the deposition of significant numbers
of dead cells, which were previously reported to adversely impact cellular
differentiation69.

Many studies have shown the importance of porosity, pore size and scaffold
geometry for tissue engineering outcomes14,21,22,27,28,70,71. The presented
data demonstrate the versatility of SF scaffolds to allow the manufacture of not
just various pore sizes in general but on one single implant to meet the intrinsic
structure requirements at the implantation site. This has been previously shown
for hydroxyapatite scaffolds27,71. For SF scaffolds, the structure of bone
formation was pre-determined to a certain extent by scaffold geometry. Smaller
pore diameters resulted in a higher surface-to-volume ratio of the engineered
bone-like tissue as compared to sections with larger pores. After three weeks,
there were more trabeculae on the scaffold domain with small pore diameter
and the trabeculae were thinner and closer to each other. This may allow the
engineering of bone-like pore size gradients in vitro while keeping the porosity
of the scaffolds at a constant high level of more than 90%, which is preferential

Figure 6. Three representative µCT images of tissue engineered bone on mixed pore
scaffolds. Magnifications of the transition zone of the pores (A-F), top view (D-F); and tilted
sections (G-I). Scale bar lengths are 1 mm (A-C) and 2 mm (D-I).



Chapter V

137

for tissue engineering purposes14,70. Interestingly, these significant differences
attenuated during further in vitro culture and resulted in almost similar
structures on both pore diameter domains after five weeks of in vitro culture.
We have observed this approximation of the engineered structures to a certain
"target value" in another study after in vivo culture and have concluded that the
in vivo environment directs bone formation in accordance with the need of the
defect (data not shown). However, it seems here that also for in vitro culture, a
certain limit exists, which constricts the structures that can be achieved in vitro

through tissue engineering.
Apart from a controlled engineering of bone-like structures during a certain

time period, this work showed limitations of the current approaches. This is
demonstrated by the variability of bone-like tissue formation, in particular at the
transition zones from small to large pores, respectively. The different positions
of the scaffolds inside the spinner flask bioreactor might have influenced the
variability of the outcome, due to differences in medium hydrodynamics and
therefore mechanical stimulation around and through the scaffold. Possible
scenarios to overcome these limitations include the improvements in scaffold
design by generating a smooth pore gradient rather than a step-like change in
pore size, as engineered for the scaffolds manufactured for this study. Other
scaffolding methods for silk have been developed or are under investigation,
which will offer a broader range of geometries that can be
engineered32,45,46,50,72-74. Furthermore, the use of more complex and
appropriate bioreactors can facilitate and improve nutrient/metabolite exchange
throughout the scaffold or induce mechanical stimulation for bone formation,
respectively.

At this point, it is difficult to predict how this translates into an in vivo

environment. A potential challenge could be the ingrowth of other tissues as a
function of pore size and porosity with a direct impact on cell survival and
implant integration into the host tissues. For example, BMP-2 induced in vivo

bone formation has been demonstrated to be affected by pore geometry75:
comparison of porous hydroxyapatite blocks with honeycomb-shaped
hydroxyapatite scaffolds and with porous particulate hydroxyapatite systems
showed that tubular and curved geometries of the blocks hindered the
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penetration of mesenchymal stem cells and capillaries into the scaffold, which
was not the case with honeycomb-shaped scaffolds and particulate systems.
Bone formation occurred through endochondral ossification in honeycomb-
shaped scaffolds and not through direct ossification as in porous blocks or
particulate systems75. In similar studies with hydroxyapatite and growth factor
loaded scaffolds with small (90-120 µm) and large (350 µm) pores,
subcutaneous implantation in rats resulted in initial chondrogenesis and
subsequent formation of bone tissue for smaller pore scaffolds and direct bone
formation with no cartilage intermediate for larger pores76. Another study with
two groups of poly(desaminotyrosyl-tyrosine ethyl ester carbonate) scaffolds in
a rabbit trephine defect, where the only difference was the nature of the
scaffold walls (solid versus porous), suggests that scaffold pore geometry can
be used to purposely target the pattern and direction of bone ingrowth in an
implant77. This indicates the relevance of in vivo data for biodegradable
biomaterials as demonstrated in this study, to investigate more specifically the
vascularization and the type of tissue and how it has been formed after
implantation. 

A further clinical implementation could be the generation of osteochondral
implants - for example for the reconstruction of the temporomandibular joint7 -
by using the pore geometry of the scaffold to direct the differentiation of the
cells in vivo. Secure bone-to-bone fixation would favorize implant ingrowth
through larger pores with the smaller pores providing higher mechanical
stability on the cartilaginous side of the scaffold30,31,78.

Further studies are planned to evaluate the in vivo outcome of tissue
engineered bone with variable trabecular structure in terms of host-tissue
integration, type and quality of formed tissue, vascularization and clinical
benefit.
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5. Conclusions
The present study demonstrated the feasibility and limitations to generate

protein-based biomaterial scaffolds with variable pore sizes on a single
scaffold. These scaffolds served as templates for the formation of bone-like
tissue and, therefore, allowed the controlled engineering of different bone-like
structures originating from a single scaffold. The generation of different bone-
like tissue structures on one scaffold may be advantageous in musculoskeletal
tissue engineering applications, because the variations in morphology and
properties of the natural bony tissue that has to be replaced can be mimicked
even more precisely and at the same time, living cells capable of promoting
tissue regeneration, are applied.
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Abstract
The design of implants for bone regeneration is expected to be optimized

when implant structures are based on the anatomical situation of the defect
site. We tested the validity of this hypothesis by exploring the feasibility of
generating different in vitro engineered bone-like structures originating from
slowly degrading, porous silk fibroin scaffolds decorated with cell adhesive
RGD sequences (SF-RGD), previously seeded with human mesenchymal stem
cells (hMSC). We further examined integration and remodeling of such in vitro

generated structures on bone healing after implantation into a cranial defect in
mice. For this purpose, we prepared SF-RGD scaffolds with different pore
geometries, namely small (106–212 µm), medium (212-300 µm) and large pore
size ranges (300–425 µm). Upon seeding with hMSC and subsequent cell
culture and differentiation into osteogenic cells in vitro, we managed to
engineer bone-like tissue resembling the initial geometries of the scaffolds and
featuring bone-like trabecular structures in small- and medium pore size
scaffolds and plate-like bone structures in scaffolds with large pore size ranges.
Eight weeks after their implantation into calvarial defects in mice, the in vitro

engineered bone-like tissues were found to remodel into bone tissue featuring
different proportions of immature woven bone and mature lamellar bone
bridging the critical size defects. Regardless of the pore diameter of the
underlying scaffold, all implants integrated well into the defects, vascularization
of the implants was advanced and, beginning from the borders of the defects,
bone marrow ingrowth had started. Ultimately, in this defect model, the
geometry of the in vitro generated tissue engineered bone structure, trabecular
or plate-like, had no significant impact on the healing of the defect, owing to an
efficient remodeling of its structure after implantation.



Chapter VI

147

1. Introduction
The reconstruction of large bone segments remains a clinical need and none

of the current approaches is ideal. These include the use of suitable
biomaterials or either autologous or allogeneic bone, to restore the function of
traumatized or degenerated connective tissue, or for the replacement of lost
mineralized tissue. However, all of these approaches have fundamental
drawbacks, such as difficulties in shaping the graft, the lack of sufficient filling
material, potential risk of cell-mediated immune responses to alloantigens,
transmission of pathogens and infections1-6. The goal of a successful bone
tissue graft is to restore the anatomical, physiological and functional status of
the tissue7. Restoration must also compensate for a possible deficiency in the
number or function of local connective tissue progenitors, as may occur in
regions of previous trauma, infection, prior irradiation, tissue defects, scar
tissue, or compromised vascularity8-11. 

Silk fibroin (SF) from the silkworm Bombyx mori and its decoration with
covalently bound, cell adhesive RGD sequences has become a biocompatible
option12-15 as a biomimetic scaffold for the in vitro engineering of bone12,16-19,
cartilage20-23 and ligaments12,24. Generally, for bone regeneration, slowly
degrading biomaterials are desired which maintain implant integrity following
implantation while continually transferring the load-bearing burden to the
developing and functional host tissue25. Many natural and synthetic
biomaterials have been explored for load-bearing applications in vivo. Rapidly
degrading polymers such as collagen and some synthetic polyesters have been
shown to transfer load-bearing function to developing tissue prior to sufficient
ingrowth and remodeling, resulting in mechanical failure of the graft26. In
contrast, non-degradable materials such as polytetrafluorethylene, polyester,
carbon fiber and polypropylene failed to support host tissue ingrowth and
remodeling, a finding suggested to be a result of stress shielding in high load-
bearing applications such as ligaments27. SF has been shown to be
biodegradable within a time frame of one to two years, and is known to have
good load-bearing capacity12,28. Furthermore, SF allowed the control of
engineered bone structures29, such as those observed with cell seeded
polycaprolactone7 or PLGA scaffolds30.
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The literature contains several studies that link scaffold geometries to
vascularization processes and bone ingrowth in vivo7,31. However, the present
study is to our knowledge the first that reports on the remodeling of diverse in
vitro tissue engineered bone structures on SF-RGD scaffolds with different pore
diameter ranges after implantation into a critical sized cranial defect in mice.
Furthermore, our work explores the influence of tissue engineered bone
morphology generated in vitro on implant success in vivo and tracks the
associated healing events.



Chapter VI

149

2. Materials and Methods
2.1. Materials

Fetal bovine serum (FBS), RPMI 1640 medium, Dulbecco's Modified Eagle
Medium (DMEM), basic fibroblast growth factor (bFGF), transforming growth
factor-ß1 (TGF-ß1), penicillin and streptomycin (Pen-Strep), Fungizone, non-
essential amino acids (NEAA, consisting of 8.9 mg/L L-alanine, 13.21 mg/L L-
asparagine, 13.3 mg/L L-aspartic acid, 14.7 mg/L L-glutamic acid, 7.5 mg/L
glycine, 11.5 mg/L L-proline, 10.5 mg/L L serine), and trypsin were from Gibco
(Carlsbad, CA). Ascorbic acid-2-phosphate, dexamethasone, ß-glycerophos-
phate and glycine-arginine-alanine-aspartate-serine (GRGDS) peptide were
from Sigma (St. Louis, MO). 1-Ethyl-3-(dimethylaminopropyl) carbodiimide
hydrochloride (EDC) and N-hydroxy-succinimide (NHS) were purchased from
Pierce (Rockford, IL). All other substances were of analytical or pharmaceutical
grade and obtained from Sigma. Silkworm cocoons were kindly supplied by M.
Tsukada (Institute of Sericulture, Tsukuba, Japan). Bone morphogenic protein
2 (BMP-2) was kindly provided by Wyeth Biopharmaceuticals (Andover, MA).

2.2. Scaffold preparation
SF-RGD scaffolds were prepared as described previously32,33. In brief,

cocoons from B. mori were boiled for 1 h in an aqueous solution of 0.02 M
Na2CO3 and rinsed with water to extract sericins. Purified silk was solubilized in
9M LiBr solution and dialyzed (Pierce, MWCO 3500 g/mol) first against water
for 1 day and then against 0.1M 2-(N-morpholino)ethanesulfonic acid buffer
(MES), 0.5M NaCl, pH 6, for 1 day. For conjugation with RGD sequences, SF
solution was coupled with GRGDS peptide as previously described32. Briefly,
the carboxyl groups on SF were first activated by reaction with EDC/NHS for 15
min at room temperature. To quench excessive EDC, 70 µl/ml ß-
mercaptoethanol was added. The solution was then incubated with 0.5 g/l
peptide for 2 h at room temperature. The reaction was stopped with 10 mM
hydroxylamine. Purified SF-RGD was dialyzed against 0.1 M MES, pH 4.5-5,
for 1 day, lyophilized and redissolved in hexafluoro-2-propanol (HFIP) to obtain
a 17% (w/v) solution. Granular NaCl crystals were used as porogen. Sieved
fractions in the range of small (106-212 µm), medium (212-300 µm) or large
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(300-425 µm) diameters were weighed into a Teflon container and SF-RGD/
HFIP solution was added at a ratio of 20:1 (NaCl/SF-RGD). HFIP was allowed
to evaporate for 2 days and NaCl/SF-RGD blocks were immersed in 90% (v/v)
methanol for 30 minutes to induce a conformational transition to ß-sheet32.
Blocks were removed, dried and NaCl was extracted by incubation in water for
2 days, resulting in scaffolds with > 90% porosity32. Disk shaped scaffolds (8
mm diameter, 2 mm thick) were prepared using a dermal punch (Miltey, Lake
Success, NY), and steam autoclaved at 121ºC for 15 min.

2.3. Scanning electron microscopy (SEM)
The microstructure of dry and platinum-coated SF-RGD scaffolds was

characterized using scanning electron microscopy (SEM, Zeiss Leo Gemini
1530; Oberkochen, Germany) at a voltage of 5 kV.

2.4. Cell isolation, expansion and characterization
Human mesenchymal stem cells (hMSC) were isolated by cell adhesion to

tissue culture plastic from 25 cm3 whole bone marrow obtained from Clonetics
(Santa Rosa, CA). Five-ml aliquots of bone marrow were diluted in 100 ml of
isolation medium (RPMI 1640 supplemented with 5% FBS). Cells were
pelleted, resuspended in expansion medium (DMEM, 10% FBS, Pen-Strep,
Fungizone, NEAA and 1 ng/ml bFGF) and seeded in 175 cm2 flasks at a
density of 5x104 cells/cm2. The adherent cells were allowed to reach
approximately 80% confluence (12-17 days for the first passage). Cells were
trypsinized and replated every 6-8 days at approximately 80% confluence. The
second passage (P2) of the cells were used if not otherwise stated. To assess
the mesenchymal character of the cells, they were characterized prior to use
with respect to: (i) the expression of surface antigens and (ii) the ability to
selectively differentiate into the chondrogenic or osteogenic lineage in
response to environmental stimuli, as previously described17,18,21.
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2.5. Tissue culture
For cultivation on SF-RGD scaffolds, P2 hMSC were suspended in liquid BD

Matrigel Basement Membrane Matrix (BD Biosciences, San Jose, CA) at a
concentration of 5x106 cells per scaffold in 20 µl Matrigel while working on ice
to prevent gelation. The cell suspension was seeded onto prewetted scaffolds
and placed in an incubator (37°C, 5% CO2) for 15 min to allow gel hardening.
For cultivation in spinner flasks, the cell-seeded SF-RGD scaffolds were
threaded onto 4 needles embedded in the stoppers of the spinner flask (2
scaffolds per needle)29. Flasks were filled with 150 ml control (DMEM, 10%
FBS, Pen-Strep, Fungizone) or osteogenic medium (control medium supple-
mented with 50 µg/ml ascorbic acid-2-phosphate, 10 nM dexamethasone, 10
mM ß-glycerophosphate) and placed in a humidified incubator (37°C, 5% CO2),
with the side arm caps loosened to permit gas exchange, and stirred with a
magnetic bar at 60 min-1. Medium was replaced at a rate of 50% 3 times a
week for 5 weeks of cultivation. For in vivo implantation, the tissue engineered
constructs were punched with a dermal punch (Miltey, Lake Success, NY), into
disks (5 mm diameter, 2 mm thick).

2.6. Characterization of constructs before implantation
2.6.1. Calcium deposition

After 5 weeks of cultivation in bioreactors, scaffolds were blotted on a clean
paper towel and their wet weight was noted. After cutting into two halves, the
scaffolds (n = 5) were weighed again and disintegrated using steel balls and a
Minibead-beater (Biospec, Bartlesville, OK) in 1 ml 5% trichloroacetic acid in
water. After a second extraction with 1 ml 5% trichloroacetic acid in water for 30
minutes and combination of the samples, calcium content was measured
spectrophotometrically at 575 nm using o-cresolphthalein complexone
according to the manufacturer's protocol (Sigma, St. Louis, MO).

2.6.2. Micro-computed tomography (µCT)
Constructs were analyzed by micro-computed tomography on a µCT 20

imaging system (Scanco Medical, Bassersdorf, Switzerland) providing an
isotropic resolution of 34 µm. A constrained Gaussian filter was used to partly
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suppress noise. Mineralized tissue was segmented from non mineralized tissue
using a global thresholding procedure34. A single global threshold was visually
determined and applied to all samples to evaluate their structural differences.
During the threshold process, the same filter width (1.2), filter support (1) were
applied. Quantitative morphometry was performed to assess bone volume per
total volume (BV/TV), bone surface per total volume (BS/TV), bone surface-to-
volume ratio (BS/BV), trabecular thickness (Tb.Th), and trabecular number
(Tb.N), which in this instance is a measure of the linear density of bone-like
objects in the volume of interest. These analyses were performed using direct
microstructural bone analysis35. Three-dimensional visualizations were
generated using in-house software36. Constructs used for micro-structural
assessment before implantation were not implanted due to sterility issues.

2.7. Animals and housing procedure
Twelve female BALB/cOlaHsd-Foxn1nu mice were obtained from a

commercial supplier (Harlan, Horst, Netherlands) at the age of six weeks with
body weights ranging from 18 to 21 g. After an adaptation period of two weeks,
surgery was performed and constructs were implanted. All mice were free of
viral, bacterial, and parasitic pathogens listed in the recommendations of the
Federation of European Laboratory Animal Science Associations. The animals´
health status was monitored by a sentinel program throughout the experiments.
They were kept in groups of six in type three individually ventilated cages with
dust-free wooden bedding and paper towels as nesting material. They were fed
a pelleted mouse diet (Kliba No. 3431, Provimi Kliba, Kaiseraugst, Switzerland)
ad libitum, and had free access to sterilized drinking water. The light/dark cycle
in the room consisted of 12/12 h of artificial light. The climate was 21 ± 1°C,
with a relative humidity of 50 ± 5%, and with 15 complete changes of filtered air
per hour. The studies were approved by the Cantonal Veterinary Office (Zurich,
Switzerland). Housing and experimental procedures were in accordance with
the Swiss animal protection law and conformed to the European Convention for
the protection of vertebrate animals used for experimental and other scientific
purposes (Council of Europe nr.123 Strasbourg 1985).
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2.8. Mouse calvarial defect model - Surgery
Mice (n = 12) were anesthetized by inhalation of isoflurane (Isoflo™, Abbott,

Baar, Switzerland) in a concentration of 2-3% in 100% oxygen at a flow rate of
200 ml/min. The anesthetic was administered with a nose mask. Ketamine
(Ketasol-100™, Dr. Graub, Bern, Switzerland) was injected subcutaneously as
pre-medication at a dosage of 40 mg/kg body weight for pre-emptive analgesia.
After fixing the head with the help of an assisting person, the skin above the
cranium was incised with a scalpel, retracted with a skin retractor and the
periosteum removed. Then two defects of 4 mm in diameter were drilled with a
dental drill carefully avoiding dural perforation. The remaining inner bone layer
was cautiously removed by a Pean forceps. The surgical area was flushed with
sterile saline to remove bone debris. The two defects per mouse were randomly
assigned to one of four treatment groups (Table 1) receiving either pre-
differentiated MSC on SF-RGD scaffolds with either small (106-112 µm),
medium (212-300 µm) or large (300-425 µm) pore diameters. The last group
served as a control with defects left empty. Skin was closed by interrupted
single layer sutures with Polyglactin 6-0 (Vicryl™, Johnson&Johnson Intl.,
Brussels, Belgium). Post-operative pain was treated with buprenorphine
(Temgesic™, Reckitt and Colman Products Ltd., Hull, England) at a dose of 0.1
mg/kg body weight and injected subcutaneously twice per day for 3 days. Mice
were sacrificed after 8 weeks with CO2 asphyxiation, the skull was explanted in
toto after removing the skin, lower jaw and cervical vertebrae by surgical
scissors and put into 10% neutral buffered formaline at 4°C for 48 h for
tomographical and histological analysis.

Table 1. Description of the four treatment groups

Group Range of pore 
diameters in µm

Description

small 106-112 µm Human mesenchymal stem cells seeded on silk fibroin 
scaffolds decorated with RGD sequences with the 
appropriate pore size and differentiated under 
osteogenic conditions for 5 weeks in spinner flasks prior 
to implantation

medium 112-300 µm

large 300-425 µm

control 106-425 µm in vivo: no implant, empty defect
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2.9. Post mortem micro-computed tomography (µCT)
Calvarial explants were analyzed by micro-computed tomography on a µCT

40 imaging system (Scanco Medical, Bassersdorf, Switzerland) providing an
isotropic resolution of 30 µm. A constrained Gaussian filter was used to partly
suppress noise. Mineralized tissue was segmented from non mineralized tissue
using a global thresholding procedure34. All samples were thresholded by using
the same filter width (1.2), filter support (1), and threshold (150; in permille of
maximal image grey value, corresponding to an attenuation coefficient of 1.2
cm-1). Quantitative morphometry was performed to assess BV/TV, BS/TV, BS/
BV, Tb.Th, and Tb.N using direct microstructural bone analysis35. Three-
dimensional visualizations were generated using in-house software36.

2.10. Post-mortem histology
Formalin-fixed (4%) and decalcified (12% EDTA, pH 7.0) calvarial explants

were dehydrated in graded ethanol solutions and xylene and cross-sectioned in
the center as most deficits concerning bone ingrowth and resorption were
supposed to be found there. After embedding in paraffin, the explants were cut
into 3 µm thick sections and stained with H&E. Qualitative assessments were
followed by a semiquantitative analysis using a score system. Scaffold areas
were divided into caudal, medial and apical regions and scored for new bone
formation (score 0%, 1-10%, 11-25%, 26-50% and > 50%), vascularization (0
for none, 1 for few, 2 for moderate, 3 for many), amount of fibrous tissue (0 for
none, 1 for few, 2 for moderate, 3 for a lot), foreign body reaction (macrophages
and foreign body cells together: 0 for none, 1 for few, 2 for moderate, 3 for
many), and inflammatory parameters such as lymphocytes (0 for none, 1 for
few, 2 for moderate, 3 for many) and neutrophil granulocytes (0 for none, 1 for
few, 2 for moderate, 3 for many).

2.11. Statistical analysis
Statistical analysis was performed using SPSS software (SPSS Inc.,

Chicago, IL). The influence of scaffold pore diameter on morphometric and
biochemical parameters was analyzed using one-way ANOVA and Fisher's
least significant difference posthoc analysis at a 95% confidence level.
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Semiquantitative histological data were subjected to a generalized linear model
(GLZ) approach. Data were expressed as mean values ± standard deviations
and results were considered to be significant at p < 0.05 and highly significant
at p < 0.01.
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3. Results
3.1. In vitro osteogenesis

SF-RGD scaffold appearance and pore diameter were imaged using SEM
(Fig. 1A-C). Pore diameters of the scaffolds corresponded with the chosen
porogen diameters during manufacture, yielding small (106-212 µm; Fig. 1A),
medium (212-300 µm; Fig. 1B) and large pores (300-425 µm; Fig. 1C),
respectively. hMSC seeded SF-RGD scaffolds cultured in spinner flasks under
osteogenic conditions for 5 weeks were analyzed for osteogenic differentiation
and cell proliferation. µCT imaging demonstrated that the SF-RGD structure
acted as a template for the deposition of extracellular matrix by the
differentiating cells. This allowed to guide the formation of bone-like structures
leading to small (Fig. 1D,G,J), medium (Fig. 1E,H,K) and large (Fig. 1F,I,L)
pore diameters, which were found throughout the scaffold. More bone-like
structure was formed at the perimeter of the scaffolds when compared to the
center. Magnifications showed more rod-like geometries in the presence of
medium and large pores (Fig. 1K,L), while scaffolds with small pores exhibited
more plate-like structures that were formed along the scaffold boundaries (Fig.
1J). Quantitative µCT analysis (mean ± standard deviation) showed a
significant difference in BV/TV for the large pores (11.56 ± 4.0%) when
compared to medium pores (5.68 ± 3.0%; p < 0.01) and small pores (7.36 ±
3.3%; p < 0.05, Fig. 2A). BS/TV was 3.21 ± 1.1 mm-1, 2.79 ± 1.4 mm-1, and
4.37 ± 1.4 mm-1 for small, medium and large pores, respectively, with a
statistical difference between medium and large pore diameters (p < 0.05, Fig.
2B). BS/BV showed significant differences between small and large pores (45.5
± 6 and 38.4 ± 3, respectively; p <0.05) and between medium and large pores
(50.1 ± 6 and 38.4 ± 3, respectively; p < 0.001, Fig. 3C). Tb.Th increased with
increasing scaffold pore diameters, with an average thickness of 0.071 ± 0.01
mm, 0.074 ± 0.02 mm and 0.088 ± 0.01 mm for small, medium and large pores,
respectively (Fig. 3D). Statistically, a significant difference between small and
large pores (p < 0.005) and medium and large pores was observed (p < 0.05). 
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Similarly, the number of trabeculae per length increased with increasing pore
diameter of the scaffold, with values of 0.962 ± 0.22, 1.273 ± 0.30 and 1.505 ±
0.12 for small, medium and large pores, respectively (Fig. 3E), and significant
differences between small and medium pores and small and large pores (p <
0.05 and p < 0.0005, respectively).

Figure 1. SEM images (A-C) of silk fibroin scaffolds decorated with RGD sequences with
small (106-212 µm), medium (212-300 µm) or large (300-425 µm) pore diameters. Micro-CT
images (D-L) taken from the same scaffolds seeded with hMSC after 5 weeks of cultivation
under osteogenic conditions in spinner flasks, showing the constructs as seen from the top
(D-F), from the side (G-I) and higher magnification (J-L). Bar length: 500 µm (A-C), 2 mm (D-
I), 1 mm (J-L).
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Calcium deposition per mg scaffold wet weight (mean ± standard deviation)
was 8.2 ± 1.2 µg for scaffolds with small pores, 10.9 ± 3.9 µg with medium
pores and 12.3 ± 6.1 µg with large pores. In spite of a trend for more calcium
deposition with larger pore diameter scaffolds the differences were not
statistically significant, (Fig. 3A). The relationship between DNA per mg scaffold
as a measure of cell mass and scaffold pore diameter was inverse, but without
statistical significance as analyzed by one-way ANOVA (Fig. 3B). For all
scaffold pore diameter ranges histology showed a regular distribution of cells
throughout the scaffolds using H&E staining (Fig. 3C,D,E). Von Kossa staining
for mineralized tissue was positive around cells and on the scaffold surface,
exclusively for cells grown in osteogenic medium (Fig. 3F,G,H), but negative for
cells grown in control medium (data not shown).

Figure 2. Histomorphometrical analysis of tissue-engineered bone-like structures formed by
hMSC seeded on silk-RGD scaffolds with small (106-212 µm), medium (212-300 µm) or large
(300-425 µm) pore diameters under osteogenic conditions in spinner flask bioreactors after 5
weeks of in vitro culture. Bone volume per total volume (A), bone surface per total volume (B),
bone surface-to-volume ratio (C), trabecular thickness (D) and trabecular number (E). *
Significant difference at p < 0.05, ** significant difference at p < 0.01.
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3.2. In vivo osteogenesis
Surgery was performed without complications and all mice recovered well.

One mouse showed microscopic signs of neutrophilic or suppurative
inflammation which were attributed to a skin infection and resulted in ulceration
and necrosis of the skin and affected the underlying tissues. This mouse was
disregarded for further evaluation. Eight weeks after surgery, the animals were
sacrificed and the morphology of the formed bone was analyzed using µCT
(Fig. 4). Without implants, defects showed little evidence of bone formation
(Fig. 4A,B,C), whereas defects with implanted tissue engineered constructs
showed filling with considerable amounts of bone-like structures (Fig. 4). The
constructs used for this study were thicker than the defect resulting in an
overhang of the scaffolds above the host bone. Quantitative µCT analysis
(mean ± standard deviation) showed no difference between the three different
pore diameters of the underlying scaffolds for BV/TV and BS/TV.

Figure 3. Biochemical and histological analysis of tissue-engineered bone-like structures
formed by hMSC seeded on silk fibroin scaffolds decorated with RGD sequences with small
(106-212 µm), medium (212-300 µm) or large (300-425 µm) pore diameters, respectively,
under osteogenic conditions in spinner flask bioreactors after 5 weeks of in vitro culture. (A)
Calcium deposition per scaffold wet weight and (B) DNA per scaffold wet weight, (C-E)
sections stained with H&E, (F-H) sections stained with von Kossa. * Significant difference at p
< 0.05, ** significant difference at p < 0.01; bar length 100 µm.
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Bone volume per total volume was 54.90 ± 12.6%, 42.03 ± 12.2% and 45.79
± 13.8%, for small, medium or large pore diameters of the scaffolds,
respectively (Fig. 5A), while bone surface per total volume was 4.52 ± 1.1 mm-

1, 4.99 ± 0.9 mm-1 and 4.32 ± 1.6 mm2 (Fig. 5B). The resulting BS/BV showed
significant differences between small and medium pores (8.3 ± 1 and 12.3 ± 2,

Figure 4. Representative micro-computed tomography images of mouse calvarial defects 8
weeks after surgery. Defects were left empty (A, C, E: left side; G) or were treated with
implants made of tissue-engineered bone on silk fibroin scaffolds decorated with RGD
sequences with a small (106-212 µm) pore diameter (A, C, E: right side; H), a medium (212-
300 µm) pore diameter (B, D, F: left side: I) or a large (300-425 µm) pore diameter (B, D, F:
right side; J). Apical views (A, B, G, H, I, J), caudal views (C, D) or front views (E, F). Bar
length is 2 mm.
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and p < 0.005) and between medium and large pores (12.3 ± 2 and 9 ± 1; p <
0.05, Fig. 5C). Tb.Th showed values of 0.327 ± 0.03 mm, 0.232 ± 0.01 mm and
0.281 ± 0.03 mm for small, medium and large pores, respectively (Fig. 5D).
Statistically, there was a significant difference between small and medium
pores (p < 0.005) and medium and large pores (p < 0.05). Tb.N increased with
increasing pore diameter, with values of 1.496 ± 0.32, 1.866 ± 0.24 and 1.980 ±
0.08 for small, medium and large pores, respectively (Fig. 5E), with significant
differences between small and large pores (p = 0.034).

 

Figure 5. Histomorphometrical analysis of mouse calvarial defects 8 weeks after surgery.
Bone volume per total volume (A), bone surface per total volume (B), bone surface-to-volume
ratio (C), trabecular thickness (D), and trabecular number (E). * Significant difference at p <
0.05, ** significant difference at p < 0.01.
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Histological evaluations corroborated the findings made by µCT (Fig. 6, Fig.
7). Empty defects showed normal skin growth and very little new bone
formation at the borders of the defect with no conspicuous inflammation or
foreign body reaction (Fig. 6A). The implants were well integrated to the extent
that host bone was difficult to differentiate from new bone. Foreign body and
inflammatory reactions were in a range expected for such a defect, showing
variable amounts of macrophages and foreign body cells as well as
lymphocytes and neutrophil granulocytes 37,38. Implants showed normal bone
growth and vascularization, as well as bone marrow ingrowth together with new
bone formation (Fig. 7A). 

Newly formed bone consisted to a large part of mature lamellar bone,
although polarized light evidenced that collagen bundles were not as dense as
in mature bone and sometimes showed thick fibers, as expected for woven
bone (data not shown). 

Figure 6. Histological sections of mouse calvarial defects 8 weeks after surgery and stained
with H&E. Defects were left empty (A) or were treated with implants made of tissue-
engineered bone on silk fibroin scaffolds decorated with RGD sequences with a small (106-
212 µm) average pore diameter (B), a medium (212-300 µm) average pore diameter (C) or a
large (300-425 µm) average pore diameter (D). b = brain tissue, white arrow = silk scaffold,
black arrow = newly formed bone, * = host bone. Magnification 4x.
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The healing of defects treated with tissue engineered implants was
characterized by caudal and apical layers of new bone growth, whereas in the
center of the implant, fibrous tissue was found along with clusters of new bone
(Fig. 6B-D), as demonstrated by separate semiquantitative evaluation of the
apical and caudal part of the implant and its central part (Fig. 8). 

New bone formation did not depend on implant pore diameter or on scaffold
vascularization. Throughout the implant, but particularly in the central part and
for all pore diameters, clusters of beginning mineralization were found in void
pores of the constructs (Fig. 7B). All implants were well vascularized, with the
larger pores showing a tendency towards higher vascularization, although this
trend was not statistically significant. Loose fibrous tissue was present in all
implants and at a similar extent. As above, the foreign body reaction in reponse

Figure 7. Histological details of mouse
calvarial defects 8 weeks after surgery and
stained with H&E. (A) Newly formed bone
around the silk fibroin scaffold decorated
with RGD sequences showing normal bone
morphology, bone marrow and
vascularization. (B) Clusters of beginning
mineralization in the pore void, (C) silk with
mineralizing edges surrounded by foreign
body giant cells, neutrophils and
macrophages that start degrading the silk-
RGD. nb = newly formed bone, s = silk, bm =
bone marrow, bv = blood vessels, cm =
clusters of mineralization, g = giant cell, m =
macrophage, n = neutrophil. Magnification
40x.
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to the constructs was in the expected range, with some macrophages and
foreign body giant cells. Foreign body reactions were particularly situated at the
rims of the implants that showed an onset of mineralization (Fig. 7C), with a
slight tendency of the cells to accumulate on the apical side of the implant.
Moderate numbers of lymphocytes were detected in all implants, their quantity
decreasing with increasing pore diameters. Neutrophil granulocytes showed a
similar tendency, and were more prominent than lymphocytes. The number of
lymphocytes and neutrophils did not correlate with the degree of
vascularization.
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Figure 8. Semiquantitative analysis of histological images showing new bone formation,
vascularization, fibrous tissue, foreign body reaction as well as lymphocyte and neutrophil
granulocyte numbers 8 weeks after surgery. Values are ratings in percent of defects analysed
for small (106-212 µm), medium (212-300 µm) or large (300-425 µm) pore diameter of
scaffolds that were divided into a caudal (C), middle (M) and apical (A) part.
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4. Discussion
Morphological as well as mechanical specifications for the design of implants

for bone regeneration should be based on the anatomical conditions at the
defect site. To mimick such anatomical features, we aimed at engineering
different bone-like structures in vitro using SF-RGD scaffolds with different pore
size ranges as blueprints for extracellular matrix deposition. Thereafter, the
impact of different bone-like tissue structures on the subsequent bone healing
process in vivo was evaluated in a critical-sized cranial defect in mice.

The in vitro culture of hMSC on SF-RGD scaffolds in osteogenic medium
using spinner flask bioreactors resulted in the formation of bone-like structures
whose outcome was highly analogous to inorganic and organic components of
physiological bone as determined by biochemical assays, X-ray diffractometry
and RT-PCR17-19. While keeping the porosity of the RGD decorated SF
scaffolds fairly constant (> 90%), we found the structure of the deposited bone-
like tissue after five weeks in culture to depend largely on the pore diameter of
the applied scaffold. This was demonstrated visually (Fig. 1), morphometrically
(Fig. 2) and histologically (Fig. 3). The in vitro engineering of bone-like
structures on scaffolds with pore diameters larger than 200 µm resulted in
interconnected rod-like structures with bone-like features. In contrast, on
scaffolds with smaller pore diameters, bone-like structures concentrated at the
periphery of the scaffold and adjacent bone-like structures exhibited
coalescence of the fine trabeculae and resulted in the formation of more plate-
like structures. Large pores resulted in the highest bone volume and calcium
deposition, likely because the more open structure facilitated cell penetration
and nutrient supply into the scaffold, which in turn resulted in better mass
transport to and from the cells as well as better nutrient/metabolite exchange
and enhanced cellular differentiation activity, as has been shown previously for
other scaffold materials18. Engineering different bone-like structures might be
particularly interesting for the subchondral bone plate, present at the interface
between epiphysis and overlying hyaline cartilage in the transition zone
between cortical and trabecular bone, so that implants are able to bear load
and at the same time match patient and defect site structures39. Calcium
deposition and cell numbers did not depend on scaffold pore diameter17,18,40.
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Previous studies have shown that SF scaffolds without cells or with
undifferentiated hMSC showed insufficient cell differentiation or recruitment of
host cells for substantial in vivo healing of critical sized calvarial41 or femoral
defects42. The experimental outcomes were comparable or better as those
achieved with established biomaterials like polycaprolactone7, poly(glycolic
acid) scaffolds43 and poly(lactide-co-glycolide)44. To overcome this limitation,
we seeded SF-RGD scaffolds featuring different pore sizes with hMSCs, let
them differentiate along the osteogenic lineage and produce in vitro engineered
bone-like tissue. This construct was implanted into calvarial defects in mice.
Progress in the repair of the defects was evaluated with respect to the effects
different geometries of the in vitro engineered tissue had on defect repair in

vivo. In fact, implantation resulted in enhanced bone regeneration and good
biocompatibility of the tissue engineered implants, whereas no substantial
healing was visible in control defects. Some animals showed indications for
minor implant migration off the inital placement; nonetheless, the final
integration of the respective implants was equally effective. This outcome may
be explained by the thickness of the implants which markedly exceeded that of
the cranium, and possibly because the implants were fixed only by a skin flap in
order not to confound bone repair and integration. Bone marrow ingrowth was
well advanced at the outer rims of the implants and more pronounced in
stronger mineralized parts; however, it was impossible to distinguish between
the contributions of transplanted cells versus host cells. The increase in the
extracellular matrix volume produced by those cells is expected to lower the
porosity to such an extent that further growth is limited until vascularization of
the tissue occurs40,45. The increase in extracellular matrix volume corroborated
with the decrease in the bone surface-to-volume ratio in vivo by a factor of
approximately five, which was attributed to compaction of bone and trabecular
merging. Trabecular thickness was more than three-fold above that right after
in vitro culture and no longer dependent on the pore size of the underlying
scaffold. This reflects the onset of a remodeling of the tissue engineered
trabeculae into cortical bone following implantation. The advance in trabecular
coalescence was in analogy to that previoulsy found with metaphyseal bone
formation46. Obviously, different structures of in vitro engineered bone-like
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tissue converged after in vivo implantation and approached a structure
independent of the underlying scaffold. We hypothesize that the final geometry
of the implant was largely guided by the adjacent native host bone. In those
locations where the tissue engineered structure did not fulfill the local needs, it
can be remodelled into the desired structure, irrespective of a given scaffold
pore diameter or prior in vitro engineered bone-like structure. Nevertheless,
further studies in preferentially cancellous bone regions are needed to raise
evidence that host bone structures guide the remodeling of pre-engineered
bone structures into geometries resembling the adjacent uncompromised
tissue.

Histology served as a tool to ascertain general trends in biomaterial-tissue
interactions and was used to evaluate the in vivo competence of our implants.
Ratings were done semiquantitatively and did not show statistically significant
differences between the three scaffold pore diameters or their influence on any
of the parameters subjected to statistical analysis. This may result from the
small numbers of animals and the intrinsic variability of biological responses,
especially when the surgical procedure is demanding. Nevertheless, trends
could be observed. The newly formed bone was irregularly distributed
throughout the scaffold, with a layer of bone-like tissue on both the apical and
the caudal side of the implant, whereas bone formation was less pronounced in
the center. This is analogous to the calvarial bone plate, where apical and
caudal sites are more compact than the middle zone. 

The challenge of tissue engineered implants is their fast vascularization after
implantation in order to avoid necrosis in the implant's central parts4,11.
Previous studies have shown that while vascularized fresh bone grafts undergo
excellent integration, non-vascularized (dead) bone does not integrate well with
adjacent (living) bone, demonstrating the importance of vascularization for
bone ingrowth and remodeling11,47. Prompt revascularization has also been
shown to favor osteoblastic differentiation, whereas prolonged hypoxia causes
formation of cartilage or fibrous tissue11,48. 

A trend towards better vascularization was observed for medium- and large-
diameter pores versus small pores. More blood vessels were found on the
apical sides of the implants, where histological evidence suggested further
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sprouting (Fig. 8B). It can be speculated that the plate-like bone structures on
implants with small pores or the scaffold itself hindered blood vessel ingrowth to
some extent, a fact that might be corroborated with the higher variations in
bone formation in these implants49. Fibrous tissue was to a large extent
restricted to the central part of the scaffolds where bone growth was less
advanced. Cell clusters located within pores showed signs of early
mineralization (Fig. 7B). They consisted of a mix of fibroblasts and cells that
were considered to be hypertrophic chondrocytes. This raises evidence for
endochondral ossification processes in restricted locations, which is normally
not the case for calvarial defects, where intramembraneous bone formation is
the natural process50. This effect is analogous to a previous study showing that
relatively large pores allowed ready vascularization and direct osteogenesis,
while smaller pores occasionally led to bone-like tissue via endochondral
ossification51.

Previous studies have demonstrated the excellent biocompatibility of purified
SF52. In our study, SF scaffolds decorated with RGD sequences and implanted
in vivo showed a slight inflammatory response (lymphocytes and neutrophil
granulocytes) and a moderate foreign body reaction (macrophages and
foreign-body giant cells), especially on the apical sides of the implants. The
number of inflammatory cells decreased with increasing pore diameters of the
underlying scaffold, with the larger void areas possibly facilitating
vascularization, being favorable to restrict incidence and intensity of adverse
tissue effects . Considering the mouse strain used in our study as well as the
defect size, the observed inflammatory responses were considered in the range
typical for a slowly degrading biomaterial as previously reported53.

After eight weeks the degradation of the implanted scaffolds was still minor,
and only slightly enhanced in areas with high numbers of foreign body cells. It is
anticipated that through sustained degradation the SF-RGD scaffold will slowly
open new space for bone matrix deposition, and will be replaced through
physiological bone turnover within one to two years12,40. 

In conclusion, this study demonstrated, that SF biomaterials allow tissue
formation on the scaffold surface, while providing mechanical support, in vitro

as well as in vivo. Porous SF scaffolds decorated with RGD sequences provide



Chapter VI

170

a blueprint for the desired in vitro structure of bone-like tissue through the
design of different scaffold geometries. In fact, by applying appropriate
technology, the engineering of trabecular structures in vitro appears to be
feasible. However, in case of a cranial or related defect, the structure of an in
vitro cultured implant, once implanted, will be subject to remodeling and result
in similar tissue outcomes independent of the previously engineered bone-like
tissue, a result which is likely to be directed by the native bone environment. In
the future, critical sized defects in predominately cancellous bone will be
investigated to test the utility of structurally tailored implants for better host
integration and functionality.
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Abstract
Bone tissue engineering, gene therapy based on human mesenchymal stem

cells (MSC) and silk fibroin biomaterials were combined to study the impact of
viral transfection on MSC osteogenic performance in vitro. MSCs were
transduced with adenovirus containing a human BMP-2 (Ad-BMP-2) gene at
clinically reasonable viral concentrations and cultured for 4 weeks. Controls
with nontransfected MSCs, but exposed to exogenous BMP-2 concentrations
on an analogous time profile as that secreted by the Ad-BMP-2 group, were
compared.  Both the Ad-BMP-2 MSC group and the exogenous protein BMP-2
group strongly expressed osteopontin and bone sialoprotein. Cells secreted a
matrix that underwent mineralization on the silk fibroin scaffolds, forming
clusters of osseous material, as determined by micro-computed tomography.
The expression of osteogenic marker proteins and alkaline phosphatase was
significantly higher in the Ad-BMP-2 MSC group than in the exogenous protein
BMP-2 group, and no significant differences in mineralization were observed in
two of the three MSC sources tested. The results demonstrate that transfection
resulted in higher levels of expression of osteogenic marker genes, no change
in proliferation rate and did not impact the capacity of the cells to calcify tissues
on these protein scaffolds. These findings suggest additional options to control
differentiation where exogenous additions of growth factors or morphogens can
be replaced with transfected MSCs.
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1. Introduction
The feasibility of using silk scaffolds in combination with human

mesenchymal stem cells (MSC) to form bone ex vivo has been recently
demonstrated1-4.These studies were performed with high concentrations of
recombinant bone morphogenetic protein 2 (BMP-2), an osteoinductive protein
known to stimulate the differentiation of MSC along the osteogenic lineage5-7.
The limitation of this otherwise successful approach was the high cost of the
growth factor. Alternatively, gene transfer would allow the engineering of cells
to secrete BMP-2 while maintaining the capacity to differentiate into cells,
actively depositing mineralized tissues8. This pilot study was performed to
evaluate the efficiency and impact of viral transduction on MSC’s differentiation
and osteogenic performances on silk scaffolds. 

The type of carrier employed for MSC is important for osteogenic
differentiation. It was found that the ability of human MSC to form bone is
dependent on the type of biomaterial, such as hydroxyapatite9. We selected
silk fibroin as a biomaterial because it combines slow biodegradability,
excellent mechanical properties, and biocompatbility. Recent studies with silks
have advanced the fundamental understanding of this group of proteins and
expanded their application for tissue engineering3,10-13. Silk protein scaffolds
were shown to support tissue engineering of bone in vitro12, and they can
potentially support bone repair in situ. Native silk fibers are the strongest
natural fibers known, and rival the best synthetic high performance fibers, such
as Kevlar, in overall performance (energy absorbed to break)14. This
mechanical integrity makes this material interesting for orthopaedic
applications, in particular in the context of MSC tissue engineering, where
robust materials are required to form bone.

It has been demonstrated that MSC engineered to secrete BMP-2 not only
show paracrine effects on the host mesenchymal tissue but also autocrine
effects supporting their own differentiation along the osteogenic lineage in vivo.
The transfected MSC showed an increased osteogenic potential over non-MSC
cells, that also expressed BMP-215 but were shown less effective in terms bone
nodule number than mesenchymal precursor cells isolated from fat tissues8.
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The purpose of this study was to (i) evaluate the correlation between virus
concentration and transfection efficiency, (ii) to assess the impact of viral
transfection on MSC proliferation and osteogenic differentiation using viral
concentrations considered to be safe and (iii) to evaluate the feasibility of viral
transfection for tissue engineering purposes on silk fibroin scaffolds in
comparison to the use of exogenous BMP-2. To approximate culture conditions
of the adenovirally transfected group and theBMP-2 group, initially the time
concentration profile of BMP-2 as a consequence of secretion by adenovirally
transduced MSCs was monitored. The experiment was repeated using
untransfected MSCs exposed to the same time concentration profile of BMP-2
generated by supplementing the growth factor to the culture medium. Both
groups – with very similar time concentration profiles of BMP-2, either as a
consequence of adenoviral transfection or supplementation of BMP-2 to the
culture medium - were compared in ex vivo cell culture experiments for
proliferative and osteogenic performance on silk scaffolds. 
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2. Materials and Methods
2.1. Materials

Bovine serum, RPMI 1640 medium, Dulbecco's Modified Eagle Medium
(DMEM), basic fibroblast growth factor (bFGF), transforming growth factor-ß1
(TGF-ß1) (R&D Systems, Minneapolis, MN), Pen-Strep, Fungizone, non-
essential amino acids and trypsin were from Gibco (Carlsbad, CA). Ascorbic
acid phosphate, Histopaque-1077, insulin, dexamethasone and ß-
glycerolphosphate were from Sigma (St. Louis, MO). All other chemicals were
of analytical or pharmaceutical grade and obtained from Sigma. Silkworm
cocoons were kindly supplied by M. Tsukada (Institute of Sericulture, Tsukuba,
Japan) and Marion Goldsmith (University of Rhode Island, Cranston, RI). BMP-
2 was a generous gift from Wyeth Biopharmaceuticals, Andover, MA (Thomas
Porter).

2.2. Fabrication of silk scaffolds
Porous 3D silk fibroin sponge-like scaffolds were prepared as previously

reported3,16,17. Briefly, cocoons from Bombyx mori (Linne, 1758) were boiled
for 1 h in an aqueous solution of 0.02 M Na2CO3, and rinsed with water to
extract sericins. Purified silk was solubilized in 9 M LiBr solution and dialyzed
(Pierce, Woburn, MA; MWCO 3500 g/mol) against water for 1 day and again
against 0.1 M MES, 0.5 M NaCl, pH 6 buffer for another day13. Silk solutions
were dialyzed against water for 2 days and redissolved in hexafluoro-2-
propanol (HFIP) to obtain a 17% (w/v) solution. Granular NaCl was sieved to
obtain particle sizes ranging from 200–325 µm, weighed in a Teflon container
and silk/HFIP solution was added at a ratio of 20:1 (NaCl/silk). HFIP was
allowed to evaporate for 2 days and NaCl/silk blocks were immersed in 90% (v/
v) methanol for 30 min to induce a protein conformational transition to ß-sheets.
The silk blocks were removed, dried, and the NaCl was extracted in water for 2
days. Disk-shaped scaffolds (5 mm diameter, 2 mm thick) were prepared using
a dermal punch (Miltey, Lake Success, NY), and autoclaved at 121°C for 15
minutes.
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2.3. Isolation, expansion and characterization of MSC
Total human bone marrow (25 cm3, Clonetics, Santa Rosa, CA.) from three

donors was processed individually and diluted in 100 ml of isolation medium
(5% FBS in RPMI 1640 medium). Cells were separated by density gradient
centrifugation. Briefly, 20 ml aliquots of bone marrow suspension were overlaid
onto 15 ml of a polysucrose gradient (density = 1,077 g/cm3, Histopaque,
Sigma, St. Louis, MO) and centrifuged at 800g for 30 min at room temperature.
The cell layer was carefully removed, washed in 10 ml isolation medium,
pelleted and contaminating red blood cells were lysed in 5 ml of RBC lysis
buffer (Gentra Systems, Minneapolis, MN) solution. Cells were pelleted and
suspended in expansion medium (DMEM, 10% FBS, 1 ng/ml bFGF) and
seeded in 75 cm2 flasks at a density of 5x104 cells/cm2. The adherent cells
were allowed to reach approximately 80% confluence (12-17 days for the first
passage). Cells were trypsinized, replated and passage 2 (P2) cells (80%
confluence after 6-8 days), were used for the experiments. The isolated and
expanded cells were characterized as previously described3. These cells were
characterized by their surface antigen expression pattern and their ability to
undergo chondrogenic and osteogenic differentiation3,17,18. The cell surfaces
were positive for CD105 (endoglin) and negative for markers of hematopoietic
and endothelial origin. In presence of chondrogenic and osteogenic medium,
the cells selectively formed cartilage- and bone-like tissue, consistent with the
properties of MSC.

2.4. Transduction of cells with adenovirus expressing BMP-2
MSC (about 80% confluency at passage 2) were transduced with a

replication-deficient, first generation adenoviral vector carrying the human
BMP-2 cDNA (Ad-BMP-2) or a control vector carrying green fluorescent protein
cDNA (Ad-GFP). The construction of Ad-BMP-2 was described earlier19. Virus
was amplified in HEK 293 cells and purified by standard CsCl banding
techniques. MSC were transduced with the adenovirus at confluence. Ad-GFP
or Ad-BMP-2 viruses were added to the MSC at a multiplicity of infection (MOI)
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of 25, suspended in FBS-free DMEM medium. Flasks were rotated every 20
min and the virus was aspirated after 2 h of incubation. Cells were washed
three times with DMEM.

2.5. Effectiveness of gene transfer
FACS analysis was performed to characterize the effectiveness of gene

transfer based on MOI. MSC were transduced with Ad-GFP at 1, 3, 10, 30, 100,
300, and 1000 MOI and incubated for 2 h. Cells were cultured for 48 h in DMEM
supplemented with 10% FBS, Pen-Strep and Fungizone in a 6-well plates (BD
Biosciences). MSC were detached with 0.05% (w/v) trypsin, pelleted, washed
three times in PBS, and resuspended at a concentration of 1x107 cell/ml in 100
µl of 2% formalin for FACS analysis. FACS analysis was carried out using a BD
FACScalibur flow cytometry system (BD Biosciences, Franklin Lakes, NJ).

2.6. Scaffold seeding 
MSC were suspended at a concentration of 4x107 cells/ml DMEM and 40 µl

aliquots of the suspension (1.6x106 cells) were seeded on each scaffold
(corresponding to an intial seeding density of 20x106 cells/cm3 scaffold
volume). Seeded scaffolds were incubated at 37°C and 5% CO2 for 2 hours to
allow the cells to attach and 10 µl of DMEM was added carefully every 30 min
to prevent the seeded scaffold from drying out. The seeded scaffolds were
transferred into 6 well, untreated polystyrene plates (BD Biosciences, Franklin
Lakes, NJ) and 4 ml of ostegenic medium (DMEM supplemented with 10%
FBS, Pen-Strep, Fungizone, 50 µg/ml ascorbic acid-2-phosphate, 10 nM
dexamethasone and 7 mM ß-glycerolphosphate). Medium was changed every
other day for a period of 4 weeks.
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2.7. Cultivation of tissue constructs
The effectiveness of gene transfer was quantified using MSC transduced

with Ad-GFP. Based on measured gene transfer efficiencies, a MOI = 25 was
chosen for the subsequent experiments testing the osteogenic differentiation,
using Ad-BMP-2 (Table 1). To test the osteogenic differentiation of MSC, four
different experimental groups were formed (Table 1). MSC were either
transduced with adenoviruses carrying Ad-BMP-2 or Ad-GFP. Non-transduced
and Ad-GFP transduced MSC were cultured in osteogenic medium
supplemented with BMP-2 according to the concentration – time profiles
measured in the Ad-BMP-2 group. Non-transduced cells receiving osteogenic
medium without BMP-2 supplementation served as controls, as the goal of this
publication was to investigate into the direct influence of BMP-2, either
produced by the cells themselves or added to the culture medium. Seeded
constructs were cultured for 4 weeks and samples were harvested at weekly
intervals.

2.8. Secretion of BMP-2 following adenoviral transduction
Medium samples from MSC transduced with 25 MOI of Ad-BMP-2 (n = 5 per

group and time point), MSC exposed to supplemented BMP-2 and cells grown
in osteogenic medium (n = 5 for the Ad-BMP-2 group and time point and n=3
for the other groups and time point) were collected every other day and the

Table 1. Experimental groups for transduction efficiency and osteogenic response

Group Abbreviation in text Medium Donors 
checked

Adenoviral transfer of BMP-2 Ad-BMP-2 Osteogenic    3
Supplementation with BMP-2 BMP-2 Osteogenic + BMP-2    3
Adenoviral transfer of GFP Ad-GFP Osteogenic    2
Adenoviral transfer of GFP plus 
supplementation with BMP-2

Ad-GFP plus BMP-2 Osteogenic + BMP-2    1

No Adenovirus, no BMP-2 
supplementation

Control Osteogenic    3
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concentration of BMP-2 was measured using a human BMP-2 ELISA kit using
a standard curve (r2 > 0.98) according to the manufacturers instructions (R&D
Systems, Minneapolis, MN).

2.9. Biochemical analyses
For all analyses, constructs were disintegrated after 1, 2, 3, and 4 weeks of

culture and after 2 and 4 weeks for the Ad-GFP group in 0.1% Triton X-100
solution using steel balls except for calcium quantification when constructs
were disrupted in 0.1 trichloroacetic acid (5% w/v). Scaffolds were disintegrated
in repetitive cycles (5-6) using a Minibead beater (Biospec, Bartlesville, OK) at
25 kHz and 10 seconds per cycle, with tubes kept on ice between the cycles.
DNA content (n = 5-6) was measured using the PicoGreen assay (Molecular
Probes, Eugene, OR), according to the protocol of the manufacturer. Samples
were measured fluorometrically at an excitation wavelength of 480 nm and an
emission wavelength of 528 nm. Alkaline phosphatase (AP) activity (n = 5-6)
was measured using a biochemical assay from Sigma (St. Louis, MO), based
on conversion of p-nitrophenyl phosphate to p-nitrophenol, which was
measured spectrophotometrically at 410 nm. For total calcium content,
samples (n = 5-6) were extracted twice with 0.5 ml 5% trichloroacetic acid.
Calcium content was determined by a colorimetric assay using o-
cresolphthalein complexone (Sigma, St. Louis, MO). The concentration of the
calcium complex was measured spectrophotometrically at 575 nm.

2.10. RNA isolation, and reverse transcriptase real-time polymerase chain 
reaction (RT-PCR) 

Constructs were disintegrated after 1, 2, 3, and 4 weeks of culture in Trizol
reagent (Gibco, Carlsbad, CA) using steel balls (baked at 300°C for 4 h) and
the Minibead beater (Biospec, Bartlesville, OK) at 25 kHz and 10 seconds per
cycle, with tubes kept on ice between the cycles (n = 5-6). The suspension was
vortexed and extracted with chloroform. The aqueous phase was transferred
and isopropanol was added. RNA was collected using the QuiAmp DNA mini kit
according to the manufacturer’s protocol (Quiagen, Hilden, Germany). The
RNA samples were reverse transcribed using oligo (dT)-selection (Superscript
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Preamplification System, Life Technologies, Gaithersburg, MD). Osteopontin,
bone sialoprotein, BMP-2, osteocalcin and the housekeeping gene
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) expression were
quantified using the ABI Prism 7000 real time system (Applied Biosystems,
Foster City, CA). PCR reaction conditions were 2 min at 50°C, 10 min at 95°C,
and then 50 cycles at 95°C for 15 s, and 60°C for 1 min. The expression data
were normalized to the expression of GAPDH. Primer sequences for the
human GAPDH gene were (5`-3`): Forward primer ATG GGG AAG GTG AAG
GTC G, reverse primer TAA AAG CCC TGG TGA CC, probe CGC CCA ATA
CGA CCA AAT CCG TTG AC. Primers and probes for osteopontin, bone
sialoprotein, and BMP-2 were purchased from Applied Biosciences (Foster
City, CA).

2.11. Histology
Constructs were embedded in paraffin and 5 µm sections were taken.

Sections were stained with von Kossa (1% AgNO3 under a 60 W bulb for 15
min until initial light brown deposits were visible by eye) to assess
mineralization, and with haematoxylin & eosin (H&E), for general evaluation. 

2.12. Microcomputerized tomography (µCT)
For the visualization of bone distribution, scaffolds (n = 5 per group) were

weighed, and analyzed using a µCT40 imaging system (Scanco Medical,
Bassersdorf, Switzerland). The specimens were scanned with the following
settings: 55 kVp, 250 ms integration time, and 16 µm voxel side lengths.
Cylindrical regions (6 mm in diameter 2mm high) were selected for analysis.

2.13. Statistics
Statistics were performed by one-way analysis of variance (ANOVA) and

Tukey-HST procedure for post hoc comparison. p < 0.05 was considered
statistically significant.
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3. Results
3.1. Adenoviral transduction efficiency

The primary cells isolated from the human bone marrow are referred to as
MSC, based on our previous characterization of these cells with respect to the
expression of surface markers and their ability for selective differentiation3,20.
The effectiveness of gene transfer to passage 2 (P2) MSC was tested with Ad-
GFP at MOI of 1, 3, 10, 30, 100, 300, and 1000, and an incubation time of 2
hours. After 48 hours in culture, the number of fluorescent cells was determined
by FACS analysis and found to correlate with the MOI (Table 1, Fig. 1A). The
effectiveness of transduction was an exponential function of MOI, with the best
curve fit following the two-parameter equation with y = a{1-e(-bx)}, r 2 > 0.99
(Fig. 1B). 

3.2. BMP-2 secretion in culture medium 
Based on considerations of immunogenicity observed with MOIs exceeding

5021,22 and the effectiveness of transduction of MSC at low MOI, as
demonstrated (Fig. 1A, B), we selected an MOI of 25 for the transduction of
MSC with Ad-BMP-2. The over-expression of BMP-2 was associated with the

Figure 1. Effectiveness of gene transfer into human MSC determined after 48 hours by FACS
analysis. Cells were transduced with Ad-GFP at 1, 3, 10, 30, 100, 300, and 1000 MOI. (A).
FACS analysis of MSC after transduction with various MOIs of Ad-GFP, (B) Fraction of GFP
positive cells as a function of MOI.
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synthesis and secretion of BMP-2 protein (Fig. 2). BMP-2 levels measured 18
ng/ml at day 3, peaked at day 5 to about 40 ng/ml BMP-2, and declined to
undetectable levels by 15-20 days of culture. Non-transduced cells showed no
detectable BMP-2-release into the medium. In series of experiments, the same
BMP-2 concentrations as a result of BMP-2 release by the Ad-BMP-2 group –
measured by ELISA - were achieved in the non-transduced group by
supplementing culture medium with recombinant BMP-2 (Fig. 2). The
equivalence of total BMP-2 produced (Ad-BMP-2) or supplemented (BMP-2)
was confirmed by measuring the ratio of the areas under the curves for the two
groups, which were 1.01 ± 0.01 (Ad-BMP-2 : BMP-2 group). 

Figure 2. Time release of BMP-2 protein into the culture medium by MSC transduced with 25
MOI of Ad-BMP-2 (open circles). The experiment was repeated with non-transduced MSC
using medium supplemented with BMP-2 protein. BMP-2 concentrations for replacement
medium were set to the exact concentrations measured at the same time points for the Ad-
BMP-2 group (open circles). The concentration in the medium with supplemented BMP-2 was
measured just before the medium was changed (filled circles), to account for the BMP-2
degradation during culture. 
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Figure 3. Biochemical analysis of tissue constructs: (A) DNA content (B) alkaline phosphatase
(AP) activity and (C) calcium content. All measured values are expressed per unit construct
wet weight (n = 5-6). 
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3.3. Biochemical, transcriptional, and histological characterization of 
osteogenic differentiation

Human MSC were seeded onto silk scaffolds with a pore diameter range of
200–325 µm and all seeded scaffolds were cultured in osteogenic medium. The
cells were either transduced with Ad-BMP-2 or Ad-GFP, or BMP-2 protein was
added at concentrations similar to those measured in medium conditioned by
the Ad-BMP-2 group (Table 1). Cell concentration (measured as the amount of
DNA per unit construct wet weight) decreased from week 1 to week 3 of culture,
and then returned to the initial level. No significant differences were observed
between the groups at any measured time point (Fig. 3A). The bioactivity of
transduced and supplemented BMP-2 (Ad-BMP-2 and BMP-2 groups) was
evidenced by markedly increased alkaline phosphatase activity and calcium
deposition when compared to controls (Ad-GFP and non-transduced control)
(Fig. 3B,C). Alkaline phosphatase (ALP) activities at days 3 and 5 were
significantly higher for the Ad-BMP-2 and the BMP-2 and the Ad-GFP group as
compared to the control group (p < 0.05). In the Ad-BMP-2 and the BMP-2
group, ALP activity was increasing after 1 and 2 weeks of cultivation (p < 0.05
as compared to Ad-GFP and control), a finding consistent with the transient
response preceding tissue mineralization during osteogenic differentiation23.
The ALP activity of the non-transduced control group increased slightly but not
significantly after 2 weeks and remained at the same level at weeks 3 and 4.
After 3 and 4 weeks, no statistic differences for ALP activity were observed
among the groups (Fig. 3B). Mineralization started between weeks 1 and 3 of
cultivation, resulting in significant within-group differences for the Ad-BMP-2
group and the BMP-2 group between weeks 2 and 3 (p < 0.05), and remained
at this level after 3 weeks (Fig. 3C). This pattern of mineralization was observed
for two out of the three donors tested. A comparative experiment, using MSCs
transfected with Ad-GFP and exposed to the same BMP-2 profile as the BMP-2
group (Fig. 2), resulted in the same time-mineralization profile as observed for
the Ad-BMP-2 group and the BMP-2 group (e.g. comparison Ad-GFP plus
BMP-2 group as compared to BMP-2 group for donor #3 in µg calcium per mg
wet weight: week 1: 2.44 ± 2.77 µg/mg versus 3.96 ± 2.72 µg/mg; week 2: 4.91
± 1.08 µg/mg versus 3.43 ± 1.66 µg/mg; week 3: 7.67 ± 3.09 µg/mg versus 6.97
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± 2.42 µg/mg; week 4: 6.51 ± 0.26 µg/mg versus 6.33 ± 0.91 µg/mg). For the
exception, MSCs deposited significantly more calcium in response to BMP-2
after 4 weeks, as compared to adenovirally transduced MSCs (p < 0.01; data
not shown). 

As expected, compared to control groups, MSC transduction with Ad-BMP-2
resulted in a 2500 fold over-expression of BMP-2 after 1 week, which
significantly dropped to levels of 500 fold after 2 and 3 weeks (p < 0.05), and
again by an order of magnitude at week 4 as compared to BMP-2 gene
expression by non-transduced cells prior to seeding (p < 0.05, Fig. 4C).
Significant differences were observed in mRNA levels of bone matrix proteins
associated with bone mineralization24. Both the Ad-BMP-2 and BMP-2 groups
expressed osteopontin and bone sialoprotein at levels that were significantly
higher at all time points than those measured for the control group (p < 0.01),
whereas osteocalcin levels were equal to control levels throughout weeks 1 – 3,
subsequently raising significantly to expression levels that were higher than the
control (p < 0.01; Fig 4). During weeks 1–4, expression levels of osteopontin
remained constant in the BMP-2 group, while they further increased in the Ad-
BMP-2 group between weeks 1 and 3. The resulting expression levels of
osteopontin were significantly higher in the Ad-BMP-2 group as compared to
the BMP-2 group (p < 0.05; Fig. 4A). Bone sialoprotein expression was
comparable in all groups during weeks 1-2 of culture, and significantly higher in
weeks 3-4 for the Ad-BMP-2 and the BMP-2 group as compared to the control
(p < 0.05). Furthermore, bone sialoprotein expression continued to increase in
the Ad-BMP-2 group, and was significantly higher at weeks 3 and 4 as
compared to all other groups (p < 0.05; Fig. 4B). Osteocalcin expression in the
Ad-BMP-2 and the BMP-2 rose significantly between weeks 3 and 4 compared
to the control (p < 0.01), which stayed at a constant level throughout the culture
time. The  expression levels for osteocalcin within the Ad-BMP-2 group
increased more than those observed for the BMP-2 group, resulting in
significantly higher expression levels as compared to both the control and the
BMP-2 group (p < 0.01; Fig. 4D). The expression of the BMP type 1B receptor
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gene (BMPR1B) was below the detection limit for all groups and at all time
points (data not shown). The expression of the BMP type II receptor gene
(BMPR2) was not significantly different between groups (data not shown).

Histology results indicated no visible scaffold degradation over the 4 weeks
of culture (Fig. 5), consistent with the findings of former studies. Cells filled the
void areas between the silk lattice within 2 weeks and this matrix became more
granular after 4 weeks as seen in the H&E staining. The cells were in close
contact with silk (Fig. 5A-C;G-I) and they displayed an osteoblast-like

Figure 4. Gene expression of (A) osteopontin (OP), (B) bone sialoprotein (BSP), (C) bone
morphogenetic protein 2 (BMP-2) and (D) osteocalcin (OC) in MSC relative to the expression
of MSC quantified before seeding on scaffolds, all values normalized to GAPDH. Seeded cells
were cultured in osteogenic medium (control) and either transduced with adenovirus (Ad-
BMP-2) or cultured with BMP-2 protein (BMP-2) supplementation to the medium at
concentrations adjusted to the concentrations as secreted and measured in the Ad-BMP-2
group (* p < 0.05, ** p < 0.01, n = 4-5).
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morphology as seen in higher magnifications. Calcium deposition was detected
in the void areas and at the surfaces of the silk lattice, covering the scaffold with
a continuous layer of tissue after 2 weeks (Fig. 5E,F). By week 4, dark brown
staining for calcification was observed for both, the BMP-2 and the Ad-BMP-2
group (Fig. 5K,L). No calcification was observed in the control group (Fig. 5D,J)
cultured in medium without BMP-2, or upon transduction with Ad-GFP (data not
shown).

Figure 5. Light microscopy of construct cross sections after 2 weeks (A – F) or 4 weeks (G –
L) of cultivation in osteogenic medium (B,C,E,F,H,I,K,L) or control medium (A,D,G,J). MSC
were either transduced with Ad-BMP-2 (center column) or exposed to BMP-2 concentrations
as secreted and measured for the Ad-BMP-2 transduced cells (right column) or cultivated in
control medium (left column). Sections were stained with H&E (A-C;G-I) or with von Kossa (D-
F;J-L). Bar length is 100 µm.
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Qualitative tomographic evaluation demonstrated that the deposition of
mineralized tissue was more prominent at the scaffold peripheries and surfaces
with approximately the same thickness of the rim in the BMP-2 and the Ad-
BMP-2 groups (Fig. 6). The Ad-GFP group as well as the control group showed
clearly less formation of calcified tissue than Ad-BMP-2 transduced cells (data
not shown).

Figure 6. Micro-computer tomography images of three representative constructs cultured in
osteogenic medium for 4 weeks. Cells were either transduced with Ad-BMP-2 (A–C) or non-
transduced cells were exposed to BMP-2 at concentrations adjusted to the levels secreted
and measured for the transduced cells (E–F). Bar length = 1mm.
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4. Discussion
Several studies have demonstrated that bone formation at skeletal and non-

skeletal sites can be induced by the implantation of mesenchymal stromal cells
transduced with Ad-BMP-225-27. However, tissue engineering studies using in
vitro techniques and mechanically robust scaffolds such as silk, and comparing
the performance of either adenovirally transfected or untransfected MSCs with
both groups being exposed to similar time – concentration profiles of BMP-2
have not been reported. This study utilized a tissue engineering approach to
interrogate the effects of BMP-2 on osteogenesis in human MSC cultured on
silk scaffolds. Our objectives were to assess transient secretion of BMP-2 by
human MSCs transduced with Ad-BMP-2, to provide the same amounts of
BMP-2 protein by supplementation of culture medium, and to compare
osteogenesis for the two modes of BMP-2 delivery on the molecular, cellular
and engineered tissue levels. The three-dimensional cultivation of human MSC
on silk scaffolds can thus provide a controllable tissue model for studies of
MSC differentiation in response to a variety of genetic and exogenous signals.

In this study a MOI of 25 was chosen, although higher transgene expression
was observed for higher adenovirus concentrations (Fig. 1). The selection was
based on evidence from former studies, linking the key limitations of adenoviral
gene therapy such as: (i) immunogenicity in vivo, (ii) deleterious effects upon
long transduction times, and (iii) unclear fate of the adenovirus to high MOIs,
which could be at least in part, circumvented by selecting MOIs below 5021,22.
Other studies used an MOI of 100 for the transfection of MSC and observed
minimal signs of apoptosis, as determined by antigen expression studies8. The
relatively low doses of BMP-2 achieved with a MOI of 25 - up to 40 ng/ml at day
5 – resulted in the deposition of bone-like tissue adjacent to the silk lattice and
also within the void spaces (Fig. 5).

In earlier studies working with non-transduced cells but constant BMP-2
concentrations of 1 µg/ml, we observed stronger mineralization adjacent to the
silk and less prominent effects in the void areas3,18,28,29. Therefore, in these
former studies the formation of a highly interconnected trabecular-like bone
tissue was observed, an outcome most likely related to the higher BMP-2
concentrations since all other parameters including the cell source were kept
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constant3,18. To meet the constraints reported with higher MOI inducing
inflammatory reactions21,22, we selected an 25 MOI as a baseline for
comparing gene delivery and protein delivery, following our goal to compare
two modes of delivery rather than optimizing bone formation. Former studies
using MSCs transfected with 100 MOI in culture plate (two dimensional)
resulted in 5 times lower concentrations of secreted BMP-2 as compared to the
outcomes reported here for three dimensional culture, yet osteogenic response
were reported when implanted intramuscularly in mice8. As a consequence,
advanced outcomes of the system presented here might be anticipated due to
the higher BMP-2-secretory activity of these cells.

The transduction of human MSC with Ad-BMP-2 resulted in significant
expression of BMP-2, with transcript increases between 2500-fold (week 1) and
50-fold (week 4), over the baseline levels measured prior to transduction (Fig.
4C). Compared to that, secretion of BMP-2 protein was transient, peaking at
day 5 and rapidly decreasing thereafter (Fig. 2). These profiles measured for
human MSC are consistent with the corresponding data reported for mouse cell
lines (W20-17, A549)26,30, suggesting that the attenuation of BMP-2 secretion
is a general phenomenon across different species and cell sources when
adenoviruses as used here are utilized. A potential explanation for the
discrepancy between transcript level and protein secretion may be found in the
regulation of processing steps for the BMP precursor protein. It has been
speculated that the protease involved in cleaving the BMP-2 precursor may be
regulated during cell differentiation, thereby impacting the amount of secreted
and active BMP-230.

This study is the first demonstration of an integrated use of human MSC,
adenovirus transduction, and silk biomaterials in an in vitro system designed to
engineer bone. An envisioned application involves directed differentiation of
human MSC grown on structurally and mechanically stable silk scaffolds into a
variety of orthopaedic tissues, by provision of specific combinations of growth
factors. The results of the present study support this concept for the specific
case of bone formation in response to BMP-2, and suggests that under the
conditions studied, the gene transfer of Ad-BMP-2 is as effective as direct
BMP-2 protein supplementation to culture medium on silk scaffolds.
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Mineralization observed using Ad-GFP transfected cells exposed to the same
BMP-2 time-concentration profile (Fig. 2 for profile) as in the BMP-2 group
resulted in similar and statistically non-distinguishable profiles as the Ad-BMP-2
or the BMP-2 group, respectively. This raises the suggestion that the viral
transfection process itself, regardless of the transfected gene, does not impair
the performance of MSC undergoing osteogenic differentiation to deposit bone.
However, in one out of three donors tested, mineralization was significantly less
for the adenovirally transduced cells as compared to the BMP-2 group,
suggesting that donor specificity might have a substantial effect on the success
of virally dependent strategies.

Bone formation in vivo was classified into three phases, an initial proliferation
and matrix deposition, matrix maturation, and finally, matrix mineralization
phase31. It is, however, questionable how these phases are reflected in ex vivo

tissue engineering approaches, and most certainly the temporal sequence of
phases differs from in vivo events. However, certain biochemical and cell-
biological events are essential for the bone formation process, either in vivo or
ex vivo and therefore, the term “phases” is also used for the purpose to
describe the state of the differentiating cell pool in this tissue engineering
approach. The second (matrix maturation) phase is characterized by early
osteogenic markers such as AP. AP is a membrane bound enzyme that is
abundant in early bone formation and increased AP levels were correlated with
increased bone formation histomorphometrically32. Other studies were not able
to demonstrate a direct correlation on the amount of bone that will be formed in
response to alkaline phosphatase levels23. Therefore, it has to be taken into
account, that AP activity is not a completely reliable marker for mineralization
on its own. Osteopontin (OP) is another non-specific early bone marker that is
expressed bimodally, with an early peak during the proliferative phase and
another after initial mineralization33 and OP was linked with pre-osteoblastic
cell stages34,35. Gene expression levels for OP were identical for the Ad-BMP-
2 group and the BMP-2 protein group after 1 and 2 weeks but significantly
higher for the Ad-BMP-2 group after 3 and 4 weeks. Similar results were
measured for bone siaoloprotein (BSP) gene expression, a late bone marker
first produced by differentiated osteoblasts forming bone36,37 . BSP was shown
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to bind collagen38, nucleate hydroxyapatite formation in vitro39, and has been
isolated in cells actively mineralizing a type I collagen matrix40. Osteocalcin
(OC) is reported to be among the most specific markers for osteoblast
maturation36,37, OC gene expression increase was observed for both the Ad-
BMP-2 and BMP-2 group whereas no increase was observed in the control
group and after 3 weeks. The relatively late onset of both BSP and OC
expression results from the time for progression along the osteogenic lineage
until the cells reach their mature phenotype36,37. The extent of mineralization
was not different between the BMP-2 group and Ad-BMP-2 group for 2 out of
three cell sources tested (Fig. 3C, Fig. 5). Comparative side experiments with
Ad-GFP, exposed to the same BMP-2 levels as the BMP-2 group, also resulted
in the same mineralization rates, suggesting good tolerance of the adenoviral
transduction process on osteogenic performance.

5. Conclusion
In summary, this study corroborates other studies demonstrating that human

MSC can be effectively transduced with adenoviruses at low MOI, resulting in
the transient synthesis and secretion of biologically active BMP-2. Transient
exposure to BMP-2 induced strong osteogenic responses in both the
adenoviral transduced and non-transduced cells, as reflected in expression of
osteopontin, BSP and alkaline phosphatase activity, with higher values for the
adenovirally transduced cells. Viral transduction, independent of the carried
gene, did not impact osteogenic performance of MSCs in two out of three cell
sources, whereas for one donor, virally transduced cells deposited significantly
less calcium when compared to untransfected cells exposed to BMP-2 protein.
This raised evidence that the success of osteogenic therapies using viral
vectors may be in part patient dependent. As a result, the adenoviral approach
increases the cell's capacity to express osteogenic markers, does not interfere
with the cell's capacity to proliferate, or the cell's capacity to deposit calcified
tissues at low adenoviral concentrations.
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Abstract
The pharmaceutical utility of silk fibroin (SF) materials for drug delivery was

investigated. SF films were prepared from aqueous solutions of the fibroin
protein polymer and crystallinity was induced and controlled by methanol
treatment. Dextrans of different molecular weights, as well as proteins, were
physically entrapped into the drug delivery device during processing into films.
Drug release kinetics were evaluated as a function of dextran molecular weight,
and film crystallinity. Treatment with methanol resulted in an increase in ß-
sheet structure, an increase in crystallinity and an increase in film surface
hydrophobicity determined by FTIR, X-ray and contact angle techniques,
respectively. The increase in crystallinity resulted in the sustained release of
dextrans of molecular weights ranging form 4 kDa to 40 kDa, whereas for less
crystalline films sustained release was confined to the 40 kDa dextran. Protein
release from the films was studied with horseradish peroxidase (HRP) and
lysozyme as model compounds. Enzyme release from the less crystalline films
resulted in a biphasic release pattern, characterized by an initial release within
the first 36 hours, followed by a lag phase and continuous release between
days 3 and 11. No initial burst was observed for films with higher crystallinity
and subsequent release patterns followed linear kinetics for HRP, or no
substantial release for lysozyme. In conclusion, SF is an interesting polymer for
drug delivery of polysaccharides and bioactive proteins due to the controllable
level of crystallinity and the ability to process the biomaterial in biocompatible
fashion under ambient conditions to avoid damage to labile compounds to be
delivered.
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1. Introduction
Silks belong to a group of high molecular weight organic polymers

characterized by repetitive hydrophobic and hydrophilic peptide sequences1.
Due to the highly repetitive primary domains, fibrous proteins and especially
silk fibroin (SF) assemble into regular structures during materials formation and
can be considered as Nature’s equivalents to synthetic block copolymers1-

5.Silks are naturally produced by spiders or insects, such as Nephila clavipes

and Bombyx mori, respectively6,7.The primary sequence of SFs have achieved
wide evolutionary adaptation to such diverse needs as spinning underwater
nets to trap air for underwater breathing, lifelines, and prey capture, common
features associated with the formation of robust and stable material structures.
The repetitive organization and the presence of high contents of short side
chain amino acids, glycine, serine, and alanine have been preserved in these
protein polymer systems8.

During the spinning process, several motifs in the silk form crystalline ß-
sheet stacks by hydrogen bonding and hydrophobic interactions, forming the
basis for the tensile strength and toughness of the material8-11. This assembly
process starts from highly concentrated silk solutions either in vivo or emulated
in vitro. The protein assembly process in vivo is initiated by extraction of water,
changes in salt concentration and finally triggered by mechanical stress or
chain alignment during fiber spinning. This process has been biomimetically
transferred into in vitro environments, providing the basis for the fabrication of
silk scaffolds as implant materials12. These silk-based biomaterials have
interesting mechanical, morphological and structural properties that may fill
important niches in biomaterial applications, in particular for the
musculoskeletal system due to the robust mechanical properties13-17.

The present study relates to the understanding of silk fibroin processing and
control of structure development (ß-sheet content as a reflection of degree of
crystallinity) towards utility as a controlled release delivery matrix. The effect of
the molecular weight of the compound to be delivered on the release kinetics
from SF matrices was investigated within the context of control of crystalline
content during processing. Furthermore, model proteins (enzymes) were
formulated into the SF polymer films and their release pattern was followed with
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potency tests in order to extend the potential utility of this new controlled
release device with bioactive molecules. The ability to formulate and control
structural features of this family of proteins in an all aqueous process suggests
that sensitive biologicals can be incorporated into these matrices without
significant loss of biological activity.
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2. Materials and Methods
2.1. Materials

Fluorescein isothiocyanate-dextrans with molecular weights of 4, 10, 20 and
40 kDa, respectively, horseradish peroxidase (HRP; EC 1.11.1.7.), lysozyme
(EC 3.2.1.17), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammoni-
um salt (ABTS), bovine serum albumin (BSA), Micrococcus luteus, 0.01 M
phosphate-buffered saline (PBS: 2.7 mM potassium chloride, 0.137 M sodium
chloride, pH 7.4) and o-phenylenediamine Fast Kit (OPD-Fast Kit; 0.4 mg/ml in
0.05 M phosphate-citrate buffer containing 0.4 mg/ml urea hydrogen peroxide)
were from Sigma-Aldrich (Buchs, Switzerland), H2O2 was from Haenseler
(Herisau, Switzerland). Purified polyclonal rabbit anti-chicken lysozyme anti-
body (80 mg/ml) and purified goat anti-rabbit IgG horseradish-peroxidase-
linked antibody (2.0 mg/ml) were obtained from Acris Antibodies GmbH
(Hiddenhausen, Germany). Silk was kindly supplied by Trudel Silk Inc. (Zurich,
Switzerland). All other substances were of analytical or pharmaceutical grade
and obtained from Sigma-Aldrich.

2.2. Film preparation
Cocoons from Bombyx mori (Linne, 1758) were boiled 2 times for 1 h in an

aqueous solution of 0.02 M Na2CO3 and rinsed with water as previously
described18. Purified silk was solubilized in 9 M aqueous LiBr solution and
dialyzed (Pierce, Woburn, MA; MWCO 3500 g/mol) against water for 2.5 days.
Fibroin concentration was determined after evaporation of water overnight and
using an analytical balance (Mettler, Greifensee, Switzerland). The
concentration was adjusted to 5% (w/v). One hundred and fifty µl of the silk
fibroin solution was transferred into polystyrene 96-well plates (for release
study; Nunc, Wohlen, Switzerland) or onto flat Teflon surfaces (for physical
characterization) and dried at 37°C and 500 mbar overnight. Dried films were
treated with 300 µl of (i) 90% (v/v) methanol in H2O or (ii) H2O for 30 min,
respectively or (iii), left untreated.
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2.3. Film characterization
2.3.1. Atomic force microscopy (AFM)

Surface analysis of silk fibroin films, 6 mg each and either treated with 90%
methanol (v/v) or left untreated, was performed in contact mode using a
Nanoscope IIIa (Digital Instruments, San Diego, CA) with oxide-sharpened
Si3N4 tips mounted on triangular cantilevers with spring constants of 0.58 N/m
(specified by the manufacturer). Images were taken in air and flattened and
plane-fitted as required.

2.3.2. Fourier-transform infrared spectroscopy (FTIR)
Compound-loaded and unloaded (empty) films were prepared and either

methanol treated or left untreated as described before. The structure of the
various films was analyzed by FTIR on a Bruker Equinox 55 Spectrometer
equipped with a MIRacleTM attenuated total reflection (ATR) Ge crystall cell in
reflection mode. Background measurements were taken twice with an empty
cell and subtracted from the sample readings.

2.3.3. Wide angle X-ray scattering (WAXS)
Real-time wide angle X-ray scattering studies were performed at beamline

X27C of the National Synchrotron Light Source (NSLS; Brookhaven National
Laboratory, NY). Intensity data were collected at room temperature with films
encapsulated in Kapton™ tape. Monochromatic X-radiation with a wavelength
of b = 0.15 nm was used. The data were collected in transmission mode using
two one-dimensional position sensitive wire detectors. The scattering vectors, q
(q = 4*sin a/b, with a as the half-scattering angle) were calibrated using sodelite
and silicon reference powders for WAXS. Scans were collected for 3 minutes
over an angular range from 2" = 10-30°. Intensity data were corrected to
account for detector linearity, background scattering, sample absorption, and
changes in incident beam intensity. Due to the detector geometry, the range of
angles from 2a = 1-7° was not accessible at NSLS. Therefore, room
temperature WAXS studies were performed using a conventional sealed tube
X-ray source having b = 0.15 nm. A Phillips PW1830 X-ray generator and
optically encoded diffractometer were used to investigate the range of
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scattering angles at which the OMS typically shows its gallery spacing, i.e. from
2a = 2-7°. Films were examined in a/2a reflection mode, using a step scan
interval of 0.01° with 2.4 s/step; d-spacings, obtained from Bragg's Law (nb =
2d*sin a; where b is the wavelength of the beam of X-rays and is equal to 0.15
nm, a is the angle of incidence in degrees, and d is the spacing between atomic
planes and is given here in nm).

2.3.4. Contact angle
Static contact angle measurements were performed on dry films (n=3) that

were either treated with 90% (v/v) methanol or untreated at ambient
temperature using a goniometer (NRL C, ramé-hart inc., Mountain Lakes, NJ).
Ultrapure water droplets were used with a drop volume of approximately 30 µl.

2.4. Drug load and release
The silk fibroin solution (5% w/v) was mixed with a drug solution in either

PBS (10 mg/ml; FITC-dextrans) or PBS + 0.1% (m/v) BSA (10 mg/ml; HRP,
lysozyme) at a ratio of 7.5:1 (v/v), respectively. One-hundred and fifty µl per
well of this mixture or 150 µl silk fibroin solution (5% w/v) was pipetted into
polystyrene 96-well plates. Films were dried overnight (37°C; 500 mbar) and
treated with methanol or water as described above. The supernatant was
collected and the solvent was evaporated using a speedvac concentrator
(sc110, Savant, Fisher Scientific, Wohlen, Switzerland). Residues were
redissolved in 300 µl PBS (FITC-dextrans) or PBS + 0.1% (m/v) BSA (HRP,
lysozyme) and the compound content in the supernatant was measured as
described later. The films were dried again at 37°C and 500 mbar overnight.
For release studies, 300 µl of release medium was added to each well and the
plates were incubated at 25°C for 23-28 days. At each time point the whole
medium was collected for measurement and replaced by fresh release medium
(Table 1).

2.4.1. Size exclusion chromatography (SEC) of FITC-dextrans
FITC-dextrans were assayed by SEC-chromatography using a Merck system

(Duebendorf, Switzerland), consisting of an autosampler (Merck Hitachi AS), a
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computer interface (Merck Hitachi A6000), a pump (Merck Hitachi L6200A) and
a fluorescence detector (Merck Hitachi F-1050). Separation was performed on
a Superdex® 200 HR 10/30 column (Amersham Biosciences Europe,
Otelfingen, Switzerland) at 4°C with 50 nM phosphate buffer (pH 7.4) at a flow
rate of 0.5 ml/min. FITC-dextran fluorescence was detected with an excitation
wavelength of 485 nm and an emission wavelength of 530 nm.

2.4.2. HRP activity assay
The enzyme solutions were diluted in a solution which consisted of 0.5% (v/

v) Triton-X 100 and 0.25% (w/v) BSA in 40 mM potassium phosphate buffer at
pH 6.8. Ten µl samples or standards were added to 200 µl freshly prepared
substrate solution (0.5 mg/ml ABTS and 0.03% (w/v) H2O2 in 100 mM citrate
buffer at pH 4.1) and the absorption was read at 405 nm at 25°C using a
spectrophotometer (Cary 300; Palo Alto, CA).

2.4.3. Lysozyme activity assay
Lysozyme activity was determined by turbidity measurements with

Micrococcus luteus cell suspension in 50 mM potassium phosphate buffer at
pH 7. The cells were mortared and suspended in 50 mM potassium phosphate
buffer until the absorption was in the range of 0.7-0.9 as measured at 450 nm.
Twenty-five µl lysozyme solution was added to 1.5 ml cell suspension and the
decrease in absorption (450 nm) was read for 5 minutes. The maximum linear
rates for samples, standards and blank were obtained and the activity of the
enzyme was calculated.

2.4.4. ELISA for lysozyme quantification
For quantification of released lysozyme protein, an indirect ELISA procedure

modified from Vidal et al.19 was performed. Incubation was at room
temperature (25°C) on a rotating microplate shaker (IKA Labortechnik, Staufen,
Germany). Flat-bottom 96-well polystyrene microtiter plates (Nalge Nunc,
Hereford, UK) were washed with PBS between every step of the assay and 4
times at each step (100 µl/well except after blocking: 200 µl/well). Reactant
volumes were 50 µl/well. Microplates were initially coated for 2 h with lysozyme
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in PBS and nonspecific sites were blocked for 1 h using a solution of 3% BSA
(w/v) in PBS. Polyclonal rabbit anti-chicken lysozyme antibody and goat anti-
rabbit IgG horseradish peroxidase-linked antibody in 1% BSA-TPBS (1% (w/v)
BSA-PBS plus 0.05% (w/v) Tween 20) were subsequentially added and
incubated for 2 hours. The substrate (OPD at 0.4 mg/ml in 0.05 M phosphate-
citrate buffer containing 0.4 mg/ml urea hydrogen peroxide) for peroxidase was
placed in the wells for 15 minutes. The reaction was stopped by the addition of
50 µl 1 M H2SO4. Absorbance was read at 540 nm using a microplate reader
(Molecular Devices, Bucher Biotec AG, Basel, Switzerland).

2.4.5. Gel filtration chromatography (GFC) for lysozyme
Lysozyme was assayed for aggregation and degradation products by GFC-

chromatography using a Merck system (Duebendorf, Switzerland), consisting
of an autosampler (Merck Hitachi AS), a computer interface (Merck Hitachi
A6000), a pump (Merck Hitachi L6200A) and a UV/VIS detector (Merck Hitachi
L-4250). Separation was performed on a Shodex protein KW804 column
(Infochroma AG, Zug, Switzerland) at 25°C with 50 mM phosphate buffer with
0.3 M sodium chloride (pH 7.5) at a flow rate of 1.0 ml/min. Lysozyme
absorption was detected at 274 nm.

2.4.6. Protein adsorption to silk films
Three hundred µl protein solution (HRP: 1 mg/ml; lysozyme: 10 mg/ml) in

PBS containing 0.1 % BSA was added to either methanol treated or non-
methanol treated films and incubated at 25°C for 24 . Adsorption of the proteins
to the silk films was determined by measuring the reduction of protein activity in
the supernatant.

2.5. Statistical analysis
For statistical significance, samples were evaluated using a student t-test as

well as ANOVA where appropriate. ANOVA was followed by a post-hoc

assessment using the Tukey HSD method. Differences were considered
significant when equal or less than 0.05.
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3. Results 
3.1. Surface characterization and physicochemical analysis of silk films

Silk film morphology was assessed by atomic force microscopy before and
after methanol treatment (Fig. 1). Methanol treatment resulted in rougher
surfaces when compared to non-methanol treated films and the formation of
globular structures, which were not found in native (i.e. not methanol treated)
films. FTIR structural analysis of methanol treated films showed an N-H
bending vibration bond (amide II) intensity shift from 1540 cm-1 to 1535 cm-1

when compared to native films (Fig. 2A).

Similarly, methanol treatment resulted in additional shoulders at 1630 cm-1

(amide I) and 1265 cm-1 (amide III). The water treated silk films for the most
part lack the peaks for secondary structure at 1695, 1627 and 1520 cm-1,
however, it seems as though with the addition of FD20 and FD40, the FTIR
structures start showing a more pronounced shoulder or peak at ~1627 and
1515 cm-1 indicating an increase in ß-sheet conformation for those films. These
data were corroborated by wide-angle X-ray scattering (WAXS) also used in

Figure 1. AFM images of silk film
surfaces either treated with 90%
methanol (A, C) or left untreated (B,
D). (A, B): bar length 2.5 µm, (C, D):
bar length 0.5 µm.
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the material characterization (Fig. 2B,C). With WAXS, silk crystallinity was
monitored by calculating the intersheet d-spacing distances from the X-ray
plots. Methanol treatment resulted in a shift of the major peak (2a = 20°; Fig.
2B,C) from 4.4 to 4.3 Å, indicating a shift from silk I to silk II structure. For
comparison with our data, representative silk I and silk II model structures that
had been taken by X-ray and electron diffraction, infrared spectroscopy,
nuclear magnetic resonance, and raman spectroscopy were collected from
literature20-31 and resulted in three predictions of silk I structure models, the
Crankshaft model27, the out-of-register model24 and the repeated ß-turn type II
model21. Silk II structure is commonly described by antiparallel ß-sheets32,33.
More peaks corresponding to reported silk II ß-sheet crystalline structures were
present in the methanol treated films including the shift in the position of the
major peak at 2a = 20°, indicating a shift from silk I to the more dense silk II
structure (data not shown).

Film surface hydrophobicity of methanol treated silk films showed a
significantly higher contact angle than for non-methanol treated films at each
time-point (p < 0.001; Fig. 2D,E). Contact angles remained stable for methanol
treated films (Fig. 2D) whereas a significant drop over time was observed for
non-methanol treated films (p < 0.05 or p < 0.01; Fig. 2E).

3.2. Compound release
The release of fluorescently labelled dextrans (FD) with molecular weights

ranging from 4 kDa (FD4) to 40 kDa (FD40), respectively, was evaluated as a
function of methanol treatment using HPLC quantification (Fig. 3, Table 1). In
water treated films, FDs with molecular weights from 4 to 20 kDa showed a
burst release after 8 hours of 60.7 ± 30%, 47.9 ± 20% and 50 ± 32%,
respectively. Later than 3 days, FD4-release ceased almost completely (77 ±
6% after 28 days), while FD10 and FD20 showed a continous release pattern
up to 94.0 ± 0.2% and 90.2 ± 1.7% after 28 days, respectively. In contrast, the
release of the larger molecule FD40 was retarded and showed an initial release
of only 17.9 ± 15% followed by a continuous release to up to 40.9 ± 3% after 28
days (Fig. 3A).
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Figure 2. Physicochemical characterization of silk films either untreated or treated with water
or 90% methanol. (A) FTIR spectra of methanol or water treated silk films; determination of
crystallinity by WAXS of methanol treated (B) and water treated (C) films; determination of
hydrophility/hydrophobicity of the film surface by contact angle measurements of methanol
treated (D) and non-methanol treated (E) films over time.
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Methanol treatment of the drug loaded silk films resulted in a strong and

molecular weight dependent retardation of the release of all FDs. Burst
releases of FD4, FD10, FD20 and FD40 were 58.4 ± 4%, 26.3 ± 19%, 7.7 ±
52% and 8.4 ± 55%, respectively. With an increase in molecule size, a
reduction of the incline was observed for the first 10 days of release, levelling
off after 14 days for all molecules (Fig. 3B).

Further studies detailed the efficacy of silk fibroin films as delivery vehicles
for bioactive compounds, using HRP and lysozyme as model drugs (Fig. 4, 5,
Table 1), based on bioactivity assessments. A discontinuous release from non-
methanol treated silk films was observed for HRP, characterized by an initial
burst of 7.4 ± 0.3 µg, followed by a lag phase of two days and a continuous
release from days 3 to 8. At later timepoints, no more release of bioactive HRP
was measured (Fig. 4A). HRP release from methanol treated films started at
day 5 and continued until day 23, with a total release of 25.2 ± 3.0 µg HRP (Fig.
4A). The affinity of HRP to the silk films was measured upon incubation of non-
methanol treated and methanol treated silk films with the model drug for 24
hours. HRP demonstrated strong affinity to the silk fibroin surface, but no
significant differences were observed for the two treatments (Fig. 4B).

Table 1. Physicochemical properties of model drugs

Compound Molecular weight (kDa) Release 
medium Radius (nm) pI

FD4 4 PBS 1.4a -

FD10 10 PBS 2.3a -

FD20 20 PBS 3.3a -

FD40 40 PBS 4.5a -

HRP type IV-A 44 PBS + 0.1% 
BSA 3b 6-9c

Lysozyme 14.3 PBS + 0.1% 
BSA 1.8b 11.35

a Approximate Stoke’s radii given by the supplier
b Solute radius was calculated from aqueous diffusivities found in the literature using the     
Stokes-Einstein equation
c Depending on the isoenzyme
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Bioactive lysozyme release from non-methanol treated silk films was
characterized by an initial burst of about 21.3 ± 12.9 µg, followed by a short lag
phase and a continuous release between days 3 and 8 (Fig. 5A). After 9 days
of release, no bioactive lysozyme was released. No bioactive lysozyme was
detected from methanol treated films throughout the study time (Fig. 5A).
However, ELISA measurements of the amount of released protein by ELISA
using a polyclonal lysozyme antibody showed a release from methanol treated
silk films, starting at day 8 with a continuous and linear release pattern
thereafter and – although at a lower level - parallel to the release from non-
methanol treated films (Fig. 5A). The released lysozyme was further analyzed
to detail the cause of the positive ELISA and negative potency results, using
qualitative GFC-HPLC studies. 

Figure 3. Cumulative release of different molecular masses of FITC-dextrans from silk fibroin
films treated with H2O (A) or 90% methanol (B).
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Clearly, by-products of lower size (degraded) and higher size (aggregates) of
lysozyme were released in the incubation medium and their presence
increased with time for both, methanol (Fig. 5C) and non-methanol treated (Fig.
5D) films. An apparent silk peak was observed at early timepoints and for the
water treated - and better water soluble - silk films as compared to the methanol
treated ones, and overlap was observed for the silk peak and the lysozyme
peak (Fig. 5B,D). This observed degradation phenomenon correlates with
measurements of weight loss of non-methanol treated silk films in PBS (data
not shown). The adsorption of lysozyme was slightly higher for methanol
treated as observed to non methanol treated films, but not significant (p = 0.08;
Fig. 5E).

Figure 4. Interaction of
horseradish peroxidase with silk
films: (A) Cumulative release of
HRP from silk films treated with
either 90% methanol or H2O,
respectively. (B) Adsorption of
HRP from an aqueous solution to
a silk fibroin surface either treated
with 90% methanol or non-
methanol treated.
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Figure 5. Interaction of lysozyme with silk films: (A) Cumulative release of lysozyme from silk
films treated with either 90% methanol or H2O, respectively. Data are presented as amount of
protein released as measured with ELISA (open symbols) or amount of protein released as
calculated from the activity measurements (black symbols). (B, C, D) SE-HPLC
measurements showing: silk, lysozyme and a mixture of both in release buffer as controls (B),
released molecules out of silk films treated with 90% methanol (C) or water (D) after 1, 9 and
23 days, respectively. (E) Adsorption of lysozyme from an aqueous solution to a silk fibroin
surface either treated with 90% methanol or non-methanol treated.
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4. Discussion
Silk fibroin is isolated from cocoons of the silkworm, B. mori. This protein has

recently found growing interest as a biomaterial for musculoskeletal implants,
including substrates for tissue engineered cartilage, bone, and ligaments16,34-

37. Several studies detail the advantages of SF based materials, including the
directed differentiation of human mesenchymal stem cells (MSC) into different
tissues and excellent biocompatibility14,38,39. Furthermore, the mechanical
properties of SF in fiber form, rivaling high performance fibers such as Kevlar in
terms of energy adsorbed before the fiber breaks, distinguish this organic
polymer from other naturally occurring alternatives, such as collagen40.

MSC differentiate selectively along different lineages including cartilage and
bone, when exposed to specific proteins - e.g. growth factors and cytokines.
Ideally, a scaffold material provides a substrate in which cells can thrive and
receive stimuli such as through protein release to guide the differentiation
process of cells. Therefore, this study evaluated SF as a delivery vehicle for the
sustained release of compounds and enzymes as model drugs to further
expand the material options available with SF in the important niche of
controlled release. Earlier studies have demonstrated the use of silk fibroin
carriers for enzyme immobilization as needed for the preparation of
biosensors41,42. These studies detailed the protective properties of silk fibroin
matrices for several proteins including staphylococcal protein A43, alkaline
phosphatase41, and various other proteins and peptides44,45. Ultimately, this
type of materials system could lead to a novel mechanically useful implant
material, stabilizing and releasing proteins that guide the differentiation process
of cells in a directed fashion through controlled drug delivery.

Methanol treatment of the silk films resulted in physicochemical changes with
the formation of globular surface structures which were absent on surfaces
from water treated films (Fig. 1). Further, methanol treatment induced a shift to
higher amounts of crystalline ß-sheets structures (Fig. 2A,B) and resulted in
higher hydrophobicity as indicated by contact angle measurements (Fig. 2D,E).
The different crystalline states were detected by FTIR spectra, resulting in a
typical shift for amide III bond stretching (1235 and 1265 cm-1) and changes in
the amide V bond regions. In particular the shoulder in the amide III band
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region is indicative for a conformational shift of silk fibroin into ß-sheet
structure, as described before32,46. Changes in silk assembly as a result from a
silk I to a silk II conformational change were further detailed by wide angle X-
ray scattering (WAXS) before and after methanol treatment. The assembly of
silk fibers in the silk I conformation state was described by three different
models, obtained through measurements of d-spacing data from WAXS, the
Crankshaft47, ß-turn type II24 and the out of register21,22,32 model, respectively.
Assembly in silk structures with a silk II conformational state and as a result of
methanol treatment was presented by Marsh and Asakura21,22,32,33. A
comparison of d-spacing from WAXS spectra and taken from water treated
(mainly silk-I conformation) films in this study (extracted from Fig. 2B, C), fitted
best with the out-of-register model of silk assembly, which was subject to
substantial changes after methanol treatment, resulting in structures of a silk-II
conformational state and as previously described22,33.

For evaluation of drug size/molecular weight impact on release patterns,
dextrans with increasing sizes and molecular weights were used. Dextrans with
molecular weights of 2 to 10 kDa arrange in expandable coils, whereas
dextrans with molecular weights exceeding 10 kDa organize in branched
structures48,49. The higher the molecular weight, the larger was the retention of
the drug, more specifically for methanol treated films (Fig. 3). These retentions
were a result of the above described changes in physicochemical properties,
characterized by an increase of crystalline ß-sheets and a concomitant
decrease in water solubility12,50,51, ultimately resulting in more sustained
release kinetics.

In the present study, crystallinity was induced by methanol treatment1,5,12,52,
which can be detrimental to the bioactivity of a drug, in particular for protein
drugs53. These detrimental methanol effects were observed for lysozyme by
comparative experiments of drug release into the supernatant using an ELISA
and a potency assay (Fig. 5). Lysozyme release from water treated films
resulted in similar release profiles as measured by the two different assays
(potency versus presence of antigen), whereas a substantial loss in bioactivity
was determined for drugs released from methanol treated films. Therefore, silk
scaffolds failed to protect lysozyme potency after methanol treatment.
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Interestingly, HRP entrapment into methanol treated films resulted in a release
of bioactive HRP (Fig. 4), whereas complete loss of potency resulted from
methanol supplementation to aqueous HRP solutions (data not shown). Based
on these findings, a selective protection for protein drugs can be postulated for
silk biopolymers. Future studies are needed detailing the mechanistic principles
of protection by silks.

Drug release kinetics were further influenced by the drug’s nature, as can be
exemplarily seen with a comparison of HRP (Stoke's radius of approximately 3
nm) and FD20 (Stoke's radius of 3.3 nm). Apart from similarities in diameters,
both HRP and FD20 resulted in completely different release patterns.
Therefore, easy predictions of drug release kinetics from silks are difficult and
call for a clear need to individually assess a drug’s retention within the
biopolymer.

The experiments highlight the strength but also the limitations of using silk
fibroin as a polymer for drug delivery. The motivation of this study was to
combine the excellent biomaterial properties of silks - biocompatibility,
mechanical integrity, and biodegradation – with drug delivery options. We
believe a general feasibility of this approach can be postulated from the
presented work, although detrimental effects of processing steps involving the
use of methanol on drug potency need to be addressed for each individual drug
intended to be delivered. Further, adsorption to silk surfaces can significantly –
and again as a result of individual drug properties – change drug release
kinetics. Current experiments in our lab aim at using repetitive cycles of water
vapor exposition instead of methanol treatment to induce changes in silk
crystallinity, to by-pass the detrimental effects of methanol. Preliminary own
results and supporting data from literature54 suggest the feasibility of this
replacement, while maintaining suitable drug delivery kinetics similar to the
ones shown for methanol treated films.

An envisioned scenario for the above introduced system in tissue
engineering would be the use of drug releasing SF biomaterials to guide the
differentiation of MSC into musculoskeletal tissues. A close monitoring of drug
potency and aggregation phenomena is required to optimize such systems.
These systems offer preservation of sensitive protein activity, allow for a
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controlled and sustained delivery of proteins, along with control of scaffold
structure and morphology. When these features are considered along with the
remarkable mechanical properties of these proteins in materials, intriguing
options for new biomaterial utility for this family of proteins begin to emerge.
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1. Background
With the progressive aging of the population, the need for functional tissue

substitutes is increasing. Organ transplantation and mechanical devices have
revolutionized medical practice but have limitations. Skeletal tissue loss due to
congenital defects, disease, and injury is currently treated by autologous tissue
grafting, a method limited by the availability of the host tissue, harvesting
difficulties, donor site morbidity, and the clinician's ability to contour delicate 3D
shape1. However, autologous grafts are ideal implants as they provide an (i)
osteoconductive (i.e., an environment in which cells can thrive), (ii)
osteoinductive growth factors, which are stored in the graft and released during
osteoclastic resorption and kick-start the osteogenic process, and (iii)
autologous cells, a viable component capable to (re)generate bone tissue and
facilitate tissue integration at the implantation site. The generation of
autologous bone grafts in vitro, avoiding the harvest of autologous tissue at a
second anatomic location, is the ultimate goal in bone tissue engineering.
Consequently, scientific strategies utilize and integrate all three components, (i)
the scaffold, (ii) the osteoinductive factors, and (iii) the cells, to meet the gold
standard for implants, the autologous graft.

Osteoconductive scaffolds facilitate cell attachment and tissue development,
and they biodegrade in parallel with the accumulation of tissue components.
Therefore, they initially provide a structural and logistical template and degrade
matching the rate of bone deposition. The osteoconductive environment is
essential for promoting orderly tissue regeneration and in particular benefits
from appropriate geometry2-6. Scaffold structure determines the transport of
nutrients, metabolites and regulatory molecules to and from the cells, and pore
sizes and interconnectivity influence the geometry of the engineered tissue.
These constraints directly impact the uniform distribution of cells throughout the
scaffold. Optimized interconnected porosity facilitates cell colonization
throughout the construct and is the requirement for fully viable implants. The
importance of scaffold geometry has been demonstrated for some porous
biodegradable polymers, where new tissue formation has been restricted to a
superficial and only 200-µm-thick layer of calcified tissue7,8.
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2. 3D Silk scaffolds
2.1. Silk as a biomaterial

The chemical nature of the biomaterial critically affects tissue formation.
Physiologically, collagen type I makes up to 90% of the total protein content as
present in bone and – following a biomimetic strategy – this biomaterial should
be considered the ideal material. A problem in using natural collagen type I is
the inadequate biodegradation of this fibrous polymer, resulting in insufficient
mechanical properties for bone tissue engineering and a collapse of the
engineered tissue resulting in unconnected calcified and unorganized bone
clusters9. The biodegradation of collagen type I can be adapted through cross-
linkage of the molecules, thereby matching the requirements for bone implants.
However, the tissue-reaction to cross-linked collagen scaffolds was quite
unpredictable and resulted in spontaneous calcification, cytotoxic effects, and
scar formation around the implant10. Spontaneous calcification might in
particular result in problems for the engineering of osteochondral plugs, where
the formation of pure, cartilaginous tissue is impaired by the uncontrolled, and
not cell-mediated, mineralization. These remarkable differences in cytotoxicity
were connected to residual agents as a consequence of processing and the
cross-linking reagents used10,11.

Among the available natural fibers, silks do have the strongest mechanical
properties and even rival the best synthetic high-performance fibers, such as
Kevlar, in overall performance (energy absorbed to break)12. The mechanical
and thermal properties of dragline silk from the spider Nevila claviceps have
previously been characterized with reference to silkworm silk12. The best
properties of the native fibers collected and tested at quasi-static rates were 60
GPa and 2.9 GPa for initial modulus and ultimate tensile strength, respectively.
Based on microscopic evaluations of knotted single fibers, no evidence of kink-
band failure on the compressive side of a knot curve was observed12. Synthetic
high-performance fibers fail by this mode even at relatively low stress levels;
this is a major limitation with synthetic fibers in many applications. Furthermore,
silks are mechanically stable up to almost 200°C in dynamic mechanical
evaluations12. In terms of material properties, silks also provide a range of
mechanical features that suggest future applications in many different



Chapter IX

228

biomaterials needs. Table 1 provides some comparisons of the mechanical
properties of silks (spider dragline and silkworm), collagen, cross-linked
collagen scaffolds, and scaffolds prepared from a synthetic polymer, poly(lactic
acid) (PLA).

Silks are natural fibers predominantly harvested from the domesticated
silkworm, Bombyx mori, and have been used traditionally in the form of threads
in textiles and sutures for biomedical needs for thousands of years16-20.
Recently, silks have also been explored for an extended variety of biomedical
applications, including osteoblast and fibroblast cell support matrices and for
ligament tissue engineering9,20-22.

Aside from existing natural sources of silk (B. mori silkworm silk from
sericulture), future options from the availability of reasonable quantities of
genetically engineered silk variants (such as from Polymer Technologies, Nexia
Biotechnologies, and others) would expand the set of structures available for
use in vivo.

Table 1. Comparative mechanical properties of some key fibrous biomaterials for scaffolds

Materials Ultimate tensile 
strength (mPa)

% Strain at 
failure Modulus (MPa) Reference

Collagen1 0.9 - 7.4 24.1 - 68.0 1.8 - 46.0 Pins et al. (1997)

Collagen 
(crosslinked)2

46.8 - 71.5 11.2 - 15.6 383 - 767 Pins et al. (1997)

Collagen3 - - 1820 - 11900 Cusack + Miller 
(1979)

Dragline silk4 200 - 2900 9 - 39 2000 - 60000 Cunniff et al. (1994)

Silkworm silk5 600 15 - 35 5000 Cunniff et al. (1994)

L-PLA6 28 - 50 2.0 - 6.0 1200 - 3000 Engelberg + Kohn 
(1991)

1Collagen - tested after stretching from 0 up to 50%
2Collagen - cross-linked and tested after stretching from 0 up to 5%
3Collagen - rat tail: properties determined by lights scattering
4Dragline silk - from Nevila claviceps spider
5Silkworm silk - from Bombyx mori silkworm cocoon
6L-PLA - molecular weights from 50’000 to 300’000, properties fro D,L-PLA were in similar 
ranges
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Silkworm silk contains a fibrous protein termed fibroin (both heavy and light
chains) that forms the thread core, which is encased in a sericin coat. Sericins
are a family of gluelike proteins that hold the individual fibroin fibers together to
form the composite fibers of the cocoon case to protect the metamorphosing
worm. Fibroin is a protein up to 90% of which consists of the amino acids
glycine, alanine and serine that form water-insoluble ß-sheets on shearing,
drawing, heating, spinning or exposure in an electric field or polar solvents such
as methanol23.

Silks from silkworm have been extensively characterized for biocompatibility,
because they have been used for decades as sutures in vivo. Initially, adverse
immunological reactions were found, and this prompted the replacement of
silkworm silk sutures with nylons approximately 20 years ago24. However, it
was clearly shown that adverse reactions to silks were due to the presence of
residual sericin and not the fibroin itself24. The biocompatibility was also
evaluated for mesenchymal stem cells. The inflammatory reaction was
significantly lower in cells seeded on silk films as compared to collagen and
poly(lactic acid) (PLA) films. Furthermore, the accumulation of inflammatory
cells around films implanted intramuscularly was again lower for silk as
compared to collagen and PLA25. These data, both in vitro26 and in vivo24,
illustrate that biocompatible silkworm silk rivals other biomaterials in use today.

A misconception with silk revolves around its degradation in vivo. The U.S.
Pharmacopoeia defines an absorbable material as one that loses "most of its
tensile strength" within 60 days in vivo. By this definition, silk is correctly
classified as nondegradable. However, according to the literature, silk is
degradable over longer time frames as a function of proteolytic degradation and
matrix mechanical fatigue24,27-29. Several studies detail silk degradation in vivo

with variable rates dependent on the animal model and implantation site30-34. In
general, silks lost the majority of their tensile strength within 1 year in vivo, and
failed to be recognized in the implantation site within 2 years.
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Taken together, silk-protein based polymers combine several advantages in
particular as they potentially address the needs for bone tissues regrown in
vitro for subsequent implantation.

The natural role of structural/fibrous proteins in tissue remodeling,
including collagens in the extracellular matrix (ECM).

Biocompatibility with degradability properties for ingrowth and
reintegration into native tissues, the need for materials that can be degraded or
resorbed that will have minimal negative impact on surrounding tissues. Silks
have been used as sutures for decades and been shown to be biocompatible
and degradable35.

The need for materials with robust mechanical integrity until new tissue is
regenerated. Silks are unique in these feature, exhibiting strength, flexibility,
and compression properties that exceed those of all other natural fibers. This is
particularly important for in situ repairs where a matrix will need to be formed
and retain mechanical integrity during osseoreintegration.

The need for matrices that can be functionalized with cell growth factors,
with control over placement and densitiy of these factors using chemistries that
are nontoxic and biocompatible. This approach has already been used
successfully with silks in our prior studies20.

The ability to self-assemble to establish conformal fill-ins in vivo during
tissue regeneration, thus avoiding gaps leading to fibrous encapsulations and
scar tissue. This feature would be required if the scaffolds were to be used in
vivo as temporary matrices to fill in defects during osseointegration, and this is
a characteristic of silk.
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2.2. Silk purification
It is apparent from the above that silk protein-based polymers are logical

choices for biocompatible scaffolding for the formation of advanced matrices to
induce bone tissue repair because of their mechanical properties as well as a
wide range of other advantages.

Protocol 1. Purification of silk for bone tissue scaffolds
Reagents and Materials

• Silk cocoons from Bombyx mori
• Sodium carbonate
• Lithium bromide
• UPW
• Glass beakers, 2 L
• Falcon tubes, 50 ml
• Glass bottle, 100 ml
• Syringe 18 G, 20 ml and needle
• Millex-SV Syringe-driven filter unit, pore size 5 µm
• Slide-a-Lyzer® Dialysis Cassette 3-12 ml
• Oven (set at 55°C)
• Magnetic heating/stirring plate with magnet
• Freezer at –70 to –80°C
• Lyophililzer

Protocol

(a) Heat 0.75 L UPW in a glass beaker until it boils.
(b) Dissolve 1.59 g Na2CO3 in the 0.75 L UPW, up to a final molarity of

0.02M.
(c) Cut 3 cocoons in 8 parts each, clean from larvae and debris.
(d) Transfer the cocoons into the boiling solution and boil under stirring for

1h. 
(e) Replace evaporated water.
(f) Rinse the silk with 1 L hot UPW.
(g) Rinse 10 times with 1 L cold UPW.
(h Dry the silk overnight in a fume hood and note the dry weight.
(i) Prepare a 9M solution (781.6 mg/ml) of LiBr in UPW.
(j) Prepare a 10% (w/v) solution of dried silk in 9M LiBr in a glass bottle and

leave silk at 55°C for 4-5 h, until it is completely dissolved (some debris
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may be left).
(k) Filter the solution through a 5 µm pore size syringe filter.
(l) With a syringe, insert 6-8 ml of the filtered solution into a dialysis cassette

and dialyze against 1 L of UPW (per cassette) on a magnetic stirrer plate.
(m) Replace UPW after 1 h, after 3 h, after 12 h, after 24 h and after 36 h (a

total of 5 changes).
(n) Pipette the dialyzed solution for 2 h at –70 to –80°C.
(o) Lyophilize until silk has completely dried. This takes up to 3 days.
(p) Lyophilized silk can be stored at room temperature.

2.3. Preparation of silk-RGD
Protocol 2 is for an efficient two-step coupling of proteins in solution using

EDC and Sulfo-NHS. The procedure allows for sequential coupling of two
proteins without exposing the second protein to EDC and thus affecting
carboxyls on the second protein. This procedure quenches the first reaction
with a thiol compound.

Protocol 2. Coupling of RGD motif to silk
Reagents and Materials

• Silk from Protocol 1 Step (k)
• Modified MES buffer
• For a volume of 500 ml, pour 1 package of BupHTM MES buffered saline

in a beaker and rinse empty package once with UPW. Add 10.11 g
sodium chloride. Fill up with UPW to 450 ml. Titrate pH with a highly
concentrated sodium hydroxyde solution to pH 6. Add UPW to a final
volume of 500 ml.

• GRGDS
• Sulfo-NHS
• EDC
• 2-Mercaptoethanol
• Hydroxylamine HCl
• UPW
• Glass beakers, 2 L
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• Glass bottle, 100 ml
• Falcon tubes, 50 ml
• Syringe, 20 ml, and needle 18G
• Slide-a-Lyzer® Dialysis Cassette, 3-12 ml
• Magnetic heating/stirring plate with magnet
• Freezer at –70 to –80°C
• Lyophilizer

Protocol

(a) Follow protocol 1 until Step (k).
(b) Change UPW after 1 h, after 3 h, and the next morning.
(c) The next evening, discard the water and add 1 L modified MES buffer per

dialysis cassette.
(d) Change modified MES buffer after 12 h.
(e) The next evening, carefully transfer the solution from the dialysis cassette

into a glass bottle with a syringe.
(f) Per mg of dry silk protein – as measured in Protocol 1, Step (g) – add 0.4

mg EDC and 1.1 mg Sulfo-NHS. Allow reaction to take place at room
temperature for 15 minutes.

(g) In a fume hood: Per ml of solution, add 1.4 µl 2-mercaptoethanol to
quench the EDC.

(h) Per 1.1 g of dry silk – as measured in Protocol 1, Step (g) – add 7.5 mg
GRGDS protein to the reaction mixture.

(i) Allow reaction at room temperature for 2 h.
(j) Add hydroxylamine HCl powder to a final concentration of 10 mM. This

method of quenching hydrolyzes any unreacted NHS present on the
surface of the silk and results in regeneration of the original carboxyls.

(k) Transfer 6-8 ml of the silk-RGD solution into a dialysis cassette and
dialyze against 1 L UPW (per cassette) on a magnetic stirrer plate.

(l) Change UPW after 1 h, after 3 h, after 12 h, after 24 h and after 36 h
(total of 5 changes).

(m) Transfer the dialyzed solution into 25-ml aliquots in 50-ml Falcon tubes.
(n) Freeze the solution for 2 h at –70 to –80°C.
(o) Lyophilize until silk-RGD has completely dried. This may take up to 3

days.
(p) Lyophilized silk-RGD can be stored at room temperature.
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Protocol 3. Preparation of silk scaffolds
Reagents and Materials

• Lyophilized silk (or silk-RGD) from Protocol 1 (or 2)
• HFIP
Note: HFIP is volatile, store bottle and pipette tips at 2-8°C for 30 min prior to
use. Work under fume hood with HFIP. Close vessels immediately after use
and wrap with Parafilm. Avoid skin contact or inhalation of HFIP.
• Sodium chloride USP, granular
• Methanol
• UPW
• Glass container, 20 ml, with snap cap
• Teflon container with snap cap
• Glass beaker, 1 L
• Parafilm
• Razor blade

Protocol

(a) Prepare a 17% (w/v) solution of lyophilized silk in HFIP in a glass
container. Close the container firmly and seal with Parafilm. The
dissolution procedure may take up to 1 day at room temperature.

(b) Add 3.4 g porogen (e.g., NaCl) into a Teflon container.
(c) Add 1 ml dissolved silk on the porogen and immediately cover the Teflon

container (minimize evaporation of HFIP). The general ratio of NaCl to
silk is 20:1 (w/w).

(d) Leave container closed for 6 h.
(e) Then open the Teflon container and allow evaporation of the solvent only

in a fume hood. This may take up to 4 days.
(f) Carefully remove the salt-silk composite from the container by tapping it

upside down on the bench. If the scaffold doesn't come out easily, let it
dry for another 1 to 2 days.

(g) Immerse the salt-silk composite in 90% methanol in H2O (v/v) for 30 min.
Polar solvents such as methanol induce a conformational change of the
water-soluble silk I into the water-insoluble silk II conformation.

(h) Remove scaffold from methanol solution, dry overnight in a fume hood.
(i) Transfer the dry scaffold in a 1-L beaker with UPW for at least 24 h for

salt leaching. Change the water at least 5 times.
(j) Air dry scaffold. This may take up to 3 days.
(k) To cut the scaffold into the desired shape, completely soak scaffolds in

UPW for 10 min. Cut scaffold with a sharp razor blade.
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3. Preparation of reagents and media
For the engineering of bone from mesenchymal stem cells, medium

composition guides differentiation along the osteogenic lineage. This
differentiation process is accompanied by the expression/activity of
transcription factors, regulating lineage restriction, commitment, and/or
differentiation within some of the mesenchymal lineages including
osteoblasts36-38. A master regulatory transcription factor for osteogenic
differentiation is cbfa1. Cbfa1 gene deletion results in complete absence of
bone formation and mature osteoblasts39,40. This demonstrates the importance
of this transcription factor for osteoblast differentiation and bone formation.
Notably, cbfa1 overexpression blocks osteoblast maturation38. In analogy to
the consequences of overexpression or deletion of cbfa1, many reports
document a stimulatory effect of BMPs on osteoblasts, and a few show
inhibitory effects. A possible explanation may be the dependence of the actions
of growth factors on the relative stage of differentiation of the target cells. 

BMP-2 is generally used at high concentration of 1 µg/ml, but significant
effects on total mineralization were observed at concentrations as low as 40 ng/
ml compared to medium without supplementation of BMP-2. Another approach,
avoiding cost-intensive use of recombinant growth factors, is the use of
adenoviral transfection. However, the transduction of MSCs with the adenoviral
vector carrying the BMP-2 gene resulted in significantly lower mineralization
compared to untransfected MSCs cultured in the presence of BMP-2
concentrations as measured for the transduced cells. A possible explanation is
that the dual role of the transfected cells – BMP-2 production and mineralization
– prevents them from performing equally well as untransduced cells exposed to
BMP-2-supplemented medium.

Glucocorticoids such as dexamethasone, added routinely in assays of
osteoprogenitors (CFU-O), also have both inhibitory and stimulatory effects on
skeletal cells, and an emerging view is that this reflects opposite effects on
precursors versus more mature cells in the lineages41-43. It has also been
suggested that even a transient exposure of stem cells to dexamethasone may
be effective in inducing and maintaining the osteoblastic phenotype44.
Glycerophosphate has been found to have a significant effect to induce
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osteogenic differentiation and increases alkaline phosphatase activity and
osteocalcin production. L-ascorbic acid (AA, vitamin C) increases cell viability
and is a cofactor in the hydroxylation of proline and lysine residues and is
therefore necessary for the production of collagen. AA has also been
demonstrated to increase alkaline phosphatase activity45. Together with ß-
glycerophosphate, AA was found to be a prerequisite for the formation and
mineralization of extracellular matrix46. The composition of the medium directly
affects the osteogenic differentiation process. The protocols suggest the use of
a metabolically stable variant of ascorbic acid, ascorbic acid 2-phosphate.

Prepare culture media aseptically. Store at 4°C; preheat to 37°C prior to use.

3.1. Control medium
Dulbecco's modified Eagle's medium (DMEM)
Fetal bovine serum (FBS), 10%
Penicillin, 100 U/ml, streptomycin, 100 µg/ml
Fungizone, 0.5 µg/ml
Can be stored at 4°C for up to 1 week.

3.2. Expansion medium
Dulbecco's modified Eagle's medium (DMEM)
Fetal bovine serum (FBS), 10%
Nonessential amino acids solution, 1%
Penicillin, 100 U/ml, streptomycin, 100 µg/ml
Fungizone, 0.5 µg/ml
bFGF (human, recombinant), 1 ng/ml
Can be stored at 4°C for up to 1 week.

3.3. Osteogenic medium
Dulbecco's modified Eagle's medium (DMEM)
Fetal bovine serum (FBS), 10%
Penicillin, 100 U/ml, streptomycin, 100 µg/ml
Fungizone, 0.5 µg/ml
Ascorbic acid 2-phosphate, 50 µg/ml
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Dexamethasone, 10 nM
ß-Glycerophosphate, 10 mM
BMP-2, 1 µg/ml
Use medium immediately; do not store or reuse.

3.4. Osteogenic medium double concentration
Dulbecco's modified Eagle's medium (DMEM)
Fetal bovine serum (FBS), 10%
Penicillin, 100 U/ml, streptomycin, 100 µg/ml
Fungizone, 0.5 µg/ml
Ascorbic acid 2-phosphate, 100 µg/ml
Dexamethasone, 20 nM
ß-Glycerophosphate, 20 mM
BMP-2, 2 µg/ml
Use medium immediately; do not store or reuse.

3.5. Cartilage medium (for cell characterization)
Dulbecco's modified Eagle's medium (DMEM)
Fetal bovine serum (FBS), 10%
Penicillin, 100 U/ml, streptomycin, 100 µg/ml
Fungizone, 0.5 µg/ml
Ascorbic acid 2-phosphate, 50 µg/ml
Dexamethasone, 10 nM
Nonessential amino acids solution, 1%
Insulin, 5 µg/ml
TGF-ß1, 5 ng/ml
Use medium immediately; do not store or reuse.

3.6. Cartilage medium double concentration
Dulbecco's modified Eagle's medium (DMEM)
Fetal bovine serum (FBS), 10%
Penicillin, 100 U/ml, streptomycin, 100 µg/ml
Fungizone, 0.5 µg/ml
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Ascorbic acid 2-phosphate, 100 µg/ml
Dexamethasone, 20 nM
Nonessential amino acids solution, 2%
Insulin, 10 µg/ml
TGF-ß1, 10 ng/ml
Use medium immediately; do not store or reuse.

3.7. Preparation of bFGF
Lyophilized samples should be reconstituted with sterile 10 mM Tris pH 7.6

containing 1% BSA to a final bFGF concentration of 0.1 mg/ml. For longer term
storage, aliquot and store in polypropylene vials at –20°C. Avoid repeated
freeze-thaw cycles. In applications requiring long-term use of this growth factor
in cell cultures, refilter material after dilution in protein (BSA or FBS)-containing
buffer, through a 0.22-µm low-protein-binding filter.

3.8. Preparation of BMP-2
Prepare a 1 mg/ml BMP-2 stock solution in a buffer containing 0.5% sucrose,

2.5% glycine, 5.0 mM glutamic acid, 5.0 mM sodium chloride, 0.01% Tween 80,
pH 4.5. Store in single-use aliquots at –80°C or –20°C. Avoid repeated freeze-
thawing. To avoid loss of protein due to adherence to surfaces, BMP-2 should
always be added to culture medium after the addition of carrier protein (0.1%
BSA or 1-10% appropriate serum).

3.9. Preparation of TGF-ß1

Purified recombinant human TGF-ß1 is an extremely hydrophobic protein
that adheres strongly to surfaces. To ensure recovery, lyophilized samples
should be reconstituted with sterile 4 mM HCl containing 1 mg/ml BSA to a final
TGF-ß1 concentration of no less than 1 µg/ml. Upon reconstitution, this
cytokine can be stored under sterile conditions at 2-8°C for 1 month or at –20°C
to –80°C in a manual defrost freezer for 3 months without detectable loss of
activity. Avoid repeated freeze-thaw cycles.
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4. Isolation and culture methodology of hMSC
Bone marrow contains at least two distinct populations of stem cells, one

hematopoietic and the other nonhematopoietic mesenchymal. Hematopoietic
stem cells in the adult give rise to all components of the immune and blood
system47, whereas mesenchymal stem cells (MSC) can differentiate into bone,
cartilage, or adipose tissue48. However, MSCs are present within adult bone
marrow at an exceedingly low frequency of <1 MSC per 106 bone marrow
cells49. The low frequency of mesenchymal cells within the marrow
compartment has led investigators to develop a variety of techniques for stem
cell isolation and culture. The described isolation procedure is based on
Histopaque gradient cetrifugation isolating mononuclear cells with a density of
1.077 g/cm3, the cells' ability to adhere to the tissue culture plate surface, and
the ability of the cells to undergo chondrogenic and osteogenic differentiation. A
thorough characterization of the isolated cells is essential for comparison with
other experiments performed with cells harvested from other volunteers. 

Figure 1. Schematic overview of experimental approach
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A routine assessment can involve the analysis of cell morphology as
mesenchymal cells are typically adherent marrow cells, generally considered to
be spindle shaped. Further analysis involves the surface antigen expression by
flow cytometry and their ability to differentiate along skeletal lineages48. The
analysis of cells in different passages can provide information about the
number of expansion cycles possible without a significant reduction in
differentiation capacity. We generally observe stable differentiation capacity up
to P4, using the techniques as described in Protocols 5, 6, 8 and Fig. 1.

To date, an antigen surface determinant considered specific for
mesenchymal stem cells has not been found. The so-called SH2 antibodies
originally developed by Caplan and colleagues recognize CD105, which is also
known as endoglin and is a regulatory component of the TGF-ß receptor
complex. Many investigators have explored CD105 as an important antigenic
determinant in the identification of mesenchymal stem cells. However, it is a
matter of debate whether mesenchymal stem cells can be identified solely by
flow cytometry and, thereby, clearly distinguished from other adherent
mesenchymal cells solely by antigen expression50,51. Therefore, we suggest
evaluating the absence of adherent and nonadherent cells, in particular of
hematopoietic (CD34) or endothelial origin (CD31)52-54. The protocols also
recommend the analysis of CD71, the transferrin receptor, to assess the
proliferative state of the isolated cells.

The ability of hMSCs to undergo selective differentiation in response to
environmental factors is documented by chondrogenic or osteogenic
differentiation in chondrogenic or osteogenic culture medium, respectively, and
the lack of differentiation in control medium. Similar per-cell amounts of
glycosaminoglycan (GAG) and calcium measured in cells of higher passages
(e.g., P1, P3, and P5) are also important as they enable the use of small initial
bone marrow aspirates to obtain sufficient amounts of cells for seeding
clinically sized scaffolds. Together, the capacity for expansion in the
undifferentiated state and the maintained ability for subsequent chondrogenic
or osteogenic differentiation establish the feasibility of using hMSCs for bone
tissue engineering (Fig. 2)55.
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4.1. Isolation of mesenchymal stem cells

Protocol 4. Isolation of hMSCs from bone marrow
Reagents and Materials

Sterile
• Fresh bone marrow, EDTA- or heparin treated; keep on ice
• Expansion medium (see Section 3.2)
• Control medium (see (Section 3.1)
• RPMI 1640 medium supplemented with 5% FBS
• Histopaque®-1077
• PBSA
• Trypan Blue
• Trypsin-EDTA
• FBS supplemented with 10% DMSO

Figure 2. Characterization of MSCs. A) Phase-contrast photomicrographs of putative passage
2 MSCs at approximately 40% confluence at an original maginification of x20. B) Surface
CD105 expression of passage 2 MSCs. C) Characterization of chondrocyte differentiation of
MSCs in pellet culture, treated either with chondrogenic medium or with control medium
(insert). Pellet diameter is approximately 2 mm, stained with Safranin O. D) Characterization
of osteoblast differentiation of MSCs in pellet culture, treated either with osteogenic medium
or with control medium (insert). Pellet diameter is approximately 2 mm, stained according to
von Kossa. E) Sulphated GAG/DNA (µg/ng) deposition of passage 1 and 3 MSC pellet culture
after 4 weeks. F) Calcium deposition/DNA (µg/ng) and AP activity/DNA (units/ng) of passage
1 and 3 MSC pellet culture.
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• Culture flasks, 150 cm2

• AccuspinTM tube
• Polypropylene Falcon tubes, 50 ml
• Cryovials, 2 ml
Nonsterile
• Hemocytometer
• NalgeneTM Cryo 1°C Freezing Container
• Centrifuge
• Incubator at 37°C, 5.0% CO2

Protocol

(a) Add 15 ml Histopaque®-1077 (room temperature) to the upper chamber
of the AccuspinTM tube.

(b) Centrifuge at 800 g for 30 s at room temperature. Histopaque®-1077 is
now in the lower chamber of the tube.

(c) Add 10 ml RPMI-FBS solution to 5-ml bone marrow aliquots and gently
mix by pipetting.

(d) Pipette suspension carefully to the upper chamber of the prepared
AccuspinTM tube.

(e) Centrifuge at 800 g for 15 min at room temperature.
(f) Carefully transfer the opaque interface, which contains the mononuclear

cells, into a clean Falcon tube with a pipette.
(g) Pellet cells by centrifugation at 300 g for 10 min and 4°C, aspirate

supernate, and resuspend cells in RPMI-FBS medium.
(h) Count an aliquot of the cell suspension using a hemocytometer and

determine viability by dye exclusion with Trypan Blue.
(i) Centrifuge cells at 300 g for 10 min and 4°C, aspirate supernate, and

resuspend cells in expansion medium.
(j) Plate suspension at a density of 5 x 103 cells/cm2 in expansion medium

in a cell culture flask (40 ml per flask).
(k) Incubate the cells in a humidified 37°C, 5% CO2 incubator.
(l) At days 3 and 5: add 20 ml expansion medium to each flask.
(m) When cells reach 60% confluence: wash the cells 2 times with PBSA and

add fresh expansion medium.
(n) Change medium twice a week until cells reach 80% confluence (days 12-

22), then aspirate expansion medium and wash cells twice with PBSA at
37°C.

(o) Add 8 ml trypsin-EDTA to each flask and distribute the solution evenly.
(p) Incubate for 5 min or until cells start to detach at 37°C.
(q) Inactivate the trypsin by adding 8 ml control medium cooled to 4°C, mix,

and transfer into a clean 50-ml Falcon tube. Use cold serum-containing
medium at this step to block trypsin activity.
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(r) Wash the flask once again by adding 8 ml control medium cooled to 4°C
and combine with the mix from Step (q) in the Falcon tube.

(s) Centrifuge at 300 g for 10 min at 4°C.
(t) Aspirate the supernate and resuspend the cells in 10 ml control medium.
(u) Combine all cell suspensions in one Falcon tube, mix well by pipetting.
(v) Count an aliquot of the cell suspension using a hemocytometer and

determine cell viability by dye exclusion with Trypan Blue. Count
unstained cells.

(w) Centrifuge cells at 300 g for 10 min at 4°C, aspirate the supernate, and
resuspend cells at a concentration of 5 x 106 in FBS-DMSO solution.
Work rapidly as unfrozen cells should be exposed to DMSO for the
shortest time possible.

(x) Freeze 1 ml per cryovial at a rate of 1 °C/min in a freezing container for 6
h at –80°C.

(y) Transfer cells into liquid nitrogen freezer.

4.2. Thawing and maintenance of hMSC cell culture
Bone marrow mononuclear cells are obtained by Histopaque density

gradient centrifugation. hMSCs, or possibly a specific subpopulation, can be
expanded in vitro as undifferentiated cells responsive to environmental cues
inducing differentiation toward mesenchymal lineages as well as other
lineages56,57. bFGF supplementation of the culture medium promotes hMSC
proliferation and maintains their multilineage potential during
expansion9,22,58,59.

Protocol 5. Expansion of human mesenchymal stem cells
Reagents and Materials

Sterile
• Expansion medium (see Section 3.2)
• Control medium (see Section 3.1)
• Trypan blue
• PBSA
• Trypsin-EDTA
Unless noted otherwise, reagent temperatures are 37°C.
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• Polypropylene Falcon tubes, 50 ml
• Triple flasks (Nalgene Nunc)
Nonsterile
• Hemocytometer
• Centrifuge
• Water bath, 37°C
• Incubator at 37°C, 5% CO2

Protocol

(a) To recover the frozen cells, thaw rapidly at 37°C (water bath). Unfrozen
cells should be exposed to DMSO for the shortest time possible.

(b) Transfer the cells to a 50-ml Falcon tube containing 30 ml DMEM at 4°C.
(c) Centrifuge at 300 g for 10 min at 4°C, aspirate the supernate, and

resuspend the cells in expansion medium.
(d) Count an aliquot of the cells suspension using a hemocytometer and

determine cell viability through dye exclusion with Trypan Blue. Count
unstained cells only.

(e) Plate cells at a density of 5 x 103 cells/cm2 in expansion medium in a
Triple flask (100 ml).

(f) At day 3, add 50 ml expansion medium per Triple flask.
(g) At day 5, replace medium with 100 ml fresh expansion medium.
(h) When cells reach confluence (around day 7), aspirate expansion medium

and wash cells twice in PBSA at 37°C.
(i) Add 15 ml of Trypsin-EDTA to each flask and distribute the solution

evenly.
(j) Incubate for 5 min or until cells start to detach at 37°C.
(k) Inactivate the trypsin by adding 15 ml control medium at 4°C, mix, and

pour into a clean 50-ml Falcon tube. As the antitryptic activity of serum-
free medium may be insufficient to quench the proteolytic activity of the
trypsin, it is important to use serum-containing medium at this step.

(l) Wash the flask once again by adding 15 ml of control medium at 4°C and
combine with the mix from Step (i) in the Falcon tube.

(m) Centrifuge at 300 g for 10 min at 4°C.
(n) Aspirate the supernate and resuspend the cells in 10 ml control medium.
(o) Combine all cell suspensions in one Falcon tube; mix well by pipetting.
(p) Count an aliquot of the cell suspension using a hemocytometer and

determine viability through dye exclusion with Trypan Blue. Count
unstained cells.

(q) Centrifuge cells at 300 g for 10 min at 4°C, aspirate the supernate, and
resuspend cells at the desired concentration.
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5. Characterization of hMSC
Bone marrow is a complex tissue comprised of hematopoietic precursors,

their differentiated progeny, and a connective tissue network referred to as
stroma. The stroma itself is a heterogenous mixture of cells including
adipocytes, reticulocytes, endothelial cells, and fibroblastic cells that are in
direct contact with the hematopoietic elements. Since it was well established
that the stroma contains cells that differentiate into bone, cartilage, fat, and a
connective tissue that supports the differentiation of hematopoietic stem cells,
identification of the progenitor cells for these mesenchymal tissues has been an
area of investigation58.

hMSCs identified with established isolation techniques (plastic adhesion,
flow cytometry) are highly heterogenous and have a variable potential for
mesenchymal tissue development. Recently identified markers of
mesenchymal and bone60 progenitors have been used to address this problem.
Consequently, we characterize our isolated and expanded hMSCs by their
surface antigen pattern with fluorescence-activated cell sorting (FACS) and
their capacity to differentiate into bone or cartilage depending on the number of
culture passages before their use.

Purified hMSCs have been extensively characterized with respect to their
complement of cell surface and extracellular matrix molecules, as well as their
secretory cytokine profile in control and experimental conditions61.

The low frequency of mesenchymal stem cells within the marrow
compartment (less that 1 MSC per 106 bone marrow mononuclear cells62) has
led investigators to the development of a variety of methods for stem cell
isolation and culture. It is important to show that the cells are indeed hMSCs.
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5.1. Authentication of surface antigen analysis

Protocol 6. FACS analysis of human mesenchymal stem cells
Reagents and Materials

Sterile
• RPMI 1640 medium supplemented with 5% FBS
• Centrifuge tubes, 50 ml (Falcon)
• Polystyrene tubes, 5 ml (Falcon)
• Antibodies: CD14-FITC, CD31-PE, CD34-APC, CD44-FITC, CD45-APC,

CD71-APC, mouse anti-human CD105, goat anti-mouse IgG-FITC
Nonsterile
• Formalin 2% in PBSA (prepare fresh, keep at 4°C)
• Incubator at 37°C, 5% CO2
• Hemocytometer
• Vortex mixer

Protocol

(a) Prepare cells according to protocol 5 until step (m).
(b) Wash cells twice in RPMI-FBS medium.
(c) Count an aliquot of the cell suspension using a hemocytometer and

determine cell viability through dye exclusion with Trypan Blue. Count
unstained cells.

(d) Centrifuge cells at 300 g for 10 minutes at 4°C, apirate supernate, and
resuspend cells in RPMI-FBS at a concentration of 1x107 cells/ml in a 50-
ml Falcon tube.

(e) Add 50 µl of this cell suspension (500'000 cells) in each 5-ml Falcon tube.
(f) Add 2 µl of each desired CD stock solution (CD14-FITC, CD31-PE,

CD34-APC, CD44-FITC, CD45-APC, CD71-APC, CD105; concentration
of each: 0.5 µg/µl) into each corresponding 5-ml Falcon tube.

(g) Incubate for 30 min on ice in the dark.
(h) Centrifuge at 300 g for 5 min at 4°C and aspirate supernate.
(i) Wash in 1 ml RPMI-FBS medium.
(j) Centrifuge at 300 g for 5 min at 4°C.
(k) Aspirate medium
(l) Add 1 ml RPMI-FBS medium and resuspend cells gently.
(m) Centrifuge at 300 g for 5 min at 4°C.
(n) Carefully aspirate supernate.
(o) Resuspend cells in 1 ml RPMI-FBS medium; place on ice, except for

tubes designated CD105 (go to step (p) for non-labelled antibodies: here
CD105; for others: continue at (u)).
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(p) All tubes designated CD105: add 50 µl RPMI-FBS and 2 µl secondary
(polyclonal goat anti-mouse IgG-FITC); incubate on ice for 30 min in the
dark.

(q) All tubes designated CD105: Centrifuge at 300 g for 5 min at 4°C,
aspirate supernate.

(r) All tubes designated CD105: Wash in 1 ml RPMI-FBS medium.
(s) All tubes designated CD105: Centrifuge at 300 g for 5 min at 4°C,

aspirate supernate
(t) All tubes designated CD105: Resuspend cells in 1 ml RPMI-FBS

medium, place on ice.
(u) Centrifuge all tubes at 300 g for 5 min at 4°C.
(v) Aspirate supernate and resuspend in 1 ml PBSA.
(w) Centrifuge all tubes at 300 g for 5 min at 4°C.
(x) Carefully aspirate supernate.
(y) All tubes: Add 100 µl Formalin 2% in PBSA.
(z) All tubes: Store at 4°C in the dark (aluminium foil) and measure within a

day.

5.2. Pellet culture of bone

Protocol 7. Osteogenic differentiation in pellet culture
Reagents and Materials

Sterile or aseptically prepared
• hMSCs, prepared according to Protocol 5
• Osteogenic medium
• Screw cap microcentrifuge tubes, 2 ml
Nonsterile
• Incubator at 37°C, 5% CO2

Protocol

(a) Prepare cells according to Protocol 5.
(b) Dilute cells to 2x105 cells/ml in osteogenic medium.
(c) Pipette 1 ml of the cell suspension (200,000 cells) into each screw cap

tube. Make sure cells are well suspended, to get the same number of
cells per tube.

(d) Centrifuge at 300 g for 10 min at 4°C.
(e) Unscrew the cap to allow ventilation and prevent contamination.



Chapter IX

248

(f) Incubate cells at 37°C, 5% CO2.
(g) Change medium 3 times per week by carefully aspirating 0.5 ml medium

with a pipette and adding 0.5 ml osteogenic medium double
concentration (see section 3.4).

Note: For Analysis of the osteogenic differentiation of the cell pellet use
Protocols 10, 11, 12, 14, 15, 16 and 17.

5.3. Pellet culture of cartilage

Protocol 8. Chondrogenic differentiation in pellet culture
Reagents and Materials

Sterile or aseptically prepared
• hMSCs, prepared according to protocol 5
• Cartilage medium
• Screw cap microcentrifuge tubes, 2 ml
Nonsterile
• Incubator at 37°C, 5% CO2

Protocol

(a) Prepare cells according to Protocol 5.
(b) Dilute cells to 2x105 cells/ml in cartilage medium.
(c) Pipette 1 ml of the cell suspension (200,000 cells) into each screw cap

tube. Make sure cells are well resuspended to get the same number of
cells per tube.

(d) Centrifuge at 300 g for 10 min at 4°C.
(e) Unscrew the cap to allow ventilation and prevent contamination.
(f) Incubate cells at 37°C, 5% CO2.
(g) Change medium 3 times per week by carefully aspirating 0.5 ml medium

with a pipette and adding 0.5 ml cartilage medium double concentration
(see section 3.6).

Note: For Analysis of the osteogenic differentiation of the cell pellet use
Protocols 10, 13, 14, 15, 16 and 17.
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6. Tissue Engineering of Bone
Mechanically active environments generally result in better engineered

tissue composition, morphology, and mechanical properties than static
environments. Most likely, this is due to enhanced mass transport at tissue
surfaces63. Transport limitations are a significant problem in the engineering of
bone, a highly vascularized tissue, which could be cultured only to thicknesses
of 250-500 µm in the best case in static culture8,64.

The mechanical environment is modulated through the use of bioreactors,
including spinner flasks, with tissue constructs fixed in place and cultured either
statically or in well-mixed medium65. Other bioreactors are rotating vessels, in
which the tissue constructs are suspended in dynamic laminar flow59, and
perfused chambers with flow of medium around66 or through the constructs9,67.
The presented protocols describe the use of spinner flasks, which are easy to
set up and lead to higher mineralization rates than static cultures9,22,67. The
protocols suggest the use of scaffolds with a diameter of 12 mm, and diameters
can be chosen between 3 and 20 mm with the same protocols. The thickness of
the construct is the limiting factor. Generally, silk scaffolds prepared according
to Protocol 3 and cut to a final thickness between 0.5 and 3 mm result in a
homogenous mineralization throughout the scaffold, compared to a less dense
mineralized zone in the center for scaffolds exceeding a thickness of 5 mm.

In addition to biological stimuli, bioreactors provide physiologically relevant
physical signals (e.g., interstitial fluid flow, shear, pressure, mechanical
compression). A recent study details the geometry and extent of mineralized
tissue under laminar and dynamic flow conditions9.
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6.1. Preparation of spinner flask

Protocol 9. Culture of hMSCs on silk-RGD scaffolds in spinner flasks
Reagents and Materials

Sterile
• Silk or Silk-RGD scaffolds prepared according to Protocol 3
• Cells prepared according to Protocol 5
• PBSA
• Matrigel
• Ethanol 70%
• Ethanol pads
• Control medium (see Section 3.1)
• Osteogenic medium (see Section 3.4)
• Autoclaved dermal puncher (diameter 3 mm – 1 cm)
• Razor blades
• Tube for stoppers
• Spinner flasks
• Tweezers
• Petri dish
• Plate, 6 well
• Snap cap centrifuge tubes, 1.5 or 2 ml
• Syringe, 5 ml
• Gloves
• Autoclaved towel (as an underlay)
Nonsterile
• Centrifuge
• Magnetic stirrer, placed in the incubator
• Incubator 37°C, 5% CO2 

Protocol

A. Preparation of silk scaffolds
(a) Soak the scaffolds in PBSA for 10 min (e.g., in a Petri dish), until they are

completely soaked.
(b) Cut scaffolds into 1- to 2-mm-thick disks with razor blades.
(c) Punch out scaffolds with diameters of 3-10 mm.
(d) Transfer Scaffolds into a Petri dish and air dry over night.
(e) Autoclave the scaffolds (121°C, 15 min).
Note: from now on work under aseptic conditions.
(f) Transfer scaffolds into a 6-well plate, add DMEM and bring  to incubator.
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B. Preparation of spinner flasks
(a) Clean and assemble spinner flask.
(b) Check if 20G needle can be slipped over the wire of the spinner flask.
(c) Mark 75 and 150 ml levels.
(d) Close spinner flask, wrap in aluminium foil, and autoclave.

C. Preparation of stoppers
(a) Cut tubing into 0.5-mm-thick disks.
(b) Cut disks into 4 pieces (2 mm long and 2 mm wide).
(c) Autoclave stoppers.

D. Preparation of cells
Note: Matrigel must be kept on ice to prevent from gelling. Defrost the

Matrigel on ice in a 2-8°C refrigerator (takes about 2 h).
(a) Resuspend cells from Protocol 5 in control medium at a concentration of

5x106 cells/ml.
(b) Pipette 1 ml of the cell suspension (5x106 cells/ml) into each snap cap

tube. Make sure you always resuspend the cells well to get the same
number of cells per well.

(c) Centrifuge tubes at 300 g for 10 min at 4°C.
(d) Aspirate supernate.
(e) Add 20 µl Matrigel to each cell pellet; keep suspension on ice.
(f) Take 6-well plate with scaffolds from incubator.
(g) Aspirate the medium completely.
(h) Carefully resupsend the cells in the Matrigel with the pipette tip.
(i) Transfer cells from one tube onto one scaffold.
(j) After completing one 6-well plate, put it into the incubator for 15 min

without medium to allow gel formation.
(k) Add 5 ml control medium per well.

E. Preparation of spinner flask culture
Note: Work with sterile gloves and under aseptic conditions. Work with an

assistant.
(a) Let the assistant unwrap the autoclaved towel without touching it; take

the towel, unwrap and use as an underlay.
(b) Same procedure with the wrapped spinner flask, tweezers, the 5-ml

syringe, and needles. Place everything on the towel.
(c) Open the spinner flask; assemble syringe and needle.
(d) The assistant gets the cells seeded on the scaffolds from the incubator

and opens the 6-well plate in the laminar flow hood. Everything that has
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been touched by the assistant is now under the hood, just next to the
sterile towel ("your" aseptic area).

(e) With syringe and needle, thread one stopper; fix it with the tweezers in
the middle of the needle.

(f) Use tweezers for the first scaffolds to get it from the 6-well plate. Thread
the cell-seeded scaffold onto the needle. Make sure the cells are on the
top side!

(g) Thread a second and a third stopper on the same needle, then the
second scaffold, then the fourth stopper.

(h) Slip the needle over the needle of the spinner flask and position the tip of
it at the position where the upper scaffold should be. Use tweezers to
slide over the first scaffold plus upper and lower stopper on the flask's
needle (scaffold must be below 150 ml mark).

(i) Repeat for the second cell-seeded scaffold.
(j) Repeat steps (f) – (i) 3 times, so you have a total of 8 scaffolds per

spinner flask thread on 4 wires.
(k) Carefully close the spinner flask.
(l) Add 150 ml medium through one sidearm.
(m) Transfer the spinner flask on the magnetic stirrer plate in the incubator.
(n) Unscrew the screw cap on both sides a little for ventilation. Do not open

completely. to avoid contamination.
(o) Stir at 60 rpm.
(p) Change medium 3 times a week.

F. Medium change
(a) Close screw caps and turn off magnetic stirrer.
(b) Take the spinner flask from the incubator into the hood; spray well with

ethanol 70%.
(c) Clean sidearms with an ethanol pad and open one sidearm.
(d) With a 2-ml sterile pipette, take out a medium sample, e.g., for

determination of secreted proteins.
(e) With a Pasteur pipette, aspirate medium until the liquid level equals the

75 ml mark. Avoid touching the scaffolds with the pipette.
(f) Add 75 ml fresh medium – either control medium or osteogenic medium

with a double concentration – using a 25-ml pipette.
(g) Close the screw cap.
(h) Put the spinner flask back into the incubator.
(i) Unscrew the screw cap on both sides a little for ventilation. Do not open

completely. to avoid contamination.
(j) Stir at 60 rpm.
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7. Analytical assays
A thorough Analysis of mineralization and the progression of differentiation

relies on biochemical assays and quantification of gene expression,
respectively.

Routine assessments involve the quantification of total calcium content and
the activity of alkaline phosphatase (ALP), a cell surface protein bound to the
plasma membrane through phosphatidylinositol phospholipid complexes. High
ALP activities are associated with active formation of mineralized matrix, and
highest levels are found in the mineralization front in bone healing68.

Particularly important in defining the phenotype of the differentiating stem
cells is an understanding of bone tissue development in relation to gene
expression of the cells.

The mRNA expression of the genes encoding important proteins during
osteogenic differentiation of hMSC in vitro has not yet been systematically
investigated, and results from different studies are often contradictory.
Identification of mRNA markers characterizing the progression of hMSC toward
the osteogenic lineage is further complicated by the known variability of cells
from different individuals or due to differences in the isolation protocols69 or
limitations inherent to the techniques used (i.e., semiquantitative techniques
like Northern blots or conventional RT-PCR)70.

Recently established real-time quantitative RT-PCR technology has made
mRNA Analysis more reproducible, precise, and sensitive than conventional
RT-PCR, because it allows (i) measurement of the amount of amplified product
with a quantitative laser-based method and (ii) data collection in the early
exponential phase of the PCR reaction, when none of the reagents is rate-
limiting71.

We developed real-time quantitative RT-PCR assays for genes encoding for
(i) osteoblast-related membrane and extracellular matrix molecules (i.e.,
alkaline phosphatase (ALP), aggrecan (Agg), bone sialoprotein (BSP),
osteopontin (OP), type I collagen (Col1)); (ii) bone morphogenetic protein 2
(BMP-2), an important growth factor determining mesenchymal cell precursors;
and (iii) cbfa1 (a genetic regulator of osteoblast function and also known as
Osf2 or RUNX2), a transcription factor related to osteogenesis.
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BMP-2 is a molecule attracting MSCs, and it induces proliferation and
differentiation of mesenchymal progenitor cells, producing bone tissue even at
ectopic sites72.

BSP has been proposed as the main nucleator of hydroxyapatite crystal
formation and correlates with the initial phase of matrix mineralization73. BMP-2
overexpression, as found in newly formed osteoblasts, is regulated through
hormones and cytokines that promote bone formation74. Osteocalcin
comprises 10-20% of the noncollagenous proteins in bone, depending on age
and species. Levels of osteocalcin are low at early stages and increase with
increasing age. The function of osteocalcin may be to inhibit calcification until
the appropriate temporal and spatial conditions are met. This was supported in
vitro because osteocalcin inhibits hydroxyapatite crystal growth in solution75.

Osteopontin is one of the most abundant noncollagenous proteins in bone; it
binds to various extracellular molecules, including type I collagen, fibronectin
and osteocalcin, and may add physical strength to extracellular matrices76.

7.1. DNA assay

Protocol 10. DNA Assay of cells cultured on scaffolds or as pellets
Reagents and Materials

Nonsterile
• Cell lysis solution: Triton X-100, 0.1% (v/v) in UPW (if samples are also

used for ALP Assay, use Triton X-100, 0.2% (v/v) + 5 mM Magnesium
chloride in UPW)

• PicoGreen® dsDNA Quantitation Kit
• Paper towel
• Razor blade
• Microcentrifuge tubes with screw cap, 2 ml
• Steel balls
• Parafilm
• Analytical balance
• MinibeadBeaterTM

• Microcentrifuge
• Microtiter plate for fluorescence
• Fluorescence microplate reader
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Protocol

A. Preparation of the scaffolds
(a) Grow MSCs on scaffolds in spinner flasks as described in Protocol 9.
(b) Dry scaffolds on a clean paper towel for 3 min on both sides.
(c) Measure wet weight of the scaffolds. Eventually cut the scaffolds into

halves and measure the wet weight of all halves.
(d) Put each scaffold into a labeled microcentrifuge tube.
(e) Add 2 steelballs and 1 ml cell lysis solution per tube.
(f) Close tube firmly and wrap with Parafilm.
(g) Disintegrate scaffold by using a MinibeadBeaterTM 3 times at 25'000 rpm

for 10 s each time. Place on ice between cycles for cooling. 
(h) Incubate at room temperature for 48 h.
(i) Transfer the content of the tube into a clean labeled tube without

transferring the steel balls.
(j) Centrifuge at 3000 g for 10 minutes.
(k) Pipette the supernate into a clean, labeled tube without destroying the

pellet.
(l) Proceed with the DNA Assay or store samples at –20°C until

measurement.

B. Preparation of cell pellets
(a) Grow MSCs in pellet culture according to Protocol 7 or 8.
(b) Centrifuge tube with cell pellet at 3000 g for 10 min.
(c) Aspirate supernate carefully without destroying the cell pellet.
(d) Add 300 µl of cell lysis solution to each tube.
(e) Disintegrate the pellet with a pipette tip by pipetting 20 times up and

down.
(f) Incubate at room temperature for 48 h.
(g) Centrifuge at 3000 g for 10 min.
(h) Transfer the supernate with a pipette into a clear microcentrifuge tube

without destroying the cell pellet.
(i) Proceed with the DNA Assay or store samples at –20°C until

measurement.

C. DNA assay
(a) Thaw your samples if frozen and centrifuge at 3000 g for 10 min.
(b) Prepare a sample/standard setup table in your labbook.
(c) Calculate the amount of reagents needed as follows:
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provided in the kit:
Reagent A:   PicoGreen dsDNA quantitation reagent (in DMSO – toxic)
Reagent B:   20x TE buffer
Reagent C:   DNA standard

To prepare:
Working A: Bring Reagent A to room temperature in the dark. Amount (in

ml) of Working A needed = (number of samples)/2 + 6. Prepare a 200-fold
dilution of Reagent A in Working B in a plastic container wrapped in aluminium
foil.

Working B: Make a 1:20 dilution of Reagent B in DNase-free UPW. Working
B is required to prepare solutions A and C and for the dilution of standards and
samples. Prepare sufficient amounts according to the following equation:

Amount (in ml) of Working B needed = 0.875 x (number of samples) + 10
Working C: Add 30 µl Reagent C to 1.47 ml Working B.

(a) Prepare the needed Working solutions.
(b) Prepare the standards according to the following table in Eppendorf

tubes. Do not add Working A at this step:
 

(f) Add 125 µl of each sample to a new and labelled Eppendorf tube.
(g) Add 375 µl of Working B to each tube.
(h) Add 500 µl Working A into each standard or sample tube. From now on,

minimize light exposure of your samples.
(i) Vortex tubes.
(j) Incubate tubes in the dark at room temperature for 3 min.
(k) Pipette 100 µl of each tube into the corresponding well of a microtiter

plate.
(l) Read fluorescence with a fluorescence microplate reader set at excitation

480 nm, emission 520 nm.

DNA concentration (ng/ml) Working C (µl) Working B (µl) Working A (µl)

0 (zero standard) 0 500 500

10 5 495 500

50 25 475 500

250 125 375 500

1000 500 0 500
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Safety note: PicoGreen dsDNA quantitation reagent is toxic. Carefully read
manufacturer's instructions.

D. Calculation of the results
(a) Average multiple readings for each standard or sample (if performed) and

subtract the average zero standard fluorescence.
(b) Create a standard curve by reducing the data with computer software

capable of generating a linear curve fit. Alternatively: plot mean
fluorescence for each standard on the y-axis against the DNA
concentration on the x-axis.

(c) As samples have been diluted, the concentration read from the standard
curve must be multiplied by the chosen dilution factor.

7.2. ALP assay

Protocol 11. Assay of alkaline phosphatase activity in bone
Reagents and Materials

Nonsterile
• Cell lysis solution: Triton X-100 0.2% (v/v) 1 5 mM magnesium chloride in

UPW
• Alkaline phosphatase (ALP) Kit
• Sodium hydroxide solution, 0.2 M
• Paper towel
• Razor blade
• Eppendorf tubes
• Microcentrifuge tubes with screw cap, 2 ml
• Steel balls
• Parafilm
• Analytical balance
• MiniBeadBeaterTM

• Microcentrifuge
• Microtiter plate
• Microplate reader
• Waterbath
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Protocol

Note: Work on ice all times unless otherwise stated.
A. Scaffolds

(a) Grow MSCs on scaffolds in spinner flasks as described in Protocol 9.
(b) Dry scaffolds on a clean paper towel for 3 min on both sides.
(c) Measure wet weight of the scaffolds. Eventually cut the scaffolds into

halves and measure the wet weight of halves.
(d) Put each scaffold in a labelled microcentrifuge tube.
(e) Add 2 steelballs and 1 ml cell lysis solution per tube.
(f) Close tube firmly and wrap with Parafilm
(g) Disintegrate scaffold by using a MiniBeadBeaterTM 3 times at 25'000 rpm

for 10 s. Place on ice between cycles for cooling.
(h) Transfer the content of the tube into a clean labeled tube without

transferring the steelballs.
(i) Centrifuge at 300 g for 10 min at 4°C.
(j) Transfer the supernate into a clean labeled tube. Avoid the destruction of

the pellet.
(k) Run ALP assay immediately.

B. Cell pellets
(a) Grow MSCs in pellet culture according to protocol 7 or 8.
(b) Centrifuge tube with cell pellet at 300 g for 10 min at 4°C.
(c) Aspirate supernate carefully without destroying the cell pellet.
(d) Add 300 µl cell lysis solution to each tube.
(e) Disintegrate the pellet with a pipette tip by pipetting 20 times up and

down.
(f) Centrifuge tube at 300 g for 10 min at 4°C.
(g) Transfer the supernate into a clean labeled tube. Avoid disruption of the

pellet.
(h) Run ALP assay immediately.
Note: If you intend to perform the DNA assay on the same samples, take the
amount of sample needed for the ALP assay (80 µl) out and incubate the rest of
the sample for 48 h at room temperature. Proceed with protocol 10A, step (i) for
scaffolds and with Protocol 10B, step (g) for pellets.

C. ALP assay
(a) Prepare a sample/standard setup table in your labbook and dilute p-

nitrophenol standards as follows:
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(b) Standards can be stored at 4°C for 2 months.
(c) Prepare reagents:

Working A: 0.75 M 2-Amino-2-Methylpropanol (AMP):
Amount of Working A needed (in µl): (number of samples + number of

standards + 2) x 40
Working B: 10 mM p-nitrophenylphosphate in 0.15 M AMP:
Amount of Working B needed (in µl): (number of samples + number of

standards +2) x 100

(d) Pipette 80 µl of samples or standards in labeled Eppendorf tubes at room
temperature.

(e) Add 20 µl of Working A to each tube.
(f) Add 100 µl of Working B to each tube.
(g) Incubate samples in a waterbath at 37°C until color develops and record

time.
(h) As soon as a yellow color develops add 100 µl of NaOH 0.2 M to stop

reaction.
(i) According to the plate setup, pipette 100 µl from each tube to the

corresponding well of the microtitration plate.
(j) Determine the optical density of each well with a microplate reader set to

405 nm.

D. Calculation of the results
(a) Average multiple readings for each standard and sample (if performed)

and subtract the average zero standard optical density.
(b) Create a standard curve by reducing the data with computer software

capable of generating a linear curve fit. Alternatively: Plot mean
fluorescence for each standard on the y-axis against the p-nitrophenol
concentration on the x-axis.

(c) As samples have been diluted, the concentration read from the standard

1 mM p-Nitrophenol (ml) in 
Triton X-100 + MgCl2

Triton X-100 0.2% (v/v) + 5 
mM MgCl2 (ml)

Final p-Nitrophenol 
Concentration (µg/ml)

0 1 0

0.05 0.95 6.955

0.2 0.8 27.82

0.6 0.4 83.46

0.9 0.1 125.19
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curve must be multiplied with the dilution factor.
(d) Calculate the amount of p-nitrophenol produced per minute using the

standard curve and the time required until color development. The
incubation time chosen should falls within the linear portion of the OD
versus time curve.

7.3. Calcium assay

Protocol 12. Calcium assay in bone constructs 
Reagents and Materials

Nonsterile
• TCA 5%: trichloroacetic acid 5% (v/v) in UPW
• Calcium-phosphorus combined standard, 10 mg/dl calcium
• Calcium binding reagent
• Calcium buffer reagent
• Paper towel
• Razor blade
• Microcentrifuge tubes with screw cap, 2 ml
• Steel balls
• Parafilm
• Analytical Balance
• MiniBeadBeaterTM

• Microcentrifuge
• Microtiter plate
• Microplate reader

Protocol

A. Scaffolds
(a) Grow MSCs on scaffolds in spinner flasks as described in Protocl 9.
(b) Dry scaffold on a clean paper towel for 3 min on both sides.
(c) Measure wet weight of the scaffolds. Eventually cut the scaffolds into

halves and measure the wet weight of the halves.
(d) Transfer each scaffold into a labeled microcentrifuge tube.
(e) Add 2 steelballs and 1 ml TCA 5% per tube.
(f) Close tube firmly and wrap with Parafilm.
(g) Disintegrate scaffold by using a MiniBeadBeaterTM 3 times at 25,000 rpm

for 10 s each time. Place on ice between cycles for cooling.
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(h) Incubate the tubes at room temperature for 30 min.
(i) Centrifuge at 3000 g for 10 min.
(j) Pipette the supernate into a clean, labeled microcentrifuge tube without

disrupting the pellet.
(k) Add 1 ml TCA of 5% into the tube with the steel balls.
(l) Incubate the tubes at room temperature for 30 min.
(m) Combine the 2 corresponding TCA solutions.
(n) Centrifuge at 3000 g for 10 min.
(o) Transfer supernate into clean, labeled tube without disrupting the pellet.

B. Cell pellets
(a) Grow MSCs in pellets according to Protocols 7 or 8.
(b) Centrifuge tube with cell pellet at 3000 g for 10 min at 4°C.
(c) Aspirate supernate carefully without destroying the cell pellet.
(d) Add 250 µl of TCA 5% to each tube.
(e) Disintegrate the pellet with a pipette tip by pipetting 20 times up and

down.
(f) Incubate the tubes at room temperature for 30 min.
(g) Centrifuge tubes at 3000 g for 10 min at 4°C.
(h) Transfer supernates in clear microcentrifuge tubes without destroying the

cell pellet.
(i) Add 250 µl of TCA 5% to each tube containing the pelleted debris.
(j) Disintegrate the pellet with a pipette tip by pipetting 20 times up and

down.
(k) Let the tube stand at room temperature for 30 min.
(l) Centrifuge tubes at 3000 g for 10 min at 4°C.
(m) Combine the supernate with the one previously collected at (h).

C. Calcium assay
(a) Prepare a sample/standard setup table in your lab-book and dilute

calcium standards as follows:

Calcium Standard 
Sigma Ca2+ 10 mg/dl

100% TCA UPW Final Ca2+ 
concentration

1.6 ml 0.1 ml 0.3 ml 80 µg/ml

1.2 ml 0.1 ml 0.7 ml 60 µg/ml

0.8 ml 0.1 ml 1.1 ml 40 µg/ml

0.4 ml 0.1 ml 1.5 ml 20 µg/ml

0.2 ml 0.1 ml 1.7 ml 10 µg/ml

0 ml 0.1 ml 2.0 ml 0 µg/ml
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(b) Standards can be stored at 2-8°C.
(c) Pipet 10 µl of each standard or sample in duplicate into microtiter plate

wells.
(d) Count total well number.
(e) Freshly prepare a 1:1 dilution of calcium binding reagent and calcium

buffer reagent; 100 µl solution is required per well.
(f) Pipette 100 µl of this solution into each well.
(g) Incubate plate at room temperature in the dark for 5 min.
(h) Determine the optical density of each well with a microplate reader set to

575 nm.
Note: If absorption of sample exceeds the highest standard, dilute the sample
in TCA 5% and read again.

D. Calculation of results
(a) Average the multiple readings (if performed) for each standard and

sample and subtract the average zero standard optical density.
(b) Create a standard curve by reducing the data with computer software

capable of generating a linear curve fit. Alternatively: plot mean
absorbance for each standard on the y-axis against total Ca2+

concentration on the x-axis.
(c) As samples have been diluted, the concentration read from the standard

curve must be multiplied by the dilution factor.

7.4. Glycosaminoglycan (GAG) assay

Protocol 13. Assay of GAGs in cartilage and bone constructs
Reagents and Materials

Nonsterile
• PBE buffer in UPW:
• 0.1 M Disodium hydrogen phosphate (Mr = 141.95)
• 0.01 M EDTA disodium salt (Mr = 372.24)
• Adjust pH to 6.5, filter sterilize, store at 4°C; shelf life 6 months
• Chondroitin sulfate standard stock solution 50 mg/ml (CS standard) in

PBE buffer:
• 50 mg/ml chondroitin sulfate
• 14.4 mM Cysteine (Mr = 121.2)
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• Can be stored at –20°C for 1 year. On the experiment day, dilute with
PBE to a final concentration of 100 µg/ml.

• Dimethylmethylene blue solution (DMMB) in UPW:
• 40.5 mM Glycine (Mr = 75.07)
• 2.37 g/ml Sodium chloride (Mr = 58.45)
• Dissolve 2.37 g sodium chloride and 3.04 g glycine in 905 ml UPW, then

add 95 ml 0.1 M hydrochlorid acid. While stirring, add 16 mg DMMB to
the solution. Check pH = 3 and optical density at 525 nm = 0.31–0.34.
Store at room temperature in the dark (aluminium foil).

• Papain solution (freshly prepared):
• Dissolve 35 mg cysteine in 20 ml PBE buffer (14.4 mM); filter through

0.22-µm filter. Add 0.1 ml sterile papain stock. 
• Paper towel
• Razor blade
• Microcentrifuge tubes, 2 ml, with screw cap
• Needle, 20 G
• Water bath at 60°C
• Parafilm
• Vortex mixer
• Photometer and cuvettes.

Protocol

A. Scaffold
(a) Grow MSCs on scaffolds in spinner flasks as described in Protocol 9.
(b) Dry the scaffold on a clean paper towel for 3 min on both sides.
(c) Measure wet weight of the scaffolds. Eventually cut the scaffolds into

halves and note the wet weight of halves as well.
(d) Put each scaffold into a labeled microcentrifuge tube.
(e) Punch 10 little holes into the cap of a microcentrifuge tube.
(f) Freeze construct at –80°C overnight.
(g) Lyophilize for 2-3 days and measure the dry weight of each scaffold.
(h) Add 1 ml papain solution per tube.
(i) Close tube with a new cap; wrap with Parafilm.
(j) Incubate at 60°C for 16 h, vortexing 5 times.
(k) Centrifuge at 3000 g for 10 min at 4°C.
(l) Perform GAG Assay with supernate.

B. Pellets
(a) Grow MSCs in pellets according to Protocol 7 or 8.
(b) Centrifuge tubes with cell pellets at 3000 g for 10 min at 4°C.
(c) Aspirate supernate.
(d) Punch 10 little holes into the cap of a microcentrifuge tube.
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(e) Freeze constructs at –80°C overnight.
(f) Lyophilize for 2-3 days.
(g) Add 0.5 ml papain solution per tube.
(h) Close tube with new cap; wrap with Parafilm
(i) Incubate at 60°C for 16h, vortexing 5 times.
(j) Centrifuge at 3000 g for 10 min at 4°C.
(k) Perform GAG Assay with supernate.

C. GAG Assay
Note: DMMB solution must be checked before use. Keep indicated times

constant.
(a) Set photometer to 525 nm.
(b) Pipet 0.1 ml standard solution (see table below) or sample into cuvette.
(c) Add 2.4 ml DMMB solution.
(d) Cover cuvette with Parafilm and vortex.
(e) Read absorbance against blank.
(f) Standards:

(g) Prepare all standards and samples in triplicates.

D. Calculation of the results
(a) Average the triplicate readings for each standard and sample and

subtract the average blank optical density.
(b) Create a standard curve by reducing the data with computer software

capable of generating a linear curve fit. Alternatively, plot mean
absorbance for each standard on the y-axis against the CS concentration
on the x-axis.

(c) As samples have been diluted, the concentration read from the standard
curve must be multiplied by the dilution factor.

STD  No. CS (100 µg/ml)(ml) PBE (ml) DMMB solution (ml) CS (µg)

Blank 0 0.1 2.4 0

1 0.01 0.09 2.4 1

2 0.02 0.08 2.4 2

3 0.03 0.07 2.4 3

4 0.04 0.06 2.4 4

5 0.05 0.05 2.4 5

6 0.07 0.03 2.4 7

7 0.1 0 2.4 10
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7.5. TRIzol RNA extraction

Protocol 14. RNA extraction from bone constructs
Reagents and Materials

Nonsterile
• TRIzol
• Chloroform
• Ethanol, 70%
• RNAseZap®

• Qiagen RNeasy Mini Kit
Safety notes: TRIzol reagent is carcinogenic. Use gloves and eye protection.
Avoid contact with skin or inhalation. Always work under a fume hood. Read
manufacturer's safety instructions. Chloroform is carcinogenic; wear safety
glasses and gloves and always work under a fume hood. Read safety data
instruction.
• Paper towel
• Microcentrifuge tubes, 2 ml, with screw cap
• Microcentrifuge

Protocol

Note: Contamination with RNase must be minimized. Please not: Human
skin is the major source of contamination! Precautions to prevent RNase
contamination:
• Always wear disposable gloves. Change gloves frequently.
• Use sterile, RNase-free, disposable plasticware and automatic pipettes

reserved for RNA work.
• RNA is protected from RNase contamination in TRIzol reagent.

Downstream sample handling requires RNase-free glassware or
plasticware. Glass and metal items (tweezers, steel balls, beakers) can
be exposed to 300°C for 4 h, and plastic items (tubes) can be soaked for
10 min in 0.1 M NaOH + 1 mM EDTA, rinsed thoroughly with RNase-free
water, and autoclaved. RNase-free containers are also commercially
available.

• To prepare RNase-free water, add 0.01% (v/v) diethylpyrocarbonate
(DEPC) into UPW in RNase-free glass bottles. Incubate for 12 h at room
temperature, then autoclave bottles (read instruction for autoclaving
liquids).
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• Clean all surfaces (for example, bench top) thoroughly with RNaseZap®,
wipe with paper towel, rinse with water, and dry with clean paper towel.

A. Scaffolds
(a) Grow MSCs on scaffolds in spinner flasks according to Protocol 9.
(b) Dry scaffolds on a clean paper towel for 3 min on both sides.
(c) Measure wet weight of the scaffolds. Eventually cut the scaffolds into

halves and measure the wet weight of the halves.
(d) Transfer each scaffold into a labeled microcentrifuge tube.
(e) Add 2 steelballs and 1 ml TRIzol per tube.
(f) Close tube firmly and wrap with Parafilm.
(g) Disintegrate scaffolds by using a MiniBeadBeaterTM 6 times at 25,000

rpm for 10 s. Place on ice between cycles for cooling.
(h) Transfer the content of the tube into a clean labeled tube without

transferring the steel balls.
(ih) Centrifuge at 12,000 g for 10 min at 4°C.
(j) Transfer supernate into a clean, labeled tube without destroying the

pellet, and immediately perform RNA Extraction or freeze samples at –
80°C for later Analysis.

B. Cell pellets
(a) Grow MSCs in pellets according to Protocol 7 or 8.
(b) Centrifuge tube with cell pellet at 3000 g for 10 min at 4°C.
(c) Aspirate supernate carefuly without destroying the cell pellet.
(d) Add 1 ml TRIzol to each tube.
(e) Disintegrate the pellet with a pipette tip by pipetting 20 times up and

down.
(f) Centrifuge at 12,000 g for 10 min at 4°C.
(g) Transfer supernate into a clean microcentrifuge tube without destroying

the cell pellet, and immediately perform RNA Extraction or freeze
samples at –80°C for later analysis.

C. RNA Extraction
Before starting to work, clean all working surfaces with RNaseZap® as

above. Change gloves frequently. If not mentioned otherwise, work on ice.
(a) Incubate sample at room temperature for 5 min.
(b) Add 190 µl of chloroform to each tube. A clear layer should occur.
(c) Vortex tube vigorously for 15 s.
(d) Incubate sample at room temperature for 3 min.
(e) Centrifuge tube at 12,000 g for 15 min at 4°C. An upper clear aqueous

phase containing the RNA appears.
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(f) Carefully transfer upper aqueous phase to a fresh tube (do not transfer
the interface); estimate the transferred volume you can take out. It is
important not to disturb the lower layers during extraction – this will
contaminate your sample and may influence enzyme activity of later
experiments.

(g) Add the same volume of 70% ethanol to the homogenized lysate
(estimated in the previous step), and mix well by pipetting. Do not
centrifuge.

(h) Apply up to 700 µl sample, including precipitate that may have formed, to
an RNeasy mini spin column sitting in a 2-ml collection tube and
centrifuge at 8000 g for 15 s. If the volume of your sample exceeds 700
µl, successively load aliquots onto the RNeasy column and centrifuge as
above. Discard flow-through and reuse the collection tube for the
following step.

(i) Pipette 700 µl Buffer RWI onto the RNeasy column, and centrifuge at
8000 g for 15 s.

(j) Transfer RNeasy column into a new 2-ml collection tube.
(k) Discard flow-through and old collection tube.
(l) Pipet 500 µl Buffer RPE onto the RNeasy column.
(m) Centrifuge at 8000 g for 15 s.
(n) Discard flow-through and reuse collection tube.
(o) Pipet 500 µl Buffer RPE onto the RNeasy column.
(p) Centrifuge at maximum speed for 2 min to dry the membrane.
(q) Transfer the RNeasy columns into a new 1.5-ml Eppendorf tube and

pipette 30 µl of RNase-free water directly onto the RNeasy membrane.
(r) Centrifuge at 8000 g for 1 min. The RNA is now in the collection tube.
(s) Close tube and immediately freeze at –80°C.

7.6. Real-Time RT-PCR

Protocol 15. gene expression analysis in bone and cartilage constructs
Reagents and Materials

• RNA from Protocol 14
• SuperScriptTM First-Strand Synthesis System for RT-PCR
• Custom designed primers and probes or Assay on Demand (Applied

Biosystems)
• TaqMan Universal PCR Mix
• Microcentrifuge tubes, 0.2 ml, or thin-walled PCR tubes, autoclaved
• PCR tubes or plates with caps
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• Programmable thermal cycler
• Microcentrifuge
• ABI PRISM® 7000 Sequence Detection System
• Vortex mixer

Protocol

A. cDNA sythesis with Oligo(dT)
(a) Mix and briefly centrifuge each component prior to use.
(b) Prepare RNA-primer mixtures in a 0.2-ml PCR tube as follows:

(c) Incubate each sample at 65°C for 5 min.
(d) Place samples on ice for at least 1 min.
(e) Prepare the following reaction mixture, adding each component in the

indicated order. Prepare reaction mixture for total number of samples +3
reactions.

(f) Add 9 µl reaction mixture to each RNA-primer mixture, mix gently, and
collect by brief centrifugation.

(g) Incubate at 42°C for 2 min.
(h) Add 1 µl (50 units) of SuperScriptTM II RT to each tube and mix by

pipetting.
(i) Incubate at 42°C for 50 min.
(j) Terminate the reactions at 70°C for 15 min.
(k) Chill on ice.
(l) Add 1 µl RNase H to each tube and incubate at 37°C for 20 min.
(m) Freeze samples at –80°C or proceed directly with the PCR reaction

protocol.

RNA-primer mixture: Per sample (µg)
RNA           8
dNTP mix           1
Oligo(dT)12-18(0.5 µg/ml)           1

Reaction mixture: Per sample (µl)
10x RT buffer           2
25 mM MgCl2           4
0.1 M DTT           2
RNaseOUTTM           1
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B. Real-time RT-PCR Reaction Protocol
Note: Keep all reagents on ice at all times; probes are light sensitive. Darken

the room.
(a) Prepare Master Mix for each marker of interest in the order as outlined in

the tables below. Prepare all mixes for your number of samples +3
reactions.

Custom designed Primers and Probes Master Mix:

Assay on Demand Master Mix:

(b) Add 1 µl cDNA to each reaction tube.
(c) Add 49 µl Master Mix to each tube and mix well by pipetting.
(d) Close wells tightly with cover strips.
(e) Perform RT-PCR according to the manufacturer's protocol.

Calculations
(a) ct Gene of interest – ct GAPDH =  delta ct Gene of interest

(b) delta ct zero point (control) - delta ct Gene of interest = delta-delta ct
(c) 2delta-delta ct = expression

Reagents Volume (µl) per sample
H2O 13

Forward Primer 4.5

Reverse Primer 4.5

Probe 2

2x TaqMan Universal Master Mix 25

Reagents Volume (µl) per sample
H2O 21.5

AoD Kit 2.5

2x TaqMan Universal Master Mix 25
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Custom designed primers and probes (Applied Biosystems):

Dilute all of these in 1x TE buffer to the appropriate concentration (according
to the table below). Reference for all sequences: Eckstein et al 2001 77.

Assay on Demand (Applied Biosystems):

Note: Always check updates on the homepage of Applied Biosystems: http://
www.appliedbiosystems.com

Forward GAPDH primer: ATG GGG AAG GTG AAG GTC G
Reverse GAPDH primer: TAA AAG CCC TGG TGA CC
GAPDH probe: VIC CGC CCA ATA CGA CCA AAT CCG TTG AC 

TAMRA
Forward Collagen I primer: CAG CCG CTT CAC CTA CAG C
Reverse Collagen I primer: TTT TGT ATT CAA TCA CTG TCT TGC C
Collagen I probe: FAM CCG GTG TGA CTC GTG CAG CCA TC TAMRA
Forward Collagen II primer: GGC AAT AGC AGG TTC ACG TAC A
Reverse Collagen II primer: CGA TAA CAG TCT TGC CCC ACT T
Collagen II probe: FAM ATG GAA CAC GAT GCC TTT CAC CAC GA 

TAMRA

Marker Aliquoted Primers (µM) Aliquoted Probe (µM)

GAPDH 10 6.25

Collagen I 10 6.25

Collagen II 10 6.25

Human Aggrecan I: Hs00153936_m1
Human ALP: Hs00240993_m1
Human BMP-2: Hs00154192_m1
Human BSP: Hs00173720_m1
Human cbfaI (RUNX2): Hs00231692_m1
Human COX-2: Hs00153133_m1
Human IGF-I: Hs00153126_m1
Human IL-1ß: Hs00174097_m1
Human iNOS: Hs00167248_m1
Human OP: Hs00167093_m1
Human SRY-box-9: Hs00165814_m1
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8. Histology

Protocol 16. Fixation and paraffin embedding of bone and cartilage
constructs
Reagents and Materials

Nonsterile
• 10% neutral buffered formalin
• PBSA
• HistoGelTM

• Ethanol
• Xylene (mixed xylene isomers)
Safety note: Xylenes and Formaline are harmful, always work under fume
hood. Read safety sheets carefully.
• Histology embedding cassettes
• Paraffin embedding station
• Lens paper
• oven

Protocol

A. Scaffolds
(a) Grow MSCs on scaffols in spinner flasks according to protocol 9.
(b) Transfer each scaffold into a labeled histocassette.
(c) Incubate in 10% neutral buffered formalin at 4°C for 24 h.
(d) Place in PBS at 4°C until further processing.

B. Preparation of cell pellets
(a) Grow MSCs in pellets according to Protocol 7 or 8.
(b) Wrap each pellet into lens paper.
(c) Transfer each package into a labeled histocassette.
(d) Incubate in 10% neutral buffered formalin at 4°C for 24 h.
(e) Place in PBS at 4°C for at least 2 h.
(f) Encapsulate each pellet into HistoGelTM according to the manufacturer's

instruction.
(g) Transfer to labeled histocassette and store in PBS at 4°C until further

processing.
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C. Preparation for histology
(a) Dehydrate specimens in histocassettes with a series of alcohols: 70%

ethanol for 24 h.
(b) 90% ethanol for 1 h.
(c) 2 times 95% ethanol for 1 h each.
(d) 3 times 100% ethanol for 1 h each.
(e) 3 times xylene for 30 min each.
(f) Paraffin at 60°C for 1 h.
(g) Paraffin at 60°C overnight.
(h) Paraffin at 60°C for 1 h.
(i) Embed specimen in paraffin blocks at an embedding station. If desired,

cut scaffolds and show cross-sections by embedding accordingly.
(j) Cut 5-µm thick sections from the block with a microtome.
(k) Lift the cut sections onto a glass slide and air dry.

Protocol 17. Von Kossa staining of sections of bone constructs
Reagents and Materials

• Paraffin slides of specimen from Protocol 16
• Ethanol
• Xylene (mixed xylene isomers)
• Freshly prepared 5% silver nitrate solution in UPW
• 5% Hypo solution (sodium thiosulfate) in UPW
• Nuclear Fast Red
• CytosealTM 60
• Oven
• Lamp, 60 W
• Aluminium foil
• Holder for histoslides
• Coverslips

Protocol

A. Deparaffinization and Hydration
(a) Dewax slides in oven at 55°C for 30 min.
(b) 2 times xylene for 5 min each.
(c) 2 times 100% ethanol for 5 min each.
(d) 2 times 95% ethanol for 3 min each.
(e) 70% ethanol for 3 min.
(f) UPW for 1 min.
(g) Proceed directly to staining.
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B. Staining
(a) Incubate in 5% silver solution. Place in front of a 60 W bulb, place

aluminium foil behind jar to reflect the light for 1 h or until calcium turns
black.

(b) Rinse 3 times in UPW.
(c) 5% hypo solution for 5 min.
(d) Wash in tap water.
(e) Rinse in UPW.
(f) Counterstain in Nuclear Fast Red for 5 min.
(g) Wash in UPW.
(h) Continue with dehydration and mounting step.
Note: Long exposure to strong light can lead to false positive stain.

C. Dehydration and mounting.
(a) Dehydrate slides with a series of alcohol: 2 times 5 dips in ethanol 95%.
(b) 2 times 5 dips in ethanol 100%.
(c) 2 times 3 min in xylene.
(d) Mount with CytosealTM 60 and cover with coverslip.

Protocol 18. Safranin-O staining of sections of cartilage constructs
Reagents and Materials

Nonsterile
• Paraffin slides of specimen from Protocol 16.
• Ethanol
• Xylene (mixed xylene isomers)
• Harri's hematoxylin
• 0.5% acetic acid in 70% ethanol
• 0.02% Fast Green in UPW
• 1% acetic acid in UPW
• 0.1% Safranin-O in UPW
• CytosealTM 60
• Oven
• Holder for histoslides
• Coverslips
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Protocol

(a) Deparaffinize and hydrate according to protocol 17A Steps (a) to (g).
(b) Incubate in Harri's hematoxylin for 8 min.
(c) Rinse in UPW.
(d) Dip 2 times in 0.5% ethanolic acetic acid.
(e) Rinse with running water to enhance blue staining of nucleus for at least

5 min.
(f) 0.02% aqueous Fast Green for 4 min.
(g 3 dips in 1% acetic acid.
(h) 0.1% Safranin-O for 6 min.
(i) Continue with dehydration and moutin step from Protocol 17C, Step (a)

through (d).
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9. In vitro applications
A number of methods and techniques have been established to treat large

bone defects after, for example, trauma or in the context of tumors. These
methods do not restore major damage to a tissue or organ in a truly satisfactory
way. At the same time, the need for bone substitutes increases with the
progressive aging of the population. Routine techniques rely on the harvest of
autologous bone, a method limited by the availability of transplant material,
harvesting difficulties, donor site morbidity, additional pain, longer hospital
stays, and higher treatment costs, with a direct impact on function, availability,
and psychological and social well-being of patients. Novel methods currently
being studied include conduction (by a scaffold) and induction (by bioactive
molecules) of cell migration to repair relatively small defects and cell
transplantation into the defect site (with or without biomaterial) to repair larger
defects78. The tissue engineering approach as described in this chapter
involves the use of mechanically robust and osteoconductive biomaterials
seeded with mesenchymal stem cells, exposed to osteogenic stimuli9,22.
Compared to the transplantation of cells alone, in vitro-grown tissue constructs
offer the potential advantage of immediate functionality. The in vitro
environment is indeed heavily simplified as compared to the complex
physiological situation, and therefore, tissue engineers search for simplifying
principles that allow at least the recapitulation of some aspects of tissue
morphogenesis and cellular assembly into tissue structures79. The proposed
approach uses silk as a biomaterial to provide an osteoconductive
environment. The advantages are good biocompatibility, cell attachment, and
cell differentiation along with unique mechanical properties. The sustained
degradation of silk provides a robust template for the cells to deposit bone on
the lattice surface, thereby resulting in a biomimetic and three-dimensional
trabecular network.

We did not observe this orientation of the deposited bone in faster degrading
collagen protein or on PLGA composite scaffolds. Therefore, silks can provide
a blueprint for the desired bone geometry through the design of scaffold
structures. In principle, this would allow the engineering of any trabecular
geometry, but in reality it does not. We have shown that a network with
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poresizes ranging between 200 and 700 µm can be engineered, and probably
this can be extended to bigger pore sizes. Geometries less than 200 µm result
in the formation of a dense and continous bone plate, originating from a
coalescing trabecular network (Fig. 3). This feature may be particularly
interesting for the subchondral bone plate, present at the interface between the
epiphysis and the overlying hyaline cartilage. Tissue engineering of cartilage
with silk scaffolds has been demonstrated before55, and therefore the
presented results demonstrate all elements necessary to engineer
osteochondral grafts. However, the engineering of complex composite tissues
within a single scaffold requires the exposure of one cell source –
mesenchymal stem cells – to different growth factors to drive the differentiation
along the desired lineages. This requires a spatially restricted functionalization
of the scaffold with growth factors and, consequently, functional groups that
allow an easy manipulation of the biomaterial. Silks, as do other proteins,
provide all kinds of functional groups, allowing covalent decoration through
easy chemical reaction. Therefore, silks offer an advantage because of their
easy manipulation to serve as functionlized biomaterials for the engineering of
complex composite tissues.

Diffusional limitations during culture, although in part overcome by the use of
bioreactors, still remain the major challenge in tissue engineering and generally
results in bone tissues with a thickness of less than 0.5 mm8. Although these

Figure 3. Tissue engineering of bone-like tissue. Bar = 5 mm (A). Magnification shows
trabecula-like structure (B).
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protocols serve as a basis to engineer trabecular networks of more than 3 mm,
the connectivity, trabecular surface, and volume are higher at the outer areas of
the scaffold as compared to the center section. We have tried to overcome
these limitations in earlier perfusion studies by forcing the medium through
collagen9 and silk scaffolds (unpublished data). However, mineralization was
significantly less compared to the use of spinner flasks, and bone formation
was restricted to mineralized rods with the absence of a trabecular network. A
possible avenue to address the problem of restricted diffusion mass transport
may be mechanical stimulation, which would allow a series of mechanical
simulations without altering the mechanical integrity. In addition to the restricted
mass transport, inhomogeneous seeding of the scaffolds with cells can
contribute to the variances in mineralization65,80-82.

Despite all the advantages, silks as natural products have an intrinsic batch-
to-batch variability, depending on the sericulture of the silkworms, nutrition, and
temperature of silkworm culture. Aside from existing natural sources of silk,
future options provided by the availability of reasonable quantities of genetically
engineered silk variants would expand the set of structures available for use in
vivo, including spider silk. These techniques result in homogenous and
reproducible fabrication of silks, overcoming natural variability.

In summary, silks provide interesting and unique properties for bone tissue
engineering promoting orderly tissue regeneration. Bone formation results in
complex trabecular networks, predetermined by the lattice structure of the silk
scaffolds. This allows the custom-made fabrication of cancellous bone
implants, highly resembling the geometry at the implantation site. Furthermore,
the unique properties of silks offer the advantage of prolonged mechanical
competence together with the possibility of exposing the biomaterial to
repetitive cycles of mechanical stimulation without compromising mechanical
integrity.
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Appendix: Sources of materials

Materials Supplier
Acetic acid Sigma

AccuspinTM tubes Sigma Diagnostics

Alkaline Phosphatase Kit: Sigma Diagnostics
AMP (2-Amino2-methylpropanol), alkaline buffer solution 
A9226 or as provided in the ALP Kit

Sigma

CD31-PE (555446) Pharmingen (BD Biosciences)
CD34-APC (555824) Pharmingen (BD Biosciences)
CD14-FITC ( 555397) Pharmingen (BD Biosciences)
CD71-APC (551374) Pharmingen (BD Biosciences)
(Mouse anti-human CD105 (555690) Pharmingen (BD Biosciences)
CD45-APC (555485) Pharmingen (BD Biosciences)
CD44-FITC (555478) Pharmingen (BD Biosciences)
Ascorbic acid phosphate Sigma
bFGF (human, recombinant) Invitrogen
BMP-2 (human, recombinant) Wyeth
Bone marrow Cambrex

BupHTM MES buffered saline Pierce

Calcium binding reagent Sigma Diagnostics
Calcium buffer reagent Sigma Diagnostics
Calcium phosphorus combined standard, 10 mg/dl 
calcium

Sigma Diagnostics

Chloroform Sigma
Chondroitin sulfate A, sodium salt from bovine trachea, 
70%

Sigma

Cocoon from Bombyx mori (Linne, 1758) Individual sources
Collagen: Avitene Ultrafoam collagen sponge Bard
Cysteine Sigma

CytosealTM 60 Microm

DEPC, diethylpyrocarbonate Sigma
Dermal puncher Miltey
Dexamethasone Sigma
1,9-Dimethylmethylene blue dye (“Eschenmoser’s salt”) Sigma-Aldrich
Disodium hydrogen phosphate Sigma
DMSO, dimethyl sulfoxide Sigma-Aldrich
Dulbecco’s modified Eagle’s medium (DMEM) Invitrogen
EDC, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide) Pierce
EDTA disodium salt Sigma
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Ethanol Sigma
Fast Green FCF Sigma
Fetal bovine serum (FBS) Invitrogen
Formalin, 10% neutral buffered Sigma
Fungizone Invitrogen
Glutamic acid Sigma
ß-Glycerophosphate Invitrogen
Glycine Sigma
Hematoxylin solution, Harris modified Sigma
HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol Sigma-Aldrich

HistoGelTM Lab Storage Systems Inc

Histopaque®-1077 Sigma

Hydroxylamine hydrochloride Pierce
Lithium bromide Sigma
Matrigel, basement membrane matrix BD Biosciences
Magnesium chloride Sigma
MEM nonessential amino acids solution Invitrogen
2-Mercaptoethanol Sigma
Methanol Sigma
Millex-SV syringe-driven filter unit, pore size 5 µm Millipore

MiniBeadBeaterTM Biospec

NalgeneTM Cryo 1° Freezing Container Nalge Nunc

Nuclear Fast Red Sigma
Papain suspension, activates to equal or more than 20 
units per mg protein

Worthington

PBSA:phophate-buffered saline, w/o calcium or 
magnesium

Invitrogen

Penicillin-streptomycin, liquid Invitrogen
PicoGreen® dsDNA Quantitation Kit Molecular Probes
RGD: GRGDS: H-Gly-Arg-Gly-Asp-Ser-OH Calbiochem

RNAseZap® Ambion

RNeasy Mini Kit Qiagen
RPMI 1640 medium Invitrogen
Safranin O Sigma
Silver nitrate Sigma

Slide-A-Lyzer® Dialysis Cassette, cut-off 2000 Da Pierce

Sodium carbonate Sigma
Sodium chloride USP granular Fisher 
Sodium chloride Sigma
Sodium hydroxide Sigma
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Final discussion and outlook

The field of tissue engineering promises to deliver biological substitutes to
repair or replace tissues in the body that have been subject to injury or
disease1. In recent years, the options for orthopaedic tissue engineering have
dramatically increased now featuring technologies to harvest and transplant
tissue-forming progenitor cells, the use of an expanding array of bioactive
matrix materials as tissue scaffolds, local or systemic delivery of various
peptide hormones and growth factors, and other methods to control the local
chemical and biophysical environment of tissue defects2. Nevertheless,
optimizing how to combine cells, materials for scaffolds and locally and/or
systemically active stimuli remains a complex challenge characterized by a
highly interdependent set of variables with an almost infinite range of possible
combinations2.

The objectives of this PhD thesis were to investigate into silk fibroin (SF) as a
new biomaterial for tissue engineering and drug delivery, especially as to its
use as scaffold material in the field of bone and cartilage repair. To introduce a
new biomaterial, basic knowledge about its properties in the investigated field is
mandatory because the characteristics of the material will determine, to a great
extent, those of the scaffold and its integration into the defect. 

First, we assessed the suitability of SF as a scaffold material for tissue
engineering. Porous, three dimensional SF scaffolds were manufactured,
seeded with human mesenchymal stem cells (hMSC) and cultured under
controlled conditions to induce the differentiation of the cells into cartilage- or
bone-like tissues3-8. SF scaffolds were able to support in vitro chondrogenesis
in terms of glycosaminoglycan content, collagen type II deposition, and
aggrecan or collagen type II mRNA overexpression. Better strength in
conjunction with improved mass transport to the scaffold´s interior rendered SF
superior to established collagen or crosslinked collagen scaffolds in terms of
mechanical properties and extracellular matrix distribution in the engineered
scaffold. However, the decoration of SF scaffolds with the integrin recognition
and adhesion ligand RGD turned out to be without substantial effect on in vitro

tissue development. To optimize the engineering of cartilage-like tissue, the
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experimental conditions for cell differentiation were varied by shifting from
serum-containing to serum-free medium, having the advantage of a more
precise control over the used reagents as well as a minimized risk of
contamination or disease transmission, factors that are imperative for clinical
applications. Serum-free culture enhanced the chondrogenic performance of
hMSC on SF scaffolds as compared to serum-containing medium, and made
the advantage over collagen or crosslinked collagen scaffolds more prominent.
It is suggested that this difference was due to the altered composition of the
culture medium, and possibly to the adsorption of serum proteins to the
scaffold's surface. Still, with SF scaffolds, the aggregate modulus was one
order of magnitude lower than with native cartilage. Further improvements in
mechanical strength would be needed to generate fully functionable grafts.
Such studies are currently under way in our group. Further studies with
improved culture media and more sophisticated bioreactors that exert
mechanical stimulation throughout the in vitro culture are promising options9-14.
In vivo performance and host integration have yet to be examined. For
instance, tissue engineering of a functional osteochondral graft may be
considered to facilitate the problem of insufficient host integration of cartilage
grafts, a hypothesis which needs further support by in vitro and in vivo

experiments15-23.
Massive bone defects pose a great challenge in reconstructive surgery,

especially because supply of autologous bone grafts is limited, harvest painful
and associated with risks for the donor24-26. Studies on in vitro engineering of
bone-like tissue using hMSC on SF scaffolds demonstrated that the
engineering of trabecular-like structures was feasible5,6. Most possibly due to
their structural strength, SF scaffolds performed superior and showed better
applicability than collagen scaffolds that were used as control, though both
scaffold types were proteinacious, biocompatible, biodegradable and highly
porous. These differences can be attributed, at least in part, to the structural
strength and owing to the slower biodegradation of SF scaffolds in vitro. It is
proposed that through the use of suitable bioreactors, current limitations such
as irregular cell distribution and matrix deposition could be overcome.
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A central proposition for this PhD thesis was the assumption that the
underlying SF scaffold may serve as a blueprint for resulting structure of the
tissue-engineered bone-like tissue in vitro, so that its geometry predetermines
the structure of the resulting tissue. Natural bone consists of cortical and
trabecular morphologies, the latter having variable pore diameters. It was
hypothesized, that implants exhibiting such differences in morphology and,
therefore, more precisely mimicking natural bone might be advantageous in
musculoskeletal tissue engineering. Nevertheless, the feasibility to generate
such structures on a single SF scaffold in vitro through the application of tissue
engineering principles remained to be demonstrated. To study this issue, we
fabricated SF scaffolds with two segments of different pore diameters, i.e. with
small pore diameters (112-224 µm) in one half and large pore diameters (400-
500 µm) in the other half of the scaffold, keeping scaffold porosities constant
among groups. Two seeding methods – static and dynamic seeding – were
evaluated with regard to cell viability and homogeneity of cell distribution in the
scaffold. As compared to static seeding, dynamic cell seeding in spinner flasks
resulted in equal cell viability and proliferation, and better cell distribution in the
scaffold as visualized by histology and confocal microscopy. Dynamic seeding
was, therefore, selected for subsequent differentiation studies. Microcomputed
tomography revealed that when grown under osteogenic conditions in spinner
flasks the in vitro engineered bone-like structures were significantly
predetermined by the two geometries of the scaffold. However, the structural
differences began to vanish with culture time and seemed to converge after five
weeks. 

This study was continued with a related study, where SF-RGD scaffolds with
small (106–212 µm), medium (212-300 µm) and large pore diameters (300-425
µm) were fabricated separately and cultured in osteogenic medium in spinner
flask bioreactors. After in vitro culture for five weeks, the scaffolds were
implanted in vivo into critical-sized mice cranial defects and analyzed after eight
weeks. The observed differences in bone-like structures after in vitro culture
disappeared completely after implantation in vivo. Independent of their prior
structure, all implants were actively remodelled into immature cortical bone of a
similar type as seen with intramembraneous bone healing, and resulted in
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bridging of the defects after eight weeks post surgery. The SF implants were
well integrated into the defects, vascularization was advanced regardless of the
pore diameter of the underlying scaffold, and, beginning from the borders of the
defects, bone marrow infiltration had started, proving that SF scaffolds have
potential for in vivo use.

In the studies described above, a standard osteogenic medium containing a
constant amount of BMP-2 was used to induce the differentiation of hMSC into
the osteogenic lineage. Generally, doses of BMP-2 were supraphysiological
which implies potential drawbacks such as high costs and elevated risk of
adverse reactions. As an alternative to the direct dosage of BMP-2 we studied
the adenoviral transfection of hMSC with plasmid DNA encoding BMP-2.
Through self-secretion of BMP-2 the transfected hMSC were found to elicit both
paracrine and autocrine effects, and supported their differentiation into the
osteogenic lineage, thereby actively depositing mineralized tissues27,28.
Efficiency and impact of adenoviral transfection on the differentiation of hMSC
and their osteogenic performance on SF scaffolds was evaluated by comparing
the two modes of BMP-2 delivery. Choosing the minimal effective adenovirus
concentration, we determined the time-concentration profile of BMP-2 secreted
from transfected hMSC, and quantified the osteogenic outcome. The
alternative mode was studied by adding BMP-2 in amounts to the cell culture
medium that were equivalent to those observed after adenoviral transfection of
hMSC. Despite the high expression levels of osteogenic markers in hMSC after
adenoviral transfection, their performance to undergo osteogenic differentiation
into bone-like tissue was not impaired, neither in terms of cell proliferation nor
as to their capacity to produce extracellular matrix in form of calcified tissue.
Both modes resulted in equal formation of bone-like tissue and confirmed the
option of growth factor delivery for in vitro tissue engineering of bone on SF
scaffolds.

Efficient clinical use of growth factors depends critically on an appropriate
delivery strategy. It is common that when administered in solution, growth
factors will be rapidly cleared or inactivated, resulting in suboptimal healing.
The use of biomaterials that can retain a protected depot of the factor, may
greatly enhance its efficacy and allow to reduce the dose by localizing the
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morphogenetic stimulus29. Few studies have detailed the protective properties
of SF matrices for proteins30-33. Therefore, we investigated into the
understanding of SF processing and control of structure (e.g., !-sheet content
reflecting the degree of crystallinity) towards the utility of SF as a matrix for
controlled release and delivery of large molecular weight compounds, using
suitable protein and non-protein models. For simplicity, studies were performed
with SF films. Variations in water solubility, !-sheet content and contact angle
turned out to have large impact on the delivery kinetics of model drugs of
different molecular weights. To lower aqueous solubility and induce crystallinity
in SF the films were treated with methanol. Adverse effects of methanol
treatments on the bioactivity of embedded proteins depended on the protein
and on aggregation phenomena. SF films afforded the potential to preserve the
bioactivity of the embedded model proteins, in addition to their capacity to
control and sustain the release. Obviously, this needs to be tested on a case-
to-case basis for each protein of interest. Close monitoring of drug potency and
aggregation phenomena remains a crucial issue for the development of such
systems. If successfully validated, SF may have large potential to serve as
mechanically resilient implants that may guide the differentiation process of
cells in a directed fashion through controlled delivery of appropriate growth
factors.

As a final contribution to this topic this work also presents a collection of
methodologies to the field in the form of a hands-on monograph containing an
array of standardized laboratory protocols typical for this subject.

The general approach of this thesis towards more sophisticated options for
tissue engineering and growth factor delivery was in order to mimic
endogenous profiles during natural tissue morphogenesis or regeneration.
However, a number of challenges and questions have yet to be mastered to
reach the goal of generating fully functional implants. In parallel to our work,
technical innovations have led to the development of more sophisticated
bioreactor systems that mimic the mechanical in vivo situation of both cartilage
and bone and allow to precisely control the physicochemical environment in in
vitro cell cultures35-37. Even in situ monitoring of certain parameters in tissue
development in closed systems without destructive analyses has been shown



Discussion & Outlook

290

to be feasible (H. Hagenmüller et al., accepted). Automated and standardized
monitoring is necessary to provide reliable model systems for fundamental
studies into their cell biology. The so-gained knowledge has the potential to
reduce overall production costs and will play a key role in improving the quality
of engineered tissues in the future11,38,39. Another challenge to face is the
vascular supply of the implant, which is of major importance for clinical
applications24. Approaches to overcome this problem could be in vitro

cocultures of bone related cells and endothelial cells or the creation of tissues
containing self-assembled hierarchical cell-cell interactions or the release of
vasculature-promoting factors in vivo35,40-42.

The selection of an appropriate drug carrier or delivery system has to take
into account the ability to deliver the bioactive growth factor at appropriate
kinetics, in combination with the presence of a scaffold that will enhance cell
recruitment, attachment, and potentiate chemotaxis35. This thesis summarizes
the successful investigation into the performance of SF scaffolds as tissue
engineering matrix for cartilage- or bone-like tissue and as a drug delivery
system. Studies are on the way to combine both functions and investigate into
SF as a three dimensional matrix and drug delivery system, be it through the
adsorption of a growth factor to the scaffold´s surface, covalent linkage of a
growth factor to SF, or entrapment of the protein alone or embedded into
microspheres into the scaffold43-46 (E. Wenk et al., C. Kirker-Head et al.,
unpublished data). Moreover, choosing an adequate scaffold processing
technique that does not adversely affect biocompatibility or chemical properties
and allows for accurate and consistent scaffold production is important. With
the additional aim to better preserve the bioactivity of embedded protein
therapeutics, recent studies successfully managed to transform the scaffolding
of SF from a hexafluoro-2-propanol (HFIP) based process into an all-aqueous
process43. In addition to the beneficial effect on protein stability, the authors
achieved better control over the scaffold's geometry and the elimination of the
organic chemical.

A possible continuation scenario would be the combination of the
investigated technologies to generate an osteochondral graft, where a
prefabricated bone layer provides subchondral support and offers
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osteoinductive signals for bone replacement resulting in more rapid
osseointegration of the implant, while the cartilaginous side maintains a living
chondrogenic environment16,21,47-51.

Although tissue engineering has the potential to revolutionize the treatment
of musculoskeletal defects by providing functional grafts upon demand, the
quality of in vitro generated tissues is currently limited by an insufficient
understanding of the regulatory roles of specific biological, chemical and
physical parameters on tissue development39. The challenge will be to combine
apparently disparate disciplines and to exchange knowledge between tissue
engineers, materials engineers, drug delivery experts and reconstructive
surgeons to bridge the gap between bench and bedside in such a way that this
exponentially growing research area can have an impact on the health of so
many.
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