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BACKGROUND AND PURPOSE

BACKGROUND AND PURPOSE

Tissue damage or loss, as a consequence of ageing, pathology or injury,
leads to a reduced quality of life for many and is associated with significant
social and economic costs [1]. The need for efficacious therapies to regenerate
damaged or lost tissue by guiding and controlling tissue differentiation and
growth is therefore evidenced. A major role in this context is generally
attributed to the use of growth factors as therapeutics. When systemically
administered, growth factors often undergo fast biological clearance, which
translates into short half-lives and calls for unfavorable dosage regimens of high
frequency. Moreover, because growth factors may adopt multiple functions in
different tissues, their systemic delivery would largely enhance the risk for
adverse side effects. Instead, as an approach to mimic nature, growth factors
should be locally released, possibly following the course of the different phases
in physiological tissue repair [1]. Therefore, spatiotemporal delivery of growth
factors plays a key role in therapeutic tissue regeneration. Only tightly
controlled drug delivery is expected to allow safe and successful administration
of growth factors in therapeutic tissue repair.

Various demands must be considered when it comes to design appropriate
delivery systems: (i) the capacity of the system to deliver the growth factor to
the correct site, at the appropriate time and in the proper dose; (i1) the presence
of a substratum that stimulates cell recruitment and attachment, and, at least for
some time, provides a structural support for the developing neotissue; (iii) the
presence of pores with appropriate size and interconnectivity to ensure efficient
nutrient supply and waste removal, support cell migration and promote
angiogenesis; and finally (iv) the biocompatibility and biodegradability of the
delivery system in order to preclude an immune or inflammatory response as
well as exclude toxic waste products that could inhibit or end the repair process

[2]. In this work, several of these points are being addressed.

Microparticulate carriers have considerable potential as platform for the
delivery of therapeutics [3, 4]. Whether ingested or injected, they offer

opportunities to protect a protein therapeutic from degradation or denaturation,
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control its release profile, or be functionalized to achieve targeted release [3].
Unfortunately, many of the common technologies to prepare microparticles are
detrimental to sensitive biologicals because they involve harsh preparation
conditions, such as the presence of non-aqueous solvents, water/solvent
interfaces, cross-linking reagents for hardening, or elevated temperatures [5, 6].
For that reason appropriate formulation protocols must be developed that

maintain drug stability and potency.

For many applications in tissue regeneration, such as in bone repair,
structural support is needed to accommodate cells and neotissue. For this
purpose the growth factor could be loaded onto or into a 3D scaffold that
provides mechanical stability. The incorporation of the growth factor could be
achieved by simple adsorption or embedment. However, such approaches allow
only limited control over loading and release kinetics. The embedment of
growth factor loaded microparticles into scaffolds is a further option to improve
control over the release kinetics not only through the scaffold itself but also

through the degradation and release kinetics of the microparticles.

The design of scaffolds that mimic the extracellular matrix (ECM), e.g., by
introducing mechanical and/or biochemical cues, has been suggested to optimize
cell recruitment and differentiation in tissue repair [7]. The ECM represents a
hydrated protein- and proteoglycan-based gel network consisting of collagens,
non-collageneous glycoproteins such as elastin, laminin or fibronectin, and
hydrophilic proteoglycans with large glycosaminoglycan side chains [8].
Beyond its function to provide a physiological matrix for cellular
accommodation, the ECM of mammalian cells also acts as a local storage to
sequester growth factors, delivers them on demand, protects their potency, and,
in some cases, enhances their binding to cell surface receptors [8]. For instance,
fibroblast growth factor 2 (FGF-2), a heparin-binding growth factor, specifically
interacts with a major component of the ECM, the sulfated glycosaminoglycan
heparan sulfate [9-11]. Mimicking the role of the physiologic ECM through
modified biomaterials with appropriate functional groups may, therefore, lead to

advanced opportunities for both scaffold design and drug delivery.
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Against this background, the present PhD thesis aims to establish drug
delivery systems based on silk fibroin (SF) with the capacity to control loading
and release of growth factors. Silk fibroin is a natural, fibrous protein produced
by spiders or insects such as Nephila clavipes and the domestic silkworm
Bombyx mori [12]. A major advantage of SF as compared to other biomaterials
is its convenient processability in aqueous systems, which allows mild
fabrication conditions that are favorable for the incorporation of sensitive
biologicals such as growth factors. This and other of its unique properties such
as superior mechanical strength as well as well-established biocompatibility and
long-term biodegradability [12-14] led to its exploration as a biomaterial for

various biomedical applications [15-18].

The introductory chapter to this PhD thesis first summarizes properties of
SF that affect the release of therapeutics from SF delivery systems. Furthermore,
various fabrication methods of SF drug delivery systems and applications are
reviewed. To further contribute to SF as a biomaterial for drug delivery, the first
experimental chapter introduces a new approach to fabricate SF spheres that
allows the incorporation of highly sensitive biologicals such as growth factors
for tissue regeneration. Since microparticles themselves cannot provide
structural support, the combination of growth factor loaded PLGA
microparticles with SF scaffolds was subject of another experimental chapter,
affording adjustable and controlled growth factor release kinetics. The final
chapter covers the implementation of natural concepts for growth factor storage
and delivery, using chemically modified SF that mimics the ECM and binds
FGF-2.
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SUMMARY

SUMMARY

In physiological tissue repair biological signaling is a crucial factor
controlling cellular recruitment, proliferation and differentiation. However,
under critical conditions the local availability of endogenous signaling factors
may be insufficient to sustain repair. Therefore, localized delivery of exogenous
growth factors may be mandatory, e.g., for the repair of large (critical) bone
defects. Incorporation of growth factors into polymer scaffolds has been shown
to provide options for both mechanical stabilization of the defect and controlled
delivery of therapeutics. The present PhD thesis investigates into silk fibroin
(SF) as a biomaterial for the controlled delivery of growth factors in tissue
engineering. This naturally occurring protein polymer has several unique
properties making it a favorable vehicle for the incorporation and delivery of

such therapeutics.

As an introduction to this PhD thesis, Chapter I reviews molecular and
physical properties of SF that affect the release of therapeutics from SF delivery
systems and their biomedical application. Various methods used for the
fabrication of SF delivery systems are described, including mild, all-aqueous
processes that have expanded their range of applicability even to sensitive drug
candidates such as protein therapeutics and nucleic acids. For illustration, we
discuss a variety of examples for the incorporation of drugs into SF systems,
their interaction with the SF matrix and their release. Further, various
applications of SF delivery systems ranging from tissue engineering to ocular

drug delivery are presented.

Microparticulate carriers have considerable potential as platform for the
delivery of therapeutics. Chapter II describes the fabrication of drug loaded SF
spheres under very mild processing conditions. The spheres were fabricated
using the laminar jet break-up of an aqueous SF solution, which was induced by
a nozzle vibrating at controlled frequency and amplitude. As determined by

SEM, the obtained SF particles were spherical in shape with diameters in the
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range of 101 um to 440 um, depending on the diameter of the nozzle and the
treatment to induce water insolubility of SF. Treatments with either methanol or
exposure to water vapor resulted in an increase in [3-sheet content as analyzed by
FTIR. High encapsulation efficiencies, close to 100%, were obtained when
salicylic acid and propranolol hydrochloride-loaded SF spheres were left
untreated or exposed to water vapor. Methanol treatment resulted in drug
leaching and lowered the overall encapsulation efficiency. When 9% SF
solutions were used for SF sphere preparation, release rates were more sustained
than from spheres made from 3% SF solutions, and propranolol hydrochloride
release was more sustained than salicylic acid release. However, no difference in
the release profiles was observed between methanol and water vapor treated SF
spheres. Because of its very mild conditions, which are potentially advantageous
for the encapsulation of sensitive drugs, we also tested this technology for the
encapsulation of insulin-like growth factor I (IGF-I). Again encapsulation
efficiencies were close to 100%, even after treatment with methanol. IGF-I was
continuously released over 7 weeks in bioactive form, as analyzed by the
proliferation of MG-63 cells. The results favor further investigations into SF

spheres as a platform for the controlled delivery of sensitive biologicals.

Whereas previous studies demonstrated that spheres represent a feasible
system to deliver growth factors in a controlled and sustained manner, an
osteoconductive environment is necessary to enhance cell recruitment and
attachment and provide a structural support for cells and new tissue formed in
the scaffold during the initial stages post-implantation. Therefore, the
development of prototype scaffolds for either direct implantation or in vitro
tissue engineering purposes that feature spatiotemporal control of growth factor
release is highly desirable. Chapter III describes the preparation of SF
scaffolds with interconnective pores by a porogen leaching protocol, carrying
embedded microparticles that were loaded with IGF-I. Treatments with
methanol or water vapor induced water insolubility of SF based on an increase
in [-sheet content as analyzed by FTIR. Pore interconnectivity was
demonstrated by SEM. Porosities were in the range of 70% to 90%, depending
on the treatment applied, and were better preserved when methanol or water

vapor treatments were performed prior to porogen leaching. IGF-I was
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encapsulated into two different types of poly(lactide-co-glycolide)
microparticles (PLGA MP) using uncapped PLGA (50:50) with molecular
weights of either 14 or 35 kDa to control IGF-I release kinetics from the SF
scaffold. Embedded PLGA MP were located in the walls or intersections of the
SF scaffold. Embedment of the PLGA MP into the scaffolds led to more
sustained release rates as compared to the free PLGA MP, whereas the
hydrolytic degradation of the two PLGA MP types was not affected. The PLGA
types used had distinct effects on IGF-I release kinetics. Particularly the
supernatants of the lower molecular weight PLGA formulations turned out to
release bioactive IGF-I. Our studies justify future investigations of the

developed constructs for tissue engineering applications.

The development of biomaterials that mimic the physiological binding of
growth factors to the extracellular matrix (ECM) is an appealing strategy for
advanced growth factor delivery systems. In vivo, fibroblast growth factor 2
(FGF-2) binds to the sulfated glycosaminoglycan heparan sulfate, which is a
major component of the ECM. Therefore, in Chapter IV we tested whether SF
decorated with a sulfonated moiety could mimic the natural ECM environment
and lead to sustained delivery of this heparin-binding growth factor. Using a
diazonium coupling reaction, modified SF derivatives containing approximately
20, 40, 55 and 70 sulfonic acid groups per SF molecule were obtained. Films of
the SF derivative decorated with 70 sulfonic acid groups per SF molecule
resulted in a 2-fold increase in FGF-2 binding as compared to native SF. More
than 99% of bound FGF-2 could be retained on all SF derivatives. However,
protection of FGF-2 potency was only achieved with at least 40 sulfonic acid
groups per SF molecule, as observed by reduced metabolic activity and
enhanced levels of phosphorylated extracellular signal-regulated kinases
(pERK1/2) in cultured human mesenchymal stem cells (hMSCs). This study
introduces a first step towards the development of an ECM-mimicking
biomaterial for sustained, non-covalent binding, controlled delivery and

preserved potency of a biomolecule.
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In conclusion, SF represents an attractive biomaterial for the fabrication of
growth factor delivery systems. The performed experiments add further options
to incorporate sensitive drugs, consider their interaction with SF matrices and
inform on the sustained release from such matrices. They encourage further
investigations into SF as a vehicle for the controlled release of growth factors

for tissue regeneration, both in vitro and in vivo.

10
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ZUSAMMENFASSUNG

Biologische Signalgebung spielt fiir die physiologische Regeneration von
Geweben eine entscheidende Rolle. Sie beeinflusst die Rekrutierung geeigneter
Zellen ebenso wie deren Proliferation und Differenzierung. Unter kritischen
Voraussetzungen reicht jedoch die lokale Verfiigbarkeit endogener
signalgebender Faktoren oft nicht zur Regeneration aus. In solchen Féllen ist die
lokale Zufuhr von exogenen Wachstumsfaktoren erforderlich. Dies trifft vor
allem auch fiir die Regeneration kritischer Knochendefekte zu. Es konnte
gezeigt werden, dass mit Wachstumsfaktoren beladene Polymergeriiste diese
Defekte nicht nur mechanisch stabilisieren, sondern auch eine kontrollierte
Freigabe von Wachstumsfaktoren ermdglichen. Thema dieser Dissertation ist
der Einsatz von Seidenfibroin (SF) als Biomaterial fiir die Herstellung einiger

Systeme zur kontrollierten Freigabe von Wachstumsfaktoren.

Gegenstand von Kapitel I ist eine Einfiihrung in die Thematik der
molekularen und physikalischen Eigenschaften von SF, welche die Freisetzung
von Wirkstoffen und die biomedizinische Anwendung der Systeme betreffen.
Beschrieben werden zunéchst verschiedene Techniken, die fiir die Herstellung
von SF-Freisetzungssystemen entwickelt wurden. Darunter befinden sich auch
vergleichsweise milde Prozesse auf der Basis von wissrigen SF-Losungen, die
eine Beladung mit empfindlichen Wirkstoffkandidaten wie therapeutischen
Proteinen und Nukleinsduren ermoglichen. Zur besseren Anschauung wird die
Beladung von SF-Systemen mit solchen Therapeutika, deren Interaktion mit der
SF-Matrix und ihr Freisetzungsverhalten anhand von Beispielen diskutiert.
Zusidtzlich werden verschiedene Anwendungsgebiete fiir SF-Freigabesysteme
vorgestellt, die von der Geweberegeneration bis hin zu Freisetzungssystemen fiir

die Anwendung am Auge reichen.

Mikropartikuldre Trager verfligen iiber ein breites Potential als Plattform
fiir die Freisetzung von Therapeutika. Kapitel II beschreibt die Herstellung von
sphérischen SF-Partikeln unter milden Herstellungsbedingungen. Deren

Fertigung erfolgte mit Hilfe der laminar jet break-up-Technologie, bei der eine

11
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wissrige SF-Losung unter Druck durch eine mit kontrollierter Frequenz und
Amplitude pulsierende Diise gepresst wird. Mittels SEM konnte die
Morphologie dieser sphirischen Partikel ndher bestimmt werden. Je nach
Durchmesser der Diise und Art der Behandlung zur Verminderung ihrer
Loslichkeit in Wasser besassen die Partikel Durchmesser im Bereich von 101
bis 440 pm. FTIR-Messungen zeigten, dass sowohl deren Behandlung mit
Methanol als auch mit Wasserdampf zu einer Zunahme des Gehalts an f3-
Faltblattstruktur fiihrten, was die Loslichkeit der SF-Partikel in Wasser
herabsetzte. ~ Hohe  Verkapselungseffizienzen fiir  Salicylsdure  oder
Propranololhydrochlorid nahe 100% konnten erreicht werden, wenn die SF-
Partikel unbehandelt blieben bzw. nur mit Wasserdampf behandelt wurden.
Methanolbehandlung fiihrte zu einem Verlust an Wirkstoff und somit zu
verminderter Verkapselungseffizienz. Wurde die Konzentration der SF-Losung
fiir die Herstellung der SF-Partikel von 3% auf 9% erhoht, erfolgte eine weitere
Verzogerung der Freisetzung. Die Freisetzungsraten mit Salicylsdure waren
geringer als die mit Propranololhydrochlorid. Es bestand jedoch kein
Unterschied zwischen den Freisetzungsraten aus Partikeln, die mit Methanol
oder mit Wasserdampf behandelt wurden. Aufgrund besonders milder
Herstellungsbedingungen, die Vorteile fiir die Verkapselung von empfindlichen
Wirkstoffen erwarten liessen, wurde die Methode auch fiir die Verkapselung
von Insulin-dhnlichem Wachstumsfaktor I (IGF-I) getestet. Wiederum lag die
Verkapselungseffizienz nahe 100%, in diesem Fall auch nach Behandlung mit
Methanol. Mit Hilfe der Proliferation von MG-63-Zellen wurde festgestellt, dass
IGF-I in bioaktiver Form wihrend 7 Wochen kontinuierlich freigesetzt wurde.
Diese Resultate regen zu weiteren Forschungsarbeiten liber SF-Partikel als

Plattform fiir die kontrollierte Freisetzung von empfindlichen Wirkstoffen an.

Bereits frithere Studien konnten zeigen, dass Mikropartikel geeignete
Systeme fiir die kontrollierte und verzogerte Freigabe von Wachstumsfaktoren
darstellen. Die Regeneration von Knochengewebe erfordert jedoch zusitzlich
eine osteokonduktive Umgebung, einmal zur gesteigerten Rekrutierung und
Adhision von Zellen, zum anderen aber auch zur strukturellen Unterstiitzung
von Zellen und neuem Gewebe unmittelbar nach Implantation. Dies erkldrt den

Wunsch nach geeigneten Polymergeriisten, die nicht nur direkt implantiert oder

12
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fiir die Zellkultur von Geweben geeignet sind, sondern gleichzeitig auch die
Freigabe von Wachstumsfaktoren rdumlich und zeitlich kontrollieren. Kapitel
III beschreibt dazu Herstellung und Testung von pordsen SF-Geriisten, in die
mit [GF-I beladene Mikropartikel eingebettet wurden. Eine Behandlung mit
Methanol oder Wasserdampf fiihrte zu wasserunloslichen SF-Geriisten. Mittels
FTIR wurde festgestellt, dass dies zu einem erhohten Gehalt an f-
Faltblattstrukturen fiihrte. SEM Aufnahmen zeigten eine gute Interkonnektivitat
der Poren. Die Porosititen der SF-Gertiste lagen je nach Behandlung im Bereich
von 70% - 90%. Wurde die Behandlung mit Methanol oder Wasserdampf vor
der Extraktion des verwendeten porogenen Zuschlags durchgefiihrt, liess sich
die Porenstruktur sehr gut erhalten. Poly(milch-co-glykolsdure) (PLGA) mit
Molekulargewichten von 14 und 35 kDA wurden eingesetzt, um mit IGF-I
beladene PLGA-Mikropartikel (PLGA MP) herzustellen und deren
Freisetzungskinetik zu kontrollieren. Nach Einbettung befanden sich die PLGA
MP entweder in den Winden oder den Kreuzungspunkten der SF-Geriiste. Im
Vergleich zu freien PLGA MP fiihrte deren Einbettung zu einer zusitzlichen
Kontrolle der Freisetzung. Der Kinetik des hydrolytischen Abbaus der PLGA
MP blieb nach FEinbettung unverdndert. Die unterschiedlichen Molekular-
gewichte der PLGA MP ergaben unterschiedliche Freisetzungskinetiken von
IGF-1. Ausserdem konnte gezeigt werden, dass Uberstinde aus Freigabe-
untersuchungen von PLGA-Formulierungen mit geringerem Molekulargewicht
bioaktives IGF-I enthielten. Unsere Studien rechtfertigen weitere Forschungs-
arbeiten mit den hier entwickelten Konstrukten im Hinblick auf Anwendungen

im Bereich tissue engineering.

Die Entwicklung von Biomaterialien, die die physiologische Bindung von
Wachstumsfaktoren an die extrazelluldre Matrix nachahmen, ist eine attraktive
Strategie, zur weiteren Entwicklung von Freigabesystemen fiir Wachstums-
faktoren beizutragen. Fibroblasten-Wachstumsfaktor 2 (FGF-2) bindet in vivo an
das aus sulfatisierten Glykosaminoglykanen bestehende Heparansulfat, das
einen Hauptbestandteil der ECM bildet. Aus diesen Griinden wurde in Kapitel
IV untersucht, ob mit Sulfonsiduregruppen dekorierte SF-Derivate die Funktion
der natiirlichen ECM zu imitieren vermogen und in der Lage sind, eine lang

anhaltende Freigabe dieses Heparin-bindenden Wachstumsfaktors zu
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ermoglichen. Die mit 20, 40, 55 und 70 Sulfonsduregruppen pro SF-Molekiil
modifizierten SF-Derivate wurden mittels Diazonium-Kupplungsreaktion
synthetisiert. Filme eines SF-Derivats, welches mit 70 Sulfonsduregruppen pro
SF-Molekiil ausgestattet war, filhrten im Vergleich zu nativem SF zu einer
zweifachen Zunahme der Bindung von FGF-2. Alle SF-Derivate konnten mehr
als 99% des gebundenen FGF-2 zuriickhalten. Der Schutz der Bioaktivitit von
FGF-2 war jedoch nur durch SF-Filme mit mindestens 40 Sulfonsduregruppen
pro SF-Molekiil gewdhrleistet. Dies wurde an Hand einer reduzierten
metabolischen  Aktivitit und einer erhohten Phosphorylierung von
extrazellularen Signal-regulierten Kinasen (pERKI1/2) in Zellkulturen von
humanen mesenchymalen Stammzellen (hMSCs) festgestellt. Die vorliegende
Studie beinhaltet einen ersten Schritt in Richtung der Entwicklung eines ECM-
imitierenden Biomaterials, welches die nachhaltige, nicht-kovalente Bindung
eines Biomolekiils ermoglicht, seine Freisetzung kontrolliert und seine
biologische Wirksamkeit schiitzt.

Zusammenfassend konnte diese Dissertation zeigen, dass SF ein attraktives
Biomaterial fiir die Herstellung von mit Wirkstoff beladenen Freisetzungs-
systemen darstellt. Die durchgefiihrten Experimente tragen zum Stand des
Wissens iiber die Beladung von SF mit empfindlichen Wirkstoffen bei,
beriicksichtigen deren Wechselwirkungen mit SF und berichten {iber Moglich-
keiten zur kontrollierten Freisetzung aus diesem Material. Die Resultate regen
zu weiteren Forschungsarbeiten iiber SF als Vehikel fiir die kontrollierte
Freisetzung von Therapeutika an, besonders im Hinblick auf den Einsatz von

Wachstumsfaktoren fiir die Regeneration von Geweben in vitro und in vivo.
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CHAPTER I

Abstract

Silk fibroin (SF), a naturally occurring protein polymer, has several unique
properties making it a favorable matrix for the incorporation and delivery of a
range of therapeutic agents. SF is biocompatible, slowly biodegradable, and
endowed with excellent mechanical properties and processability. Novel
manufacturing techniques including mild all-aqueous processes have expanded
its range of application even to sensitive protein and nucleic acid therapeutics.
SF matrices were demonstrated to successfully deliver protein drugs and
preserve their potency. Adjustments in SF crystallinity, concentration and
structure, the design of the delivery systems as well as the molecular weight and
structure of the embedded agents represent important variables when it comes to
precisely tailor the release kinetics of SF matrices. Other strategies to fine-tune
the release from SF matrices comprise the embedment of drug loaded micro- or
nanoparticles or the coating of micro- or nanoparticles with SF films. In
conjunction with their potential for controlled drug delivery, SF matrices may
also serve as scaffolds in regenerative medicine. For instance, growth factor
loaded SF scaffolds were suggested for the tissue engineering of bone and
cartilage, as well as for vascular and nerve regeneration devices and wound
healing products. Moreover, SF matrices were proposed for oral, transmucosal
and ocular drug delivery. This article reviews SF properties and fabrication
processes that affect the release from SF drug delivery systems. For illustration,
we discuss a variety of examples for the incorporation of drugs into SF systems

and their release.
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CHAPTER 1

1. Introduction

The unique properties of silk fibroin (SF) such as slow biodegradation,
superior mechanical properties, favorable processability in combination with
biocompatibility, have fueled wide interest in this material for a variety of
applications, ranging from textiles to biomedical use [1]. In fact, SF is currently
emerging as an important protein biomaterial of broad biomedical applicability.
This review is particularly directed towards the application of native and

modified SF for controlled drug delivery in a wider sense.

Investigations in delivery systems that release a therapeutic compound in a
controlled manner have continued to expand in number due to advantages over
conventional dosage forms. For many drug applications controlled drug delivery
has even become a prerequisite to achieve therapeutic efficacy and/or avoid
adverse side effects [2-4]. Beyond more conventional drug formulations,
delivery concepts are also largely expanding into the field of regenerative
medicine. For instance, the development of microporous scaffolds that are
capable to concurrently accommodate cells and release a drug in a controlled
fashion will be critical to exploit the therapeutic potential of growth factors in
tissue regeneration, and concerns both in vitro cell culture and implantation in
vivo. Controlled drug delivery systems are not only to protect and stabilize the
incorporated drug but also help to maintain significant local levels for sustained

therapeutic response at low frequency of administration.

Biomaterials for controlled drug delivery systems have to meet several
requirements. They need to be biocompatible, biodegradable, non-toxic, cheap
and straightforward to process. The ability to fabricate a variety of drug delivery
constructs with different morphologies such as films, gels, foams, microparticles
and scaffolds contributes to a broad application spectrum of the biomaterial.
Mild processing technologies are preferred, and the amount of organic solvents
must be minimized or even circumvented when it comes to incorporate sensitive
biologics and in order to reduce detrimental and/or toxic effects of residual
solvents. Moreover, the release profiles of a delivery system should be
adjustable in order to achieve spatiotemporal control of clinically relevant

therapeutic concentrations. Especially if a construct is designed to perform a
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dual function, e.g., serve as a controlled drug delivery platform and as a scaffold
for tissue regeneration, not only its release properties should be considered, but
also its load-bearing capacity and elasticity, the porosity of the material and its
interconnectivity as well as its propensity for cellular interactions. To set up a
suitable package combining all necessary specifications for both, the drug
delivery and the implant function, and for a given scenario, poses a substantial

challenge with great potential for regenerative tissue repair.

A variety of polymers have been investigated for drug delivery purposes.
Synthetic macromolecules including polyesters, polyorthoesters, polyan-
hydrides, polyphosphazenes, and polyphosphoesters have found broad
application [5]. Natural polymers including alginates, chitosan, cellulose,
collagen, gelatin and elastin remain attractive due to their biocompatibility and
biodegradability, their similarity to biological macromolecules and the potential
for chemical or physical modification [6, 7]. However, there remains a need for
biomaterials that can be highly controlled in terms of composition and sequence,
structure and architecture, mechanical properties and function. To address these
requirements, the exploration of SF as a biomaterial for controlled drug delivery
has widely expanded over the last few years. This article will review recent

developments in this area of research.

2. Silk properties

Drug loading, release kinetics and physico-chemical stability of a drug
delivery system are features, which can be tailored by changing the properties of
its matrix. Here we review SF properties that we expect to affect the controlled

release of a drug from a SF based delivery system and its application.

2.1. Molecular properties of silk

SF is a natural polymer produced by a variety of insects and spiders. It is,
therefore, subject to a wide diversity in sequence, structure and properties. The
best characterized silks are the cocoon silk from the domesticated silkworm

Bombyx mori and the dragline silk from the spider Nephila clavipes [8].
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Silk from B. mori i1s made of two structural proteins, the fibroin heavy
chain (~ 325 kDa) and light chain (~ 25 kDa). Glue-like proteins named sericins
(20 kDa to 310 kDa) hold the chains together. Sericins have been associated
with immune response, but due to their higher hydrophilicity as compared to
fibroin they can be easily removed by boiling silk in alkaline solutions [1, 9].
The heavy chain of SF contains alternating hydrophobic and hydrophilic blocks
similar to those seen in amphiphilic block co-polymers. The hydrophobic blocks
consist of highly conserved sequence repeats of GAGAGS and less conserved
repeats of GAGAGX (where X is either V or Y) that make up the crystalline
regions of SF by folding into intermolecular f3-sheets. The hydrophilic part of
the core is non-repetitive and very short compared to the size of the hydrophobic
repeats [9, 10].

Due to its amino acid sequence, SF provides opportunities for chemical
modification. Amines, alcohols, phenols, carboxyl groups, and thiols have been
explored as potentially reactive side groups for the chemical modification of SF.
For instance, carboxylic acid side groups from aspartic and glutamic acids,
representing 2-3% of the total amino acid content of SF, have been derivatized
with primary amines of peptides such as the RGD sequence, with the aim to
improve cell adhesion [11]. To expand the range of functionalization, tyrosine
residues, representing 10% of the total amino acid content of SF, were modified
with a variety of functional groups [12-14]. Such modifications led to changes in
SF hydrophilicity [14, 15] and charge and are, therefore, expected to alter the
interaction between drug molecules and SF. It is envisioned that by introducing
distinct functional groups into SF and by varying the degree of functionalization
per SF molecule, a variety of drugs in different amounts can be loaded and
released with distinct kinetics, providing a wide range of adjustable drug release
systems. In addition to drug delivery contributions, functionalization may also
promote cell adhesion and spreading or address cellular signaling pathways

through specific cell-matrix interactions.
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2.2. Physical properties of SF
2.2.1. Molecular weight

The molecular weight of a polymer strongly influences its mechanical
properties and biodegradability, and, therefore, its qualification for drug
delivery. For instance, because of the variety of available molecular weights
affecting its biodegradation and, therefore, its drug release kinetics, customized
polyesters such as poly(lactide-co-glycolide) (PLGA) of various
lactide:glycolide ratios have been widely used for drug delivery applications
[16-18]. Natural silks exhibit large molecular weights. Lower molecular weights
of SF can be obtained by processing silk. For instance, prolonged boiling of silk
cocoons in Na,COj; solutions, a common method to remove sericin from fibroin,
was shown to cause extensive hydrolytic degradation of the SF protein [19].
However, this method is not well documented and controlled, and might
produce a wide molecular weight distribution. SF with diverse molecular
weights may be also obtained by adding NaOH to aqueous SF solutions at
different processing temperatures [20] or by enzymatic degradation. A better
controlled approach to produce SF analogues with distinct molecular weights is
genetic engineering [21]. It has to be considered that SF analogues with much
lower molecular weights may have compromised mechanical properties. Thus,
the application of such analogues to load-bearing body sites must be further
explored. In summary, variations in the processing of SF or its genetic
engineering can produce SF with different molecular weights, which may
influence bulk viscosity, further processing into drug delivery systems, bulk
crystallinity, degradation rates and, thereby, the release kinetics of embedded
drugs [22, 23].

2.2.2. Crystallinity and water insolubility

The hydrophobic blocks of SF make up the crystalline regions of SF by
their capacity to form intermolecular B-sheets. Different treatments dehydrate
and destabilize the random coil and/or the unstable silk I state of SF, leading to
silk II (predominant) conformation, which is more stable and characterized by

an increase in -sheet content. The most common method to enrich SF in f3-
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sheet structure and thus induce water insolubility is a treatment with methanol
[24-27]. Additionally, high temperatures [28], a pH close to the isoelectric point
of SF (around 4), the use of salts [29-32] and shear-force [33, 34] were shown to
increase its B-sheet content. However, when sensitive molecules such as growth
factors need to be incorporated into SF, milder conditions to evoke (-sheets are
preferred. Exposure to water vapor has been demonstrated to be such a mild
alternative to induce water insolubility [35, 36]. Moreover, slow freezing rates,
being a consequence of higher freezing temperatures (above -20°C), resulted in

an increase in -sheet based crystallinity [37, 38].

Crystallinity is the basis for the superior mechanical strength of SF.
Nevertheless, an excessive increase in crystallinity reduces its flexibility and
leads to more brittle materials. Annealing in water or water vapor treatments
were shown to induce less (-sheet structure and retain better elasticity as
compared to methanol treatments [24, 39]. Conformational analysis of SF films
and nanofibers with 13C-MAS NMR demonstrated the percentage of silk II after
water vapor treatment (30% - 47%) to be lower as compared to a treatment with
methanol (74%) [24, 36]. Recently, a time dependent increase in [3-sheet
structure was observed when treating SF microparticles with saturated NaCl
solution, obtaining -sheet contents of about 34%, 51% and 67% when treating
for 1 h, 4 h and 15 h, respectively. The B-sheet content of SF microparticles
treated with methanol for 30 min was analyzed to be 58%, comparable to longer
treatments with NaCl [32]. Additionally, inclusion of elastin-like domains in SF
could reduce crystallinity [21, 40]. Alterations in both crystallinity and
hydrophobicity offer options to affect the interaction between drug molecules
and SF. Moreover, a change in crystallinity influences the degradation rate of SF
(see below), which could be an attractive approach towards drug delivery

systems with distinct release kinetics.

2.2.3. Solubility

Crystalline SF is insoluble in most solvents that are widely used to dissolve
polymers typical for drug delivery applications, as well as in water. Commonly

applied to dissolve SF are highly concentrated salt solutions of lithium bromide,
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lithtum thiocyanate, calcium thiocyanate or calcium chloride. [9]. Such
electrolyte solutions are able to disrupt the hydrogen bonds that stabilize f3-
sheets [41]. After solubilization, dialysis against water or buffers is performed to
remove the electrolytes. The resulting aqueous SF solutions can then be freeze-
dried, followed by dissolution of the dry SF in hexafluoroisopropanol (HFIP).
Such solutions may be further processed into the desired drug delivery device
[42-44]. However, HFIP is an expensive and toxic solvent. Moreover, in contact
with sensitive biologicals, e.g. growth factors, HFIP may exert detrimental
effects on protein folding and biological potency. The alternative use of aqueous
SF solutions offers more gentle processing conditions to fabricate drug delivery
systems for such biologicals. Interestingly, the processing of aqueous instead of
HFIP solutions of SF offers several advantages: (i) the option to load SF based
constructs with drugs, porogens or microparticles that are insoluble in aqueous
solutions. In fact, we recently introduced an aqueous process to fabricate
microporous SF scaffolds by prior loading with paraffin spheres as elutable
porogen, as well as with PLGA microparticles to release a growth factor [18].
Further advantages of processing aqueous instead of HFIP solutions of SF are:
(1) the ease of sterilization by filtration and (ii1) the absence of residual solvents

in the fabricated matrix.

A common problem with the processing of aqueous SF solutions still
exists, namely the premature reprecipitation into its water insoluble, B-sheet
enriched silk II state. Especially highly concentrated SF solutions tend to
aggregate in a matter of hours to days due to inter- and intramolecular
interactions of the protein. Various approaches that prevent the formation of p3-
sheet structure were studied in order to maintain higher SF concentrations in a
soluble state. For instance, phosphorylation of genetically engineered silk has
been shown to increase the overall aqueous solubility of the protein through a
combination of steric hindrance and charge [45]. Recently, the modification of
the tyrosine residues in SF by a diazonium coupling reaction with 4-sulfanilic
acid led to a sulfonated SF derivative that demonstrated to inhibit spontaneous
protein aggregation or gelation for more than one year, whereas unmodified SF
was found to gel within one month [14]. Nevertheless, the sulfonated SF

derivative could still transform into a -sheet enriched structure when treated
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with methanol. Periodic interruption of a silk-like polymer (SLP) featuring
(GAGAS), blocks with the elastin-like sequence (GVGVP), to produce
genetically engineered silk-elastin-like polymers (SELPs) was also found to
increase the solubility while decreasing the [3-sheet based crystallinity [40]. The
possibility to control the solubility of SF not only allows for longer storage
times for SF solutions but also for an increase in SF concentration without
aggregation. As a consequence thereof, it is possible to fabricate SF matrices
with different characteristics than matrices prepared from solutions with lower
SF concentration, e.g., matrices with denser structures which may influence

release kinetics.

2.2.4. Stability

The stability of a polymer is an important feature for the storage of a drug
delivery device. Aggregation and gelation of SF solutions through enrichment in
B-sheet content during storage has been discussed above. Untreated SF matrices
are low in fB-sheet content, remain hygroscopic and thus highly sensitive to
humidity. Incubation at high humidity has been shown to change the
conformational state of SF, leading to increased P-sheet contents [36, 46].
Nevertheless, no systematic investigations exist on the storage stability of SF

matrices.

SF displays an exceptional thermal stability, being virtually unaffected by
temperatures up to 140 °C. The glass transition temperature T, of proteins is
considered to be a major determinant of protein self-assembly. Silk taken from
the posterior part of the middle division of the silk gland of the silkworm B.
mori and dry SF films demonstrated a T, of approximately 175 °C, above which
there is free molecular movement to transform into the stable [-sheet
conformation, showing stability up to around 250 °C [47, 48]. The T, of frozen
SF solution was reported to be in the range of about -34 to -20 °C [38]. The
higher the pre-freezing temperature above the glass transition, the longer the
time needed for ice crystals to form and grow in size. This affects the pore size
within SF matrices, leading to bigger pores [49], as well as an increase in
crystallinity [37, 38].
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2.2.5. Swelling properties

The release of drugs from matrices such as hydrogels depends partially on
the degree of swelling, which in turn depends on the ionization of the network,
its degree of crosslinking and its hydrophilic/hydrophobic balance [50]. Changes
in polymer compositions can influence the degree of swelling. For instance, an
increase in the length of elastin repeating units in the backbone of SELP
hydrogels, while keeping the length of silk repeating units constant, can result in
an increased degree of swelling due to a decrease in cross-linking density [51].
This can potentially increase the cumulative amount and rate of drug release.
The swelling ratio of SF scaffolds has also been shown to decrease with an
increase in SF concentration. Blending of SF with other materials such as
chitosan [52], hyaluronic acid [53] and chitosan [54] led to increased swelling

when compared with plain SF.

2.2.6. Mechanical properties

Many polymers including PLGA and collagen lack sufficient mechanical
strength for load-bearing purposes [55, 56]. Enhanced mechanical strength,
however, is an important issue when a device is not only used for the delivery of
a drug but also as a scaffold with load-bearing function, as frequently needed in
bone repair. For instance, the physical properties of collagen are rather limited
unless crosslinked. However, crosslinking reactions may have adverse effects on
adjacent native tissue [56] such as cellular toxicity and inflammatory responses
[57-59]. In contrast, owing to its robust -sheet conformation, crystalline SF
exhibits outstanding mechanical properties and does not need to be crosslinked.
Among natural and synthetic fibers SF is unique in terms of mechanical strength
and resilience [60]. The compressive strength and modulus of SF matrices was
reported to increase with increasing SF concentration, decreasing pore size and
more uniform pore distribution [60]. In general, the mechanical characteristics
of SF scaffolds were superior as compared to other matrices including scaffolds

prepared from collagen [61], and chitosan [49, 61].

26



CHAPTER 1

2.2.7. Degradation and biodegradation

The biodegradation rate of a drug delivery system for tissue regeneration
should be adjustable to kinetically match the evolving environment during
healing and regeneration [62]. The degradation of many commonly used
polymers in drug delivery is fast [63], typically in the range of weeks or months
as with many poly(lactide-co-glycolide) (PLGA) copolymers. This is a
disadvantage when the integrity of a load-bearing system has to be preserved.
Moreover, by hydrolytic degradation some polymers such as the widely used
PLGA generate acidic moieties, resulting in a local decrease in pH [64], which
may cause an inflammatory response both in the implant and the adjacent tissue

[65] and initiate acid catalyzed protein degradation [66].

The hydrolytic degradation of SF has been shown to be slow. In fact, we
demonstrated in a recent study that the hydrolytic degradation of water vapor
treated SF scaffolds in vitro is minor, with only about 4% mass loss within 7
weeks [18]. Being a protein, biodegradation of SF predominantly occurs through
proteolytic enzymes, with non-toxic degradation products and unproblematic
metabolization in vivo. The implantation site, the mechanical environment and
the size of the drug delivery device are likely to affect the degradation rate in
vivo. The biodegradation of SF has been described to directly relate to its f3-
sheet content. For instance, the annealing of SF films with water is known to
induce conformational transition. When incubated in the presence of a protease,
the mass-loss of such water-annealed SF films, typically having a lower P-sheet
content due to the slow annealing process, was more pronounced than that of
methanol-treated films showing predominantly silk II conformation [39].
Furthermore, SF scaffolds have been prepared by adding NaCl particles to either
SF aqueous solutions (all-aqueous-derived) or to SF dissolved in HFIP (HFIP-
derived) to induce conformational transition [67]. After fabrication the NaCl
particles were leached out in water. The biodegradation of such prepared 3D
porous scaffolds was studied in rats. Most all-aqueous-derived scaffolds were
completely degraded after 6 months, whereas HFIP-derived scaffolds still
existed showing varying degrees of biodegradation. Total -sheet content was

not significantly different between all-aqueous- and HFIP-derived scaffolds, but
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the size, distribution and nature of the crystals may vary, contributing to the
different biodegradation rates, along with different structural, morphological and
surface characteristics. Scaffolds prepared from solutions of higher SF
concentration degraded more slowly than those made from solutions of lower
concentrations. The experiments demonstrate that short-term drug delivery
systems can be best matched by systems prepared by an all-aqueous process or
water-annealing due to its faster degradation time while long-term delivery
devices can be better met by slower degrading HFIP-derived systems or
methanol-treated devices. On the other hand, previous reports on SELPs have
shown that their in vivo degradation can be controlled by varying the
composition and sequence of the polymers [68]. Using a protein-engineering
approach, biodegradation rates in response to tissue-specific enzymes may be

tailored by incorporating protease specific cleavage sites into SF.

2.3. Biocompatibility

The foreign body response following implantation of SF in vivo has been
described to be comparable to or even less than the most popular materials in
use today as biomaterials [1, 69, 70]. Throughout a one-year implantation study
in rats, all-aqueous- and HFIP-derived scaffolds were well tolerated by the host
animals, and the host immune response to the implanted scaffolds was low and
local [67], consistent with another study with SF films [69].

3. Fabrication and sterilization of silk-based drug delivery devices

3.1. Fabrication

The possibility to shape a polymer into various morphologies makes it an
attractive material for controlled drug delivery applications. For SF a wide range
of drug delivering platforms have been reported, including hydrogels, films,
coatings, microparticles, nanoparticles, conduits, scaffolds and tablets. Diverse
drug molecules were incorporated therein ranging from low molecular model

compounds such as propranolol hydrochloride and salicylic acid, large
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molecular model compounds like horseradish peroxidase and lysozyme, up to

biologicals such as various growth factors.

Drug delivery devices made of SF may be fabricated by a variety of
techniques. Their choice depends on mode of application, processability, desired
release kinetics and stability of the drug. Fabrication may involve exposure of
SF to heat, shear forces, pH extremes, organic solvents, freezing and drying. All
of them might cause alterations in SF such as changes in -sheet content (see
above). Such changes and the influence of the fabrication technology on
porosity and surface area of the device may affect its drug release kinetics.
When incorporating sensitive biologicals such as growth factors, organic
solvents and high temperature must be avoided to maintain their biologic
potency [71]. Here we will discuss various methods used for the fabrication of
SF drug delivery systems.

3.1.1. Film casting

Because they are straightforward to prepare SF films are attractive systems
to study proof-of-principles [14, 72, 73]. They may be fabricated by casting
solutions of SF in water or in HFIP on plates or into molds. The SF films are
dried and then treated with either methanol or exposed to water vapor in order to
induce water insolubility. SF films may be suitable in order to test the influence
of the fabrication process on the stability of the loaded drug or the interaction of
the drug with SF. However, it has to be considered that 2D films may show
different characteristics than 3D systems. For instance, SF films may exhibit
different release kinetics than 3D matrices. Folding and winding of 2D films

open access to 3D structures.

3.1.2. Gelation

Due to the fact that gelation of SF induces an increase in -sheet content,
SF hydrogels do not need to be post-treated with any solvent to induce water
insolubility [31]. With SF, having a pl of about 4.2, hydrogels were prepared by

lowering the pH of a SF solution in the presence of the drug with citric acid to
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pH 4 to induce gelation [74, 75]. This pH may be acceptable for certain drugs,
but could have detrimental effects on others. Blending of SF with
poly(ethylene)oxide (PEO) [31] or poloxamer [76] induced gelation through an
increase in -sheet content at around pH 7 due to the dehydration of SF, and
may, therefore, be beneficial for the incorporation of drugs, which are sensitive
to low pH values. Other methods that were used to prepare SF hydrogels,
including increases in temperature and SF content, led to enhanced interactions
among SF chains [31, 74]. Addition of Ca** decreased the repulsion among SF
molecules and resulted in a stronger potential for the formation of B-sheets [31].
Recently, rapid formation of SF hydrogels using ultrasonication was reported
[77], allowing the incorporation of drugs right after ultrasonication and just
before gelation, thus avoiding detrimental effects. Through different fabrication
conditions, the pore size of SF hydrogels may be controlled, which influences
the permeation of a drug through the matrix. For instance, increases in SF
concentration and gelation temperature, and a decrease in Ca®" concentrations

were shown to result in smaller pores in freeze-dried hydrogels [31].

SELPs (see section 2.2.3.) are liquid at room temperature. Mixing of the
drug with the solution can be performed on site and under mild conditions, and
the mix then directly injected into the application site. SELPs irreversibly self-
assemble under physiological conditions depending on the number of silk-like
blocks in the repeat unit [78, 79]. Such in sifu gel-forming polymers offer the
advantage that gelation occurs without the need of harsh preparation conditions.
Therefore, changes to the polymer or to any drug incorporated in the polymer

solution can be minimized.

3.1.3. Freeze-drying

A common method that is frequently applied for the preparation of SF
matrices is the freeze-drying of aqueous SF solutions after shaping the desired
drug delivery system using an appropriate mold. Freeze-drying is a mild
fabrication process and leads to porous structures which largely affect drug
release kinetics. Previous studies reported on the influence of different freezing

temperatures prior to lyophilization on the pore size in SF matrices [49, 80].
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Lowering the temperature resulted in smaller, highly interconnected pores and
high porosity, apparently due to the shortening of time needed for the growth of
ice crystals, whereas higher freezing temperatures led to larger pores and lower
porosity. Moreover, higher SF concentration resulted in smaller pores and less
interconnectivity [49, 80]. Slow freezing rates, being a consequence of higher
freezing temperature (above -20°C), resulted in an increase in -sheet content
[37, 38] and may be expected to circumvent the use of other methods to induce

water insolubility.

Better control of pore formation in SF matrices was achieved through
incorporation of particulates such as paraffin spheres or salt crystals of distinct
size as porogens that can be eluted from the device after fabrication [81-83],
e.g., using hexane for paraffin spheres or water for NaCl crystals, respectively.
In addition to their use as porogen, the commonly used NaCl crystals have been
shown to induce a conformational transition from random coil to B-sheet [49,
60], making methanol treatments (see 2.2.2.) unnecessary. However, high salt
concentrations may have a negative impact on the integrity and potency of
biologicals such as growth factors. Additionally, the long periods of soaking in
water necessary to leach out NaCl crystals completely, may lead to a loss of

loaded drug.

3.1.4. Electrospinning

In electrospinning, a strong electrical field is applied between a grounded
target and a polymer solution that is pumped from a storage chamber through a
small capillary orifice. When the voltage reaches a critical value, the charge
overcomes the surface tension of the deformed drop of the polymer solution
formed at the capillary orifice, and a jet is produced. Evaporation of the solvent
occurs, and the dry fibers accumulate on the surface of the grounded target
forming a nonwoven mesh [84-86]. The process has become popular in tissue
engineering as the structures generated are formed by nanoscale fibers that
mimic the structure of the extracellular matrix (ECM). The physiological ECM
acts as a local storage for growth factors, releases them on demand, prevents

their enzymatic degradation, and, in some cases, enhances binding to cell
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surface receptors [87]. Using electrospinning, various drug delivery devices
could be produced through the control of fiber diameter and porosity of fiber
mats by adjustment of solution properties and fabrication parameters such as
applied voltage, viscosity, composition and feeding rate of the polymer solution
[88, 89]. The large specific surface area and the short diffusion path typical for
the produced nanofibers are expected to result in fast degradation and release as
compared to matrices prepared with other fabrication methods. Various studies
have demonstrated the feasibility of preparing SF matrices through electro-
spinning by using either aqueous SF solutions [89-92] or solutions of SF
dissolved in HFIP [93, 94]. Aqueous SF solutions are commonly mixed with
PEO in order to increase the viscosity of the solution and to obtain a suitable
surface tension to generate stable, continuous spinning [84, 95]. Our laboratory
has recently developed a new approach that circumvents the use of PEO by
preparing concentrated SF solutions with high viscosity (C. Li et al.,
unpublished data). Such concentrated SF solutions were obtained without gel
formation by controlling the pH of the solution. In contrast to SF/PEO fibers,
pure SF fibers do not need an additional step for the removal of PEO before
application, which prevents a possible loss of incorporated drug. The presence
of PEO was shown to inhibit initial adhesion of human mesenchymal stem cells
(hMSCs) to electrospun SF/PEO mats [96]. On the other hand, SF/PEO mats
containing growth factor were successfully used as a bioactive dressing for
wound healing using human dermal fibroblasts (HDF) without prior PEO
removal [97]. A conformational transition leading to a higher (3-sheet content
and water insolubility of electrospun SF fibers can be induced by either
methanol treatment, exposure to water vapor, or by increased voltage and SF
concentration [98]. Water insolubility without any post-treatment can be reached
by the addition of genipin, an excellent natural cross-linker of very low toxicity,
to SF solutions, resulting in the production of small-diameter fibers [99]. The
structural rearrangement was assumed to be the consequence of both the

addition of genipin and the processing conditions.

The opportunities of drug loaded electrospun fibers are particularly
interesting. For drug delivery purposes, aqueous SF solutions may be directly

loaded with drugs, either by dissolution or colloidal dispersion, and then
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electrospun [89, 97]. This appears to be particularly beneficial for the
incorporation of growth factors. We have experimental evidence that
electrospun SF fibers protect the growth factors from denaturation as shown by
biological cell activity [89, 97]. This may be explained by the nearly
instantaneous immobilization of the growth factors in the electrospun fibers. We
generally expect the presence of SF to form a proteinacious environment and
protect the notoriously delicate nature of growth factors during formulation and
on the shelf.

3.1.5. Processing microparticles: laminar jet break-up, electrospinning,

spray-drying, self-assembling

The fabrication of spheres or microparticles loaded with drug is another
option to formulate drug delivery devices with SF. Recently we prepared SF
spheres by a laminar jet break-up induced by a nozzle vibrating at controlled
frequency and amplitude [46], an approach that was previously used mainly for
the preparation of alginate beads, e.g., for cell immobilization [100-102]. The
advantage of this process is its simplicity and scaleability. The fabrication of SF
spheres was carried out under mild conditions, using aqueous SF solutions and
working at room temperature or below, an advantage for the encapsulation of
sensitive biologicals. Within a given range, size and morphology of the spheres
may be tuned by varying the diameter of the nozzle, the concentration of the SF
solution and the final treatment to induce water insolubility. The use of organic
solvents could be fully circumvented by using aqueous SF solutions and
inducing water insolubility by exposing the spheres to water vapor. Typically,
close to 100% encapsulation efficiencies could be achieved with both low and

high molecular weight compounds [46].

Electrospinning may be another approach for the fabrication of micro- or
nanoparticles. A reduction in the electrospinning voltage and/or SF
concentration or viscosity resulted in a string-of-pearls structure or even beads
instead of fibers [98, 103, 104]. Thus the fabrication of drug loaded SF nano- or

microparticles by adjusting the parameters during electrospinning is assumed to
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be possible. The produced particles may be collected in pre-cooled methanol or

frozen in liquid nitrogen.

Another method for the fabrication of SF spheres is spray-drying of an
aqueous SF solution [105]. Too rapid drying of the SF microparticles impedes
the transition into [-sheet conformation. Therefore, spray-dried SF
microparticles need to be further treated, e.g., with water vapor to achieve water
insolubility. Nevertheless, it may be envisaged that the high inlet air temperature

common for spray-drying could be detrimental to encapsulated biologicals.

Self-assembling of SF in aqueous solution induced at specific ethanol
concentrations and freezing temperature is another option to obtain SF
microparticles [106]. As ethanol is a poor solvent for SF, its presence prompts
molecular interactions between the SF chains. The preparation of a water-in-oil
emulsion is another approach to form microspheres. This method was
accomplished with SF derived from cocoons of B. mori and genetically
engineered spider-silk protein using paraffin and toluene, respectively, as oil
phase [107, 108]. Because of its amphiphilic nature, the protein adsorbs to
oil/water interfaces and assembles to form a film at the surface of the water
droplet, encapsulating its content. Through adjustment of the shear rate during
emulsification, the size of the microcapsules may be conveniently controlled.
Moreover, assembly of engineered spider silk protein was provoked by the
salting-out effect. The formation of microparticles was induced by high

concentrations of potassium phosphate [109].

Another method to fabricate SF microparticles was developed using lipid
vesicles as templates [32]. The lipid was subsequently removed by methanol or
sodium chloride treatments, which resulted in SF microparticles that were

enriched in B-sheet structure.

3.1.6. Layer-by-layer deposition

The stepwise deposition of nanoscale coatings onto surfaces - also coined
as layer-by-layer deposition - has gained much interest in surface engineering
[110, 111]. Unlike classical layer-by-layer deposition, which is based on the
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alternate deposition of oppositely charged polyelectrolytes onto surfaces, the
primary driving force for the surface assembly of SF is by hydrophobic
interactions, while electrostatic interactions play a secondary role [112]. The
feasibility to coat hydrophobic and hydrophilic materials, and the possibility to
control the composition and the thickness of the films by the number of
deposited SF layers, SF concentration, salt concentration in the dipping solution,
and rinsing method makes the layer-by-layer deposition of SF attractive for
controlled drug release applications. Drug molecules may be incorporated either
in or between layers. A virtually unlimited range of shapes and materials could
be coated which opens diverse opportunities for tunable systems to control drug
release. The B-sheet content of the coatings could be controlled by methanol
treatments, but also by drying with nitrogen gas [112], which may be a favorable

approach when incorporating sensitive biologicals.

A special type of layer-by-layer deposition of SF is the direct ink writing of
aqueous SF solutions [113]. The deposition of the ink in a layer-by-layer fashion
was through a fine nozzle to produce a 3D array of silk fibers of 5 pm in
diameter. The extruded fibers could be enriched in B-sheet structure when
deposited in a methanol-rich reservoir, and retained a pore structure necessary
for solute exchange. Direct ink writing with SF solutions charged with drug
loadings at different concentrations may be a tool to fabricate drug delivery
systems featuring complex drug deposition gradients for spatiotemporal control
of drug release. Obviously, as ink writing avoids harsh fabrication conditions
such as high temperatures, processing of sensitive biologicals could be an

interesting option.

3.1.7. Direct compression

For a wide range of drugs, tablets are the preferred dosage form for oral
drug delivery [114]. The advantage of direct compression of tablets is the
simplicity of the process, the avoidance of heat and contact of the drug
molecules with solvents and, therefore, the loss of activity and leaching of the
drug. By direct compression SF tablets have been prepared using SF powder

without any excipients [115], excluding any interference with the incorporated
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drug. Nevertheless, at this time this is the only reference to the direct

compression of SF.

3.1.8. Film coating

The spray coating technology is extensively used in order to generate film-
coated tablets. The coating is generally applied for reasons such as taste
masking, to prolong release, avoid irritation upon ingestion, prevent inactivation
of the drug, and improve drug stability and patient compliance. However, so far

spray coating of solid dosage forms has not yet been reported for SF.

3.2. Sterilization

Sterility is a critical issue for many synthetic polymers to be used for
implantation or cell culture purposes. Because of their often low glass transition
temperature, the formulation of implantable delivery systems or 3D cell culture
scaffolds thereof may rely on aseptic processing whereas sterilization by
autoclaving is rare or might be unfeasible. This is in large contrast to crystalline
SF, which can be sterilized by autoclaving [83, 116, 117] without major
deformation, loss of porosity or damage in mechanical strength. A recent study
suggested that when autoclaving aqueous SF solutions SF even retained
important features of its original solution-state structure and its capability for
structural transition to a [-sheet state in forming a gel. The study showed that
the time necessary for gelation induced by sonication of the SF solution did not
significantly change after autoclaving. [77]. However, sterilization by
autoclaving or heat may have detrimental effects on incorporated labile drugs
and certainly on proteins. In this case, drugs have to be aseptically incorporated
after the sterilization process, or other sterilization methods have to be chosen.
As alternative, y-irradiation was explored for the sterilization of SF matrices.
However, y-irradiation may compromise SF structure causing a decrease of its
average molecular size and crystallinity, loss of tensile strength and reduced
thermal stability due to physicochemical degradation [118, 119]. Another
alternative for the sterilization of SF matrices is the use of 70% ethanol [89,

120]. Again, changes in crystallinity [121] as well as leaching of drug and loss
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of activity has to be considered. All in all, the influence of different sterilization

methods on SF properties still has yet to be studied systematically.

4. Silk-based drug delivery strategies and systems

4.1. Drug incorporation

The most common and straightforward way to channel drugs into the
fabrication of SF delivery systems is by dissolving or mixing them directly in
the SF solution before processing. Such protocols were suggested for the
preparation of drug loaded SF hydrogels [74, 75], films [72, 73], scaffolds [82,
89] and microparticles [32, 46, 108]. The challenge of this method is to ensure
that there is no negative impact of the fabrication process on the integrity and
biological potency of the drug. Alternatively, the drug may be incorporated post-
fabrication, such as by adsorption [42, 44] or covalent coupling [120, 122, 123]
of the drug to the pre-fabricated SF system. The incorporation of drug loaded
nano- or microparticles either during the fabrication process or into a pre-
fabricated device are further options [18, 124] (Fig. 1). A modular system, onto
which the drug may be bound or conjugated just prior to implantation, would be
advantageous. This would allow the SF matrix to be prepared in advance and
stored stably under appropriate conditions for extended periods of times. The
drug would be introduced just prior to use such that its stability and biological
potency would be best maintained. Moreover, the drug would not be exposed to
harsh fabrication conditions or leach out during fabrication. Nevertheless, the
capacity of a drug to bind to or form a conjugate with a SF matrix depends on its
physicochemical and chemical properties and could be rather limited. For
instance, owing to the mainly negatively charged side chains of the hydrophilic
spacers of its heavy chain [125, 126], SF has a pl of about 4.2. Therefore, it is
more likely to interact with positively than with negatively charged drugs at a
pH above 4.2 [46, 127]. On the other hand, hydrophobic interactions were
shown to be the main cause of interactions between SF and drugs with
hydrophobic moieties [46], due to the hydrophobic blocks in the heavy chain of
SF. In order to improve the capacity of a drug to bind to a SF matrix and to

enhance drug loading, several approaches have been suggested. For instance,
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Fig. 1. SF drug delivery systems prepared using different drug molecule incorporation
strategies. Physical incorporation of the drug molecule (A), or embedment of drug loaded
microparticles (B) by mixing with the SF solution prior to fabrication of the SF device.
Seeding of drug loaded microparticles (C), adsorption (D), or covalent coupling of the drug
(E) post fabrication of the SF device. Adsorption of the drug to the SF device after
modification of SF in solution (F).

drug binding to SF matrices may be improved by SF modifications. We
decorated SF with varying numbers of sulfonic acid moieties and were able to
adjust the amount of non-covalently bound FGF-2 to SF films [15]. We
demonstrated that films of the SF derivative decorated with approximately 70
sulfonic acid groups per SF molecule resulted in a two-fold increase in FGF-2
binding as compared to native SF. Both sustained delivery and preservation of
FGF-2 potency could be demonstrated with such SF derivatives. Another study
describes the improvement of drug loading of SF microparticles. Freeze-thaw
cycles were used to enhance drug loading approximately two-fold when
preparing SF microparticles by using lipid vesicles as templates, probably due to
a better mix between SF and the drug [32]. In order to enhance the drug loading
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of SF matrices highly loaded microparticles can be embedded. We recently
embedded insulin-like growth factor I (IGF-I) loaded PLGA microparticles [18],
and thBMP-2 and IGF-I loaded SF microparticles [124] into SF scaffolds. In
addition to the adjustable loading of the scaffolds, the drug was protected during
the fabrication process of the scaffolds. The incorporation of pre-fabricated
drug-loaded nanoparticles into electrospun SF mats during electrospinning may
be also envisioned. Again, this approach has the potential to protect the drug
against harsh processing parameters, and control its release kinetics not only by
retention in the SF nanofiber itself, but also by the composition of the
nanoparticles. The incorporation of unloaded hydroxyapatite nanoparticles into
SF nanofibers upon electrospinning has been previously reported and shown

promise as an osteoinductive biomaterial [89].

The covalent coupling of drugs to the SF matrix can sustain its release
compared to simple adsorption. However, harsh coupling conditions may result
in a loss of activity and drug. Moreover, additional washing steps have to be

included in the process in order to remove side products and additives.

Drug loading can be determined either directly by dissolution of the drug
delivery device, or indirectly by measuring the drug that was not incorporated.
Dissolution 1s preferably performed prior to inducing water insolubility. For
instance, untreated SF spheres were dissolved in water to determine the content
of encapsulated salicylic acid, propranolol hydrochloride and IGF-I [46]. On the
other hand, the content of methanol treated and thus water insoluble SF spheres
with increased (-sheet structure was determined indirectly by measuring the
drug content of the untreated SF spheres and the amount of the drug that leached
out during methanol treatment [46]. Methanol treated scaffolds were dissolved
in 9M LiBr at 37°C to determine '*’I-BMP-2 loading [44]. Moreover, the
solubilization of methanol and NaCl treated SF microparticles was performed
using HFIP in order to determine HRP loading [32]. However, the adverse
potential of LiBr and HFIP has to be considered, which might compromise the
potency of protein therapeutics and result in incomplete determination of drug
content. The actual bioactivity of a released enzyme or growth factor may be

tested with an enzymatic reaction or with a cellular assay.
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4.3. Control of drug release

Suitable drug release kinetics is often a prerequisite to trigger physiological
signaling or cope with given pathological conditions. In this section we will
discuss the release of a variety of drugs from SF drug delivery devices and how

their release kinetics may be controlled.

4.3.1. Release of model drugs from SF matrices

The release kinetics of SF matrices were frequently studied using model
drugs. Generally, release was controlled by both the characteristics of the
incorporated drug and those of the polymer matrix. In terms of the incorporated
drugs, release kinetics were shown to depend on the molecular weight. As
demonstrated for dextrans, an increase in molecular weight resulted in reduced
release rates [72]. Furthermore, drug release depended on its interaction with
SF. For instance, we recently demonstrated that the release of propranolol
hydrochloride from SF spheres was more sustained as compared to salicylic acid
[46]. This was explained by the electrostatic interaction between the positively
charged propranonol (pK, = 9.5) and the negatively charged SF (pl = 4.2) at the
pH of the release study (pH 7.4). In contrast, repulsive forces were concluded to
govern the interaction between salicylic acid (pK, = 3.0) and SF, leading to
enhanced release. Additionally, dissimilar hydrophobicities were further
assumed to explain the differences in interaction and release of the two drug

models in this study.

As to the SF matrix, higher SF concentrations resulted in lower burst and
release rates. This was not only demonstrated with propranolol hydrochloride
and salicylic acid encapsulated in SF spheres [46], but also with theophylline in
SF tablets [75, 115] and buprenorphine in hydrogels [74], possibly due to the
more closely packed structure, decreased swelling and mean pore size, and/or
the longer diffusional pathways. Further factors to influence the release kinetics
were surface morphology, lipid content, distribution of the drug in the SF
matrix, and crystallinity induced by methanol or NaCl treatment, as exemplified
by the release of HRP from SF microparticles [32]. The microparticles were

prepared using phospholipid vesicles as templates. Further treatments with
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methanol or NaCl were to remove the phospholipids as far as possible and
induce SF assembly through B-sheet formation. NaCl treatment resulted in SF
microparticles with a phospholipid content of about 17%. In contrast, methanol
treatment resulted in a rough surface full of defects, providing channels to
enhance removal of the lipid contents allowing only 1% residual phospholipids.
Depending on the concentration of residual phospholipids either multilamellar
(high phospholipid content) or unilamellar (low phospholipid content) structures
were formed. High phospholipid contents caused the HRP release to increase
[32].

SF hydrogels containing glycerol were suggested as oral dosage form for
elderly patients. Increases in glycerol content were shown to lower the release
rates of benfotiamine from such formulations [75]. The release of trypan blue as
well as FITC-inulin, embedded in semi-interpenetrating hydrogel networks of
SF and polyacrylamide, was found to drop with increasing acrylamide fractions.

This resulted from decreasing swelling ratios of the gels.

Further materials that were used to blend SF include hydroxyapatite [128],
collagen [129], chitosan [52, 54, 130], PEG [131], keratin [132], hyaluronic acid
[53], and poloxamer [76], but remain yet to be tested for drug delivery
applications. All of them are assumed not only to change the mechanical
properties but also the release kinetics due to changes in porosity, swelling,
solubility and drug-matrix interactions, thus providing a wide range of

opportunities to customize the delivery properties of SF.

Release of drug molecules from genetically engineered SELP hydrogels
has been reviewed elsewhere [21]. The release kinetics from such hydrogels was
found to be a function of hydrogel hydration, crosslinkage, pore size,
degradability, size, hydrophobicity, charge and concentration. Another
opportunity to control drug release from SF hydrogels could be the

incorporation of drug loaded nano- or microparticles.
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4.3.2. Drug release controlled by SF coatings

Microparticles and liposomes have been coated with SF in order to
improve cellular recognition and prolong release. For instance, PLGA and
alginate microparticles were coated by the layer-by-layer assembly technology
[133]. The resulting SF coatings not only slowed down the decomposition of the
alginate microparticles as compared to the corresponding uncoated
microparticles, but also dramatically sustained the release of HRP from PLGA
microparticles and of Rh-BSA from alginate microparticles. The release could
be further controlled through a treatment with methanol to induce water
insolubility of the coatings. Since the degradation of SF is both surface- as well
as enzyme-mediated, the extent of degradation and release of embedded drugs
may be controlled through the number of layers used. Release control was by
hindrance to permeate across a barrier of several SF layers, and was
demonstrated for Rhodamine B, Evans Blue and Azoalbumin incorporated in the
SF coatings [127]. Remarkably, the initial burst was suppressed. This makes
such SF coated microparticles superior to other systems such as plain PLGA
microparticles which commonly show a significant burst effect causing drug

levels to peak, making local or systemic toxicity more likely [134].

Through diffusional hindrance the barrier imposed by SF coatings can also
result in reduced swelling. For instance, the release of emodin from 1,2-
dimyristol-sn-glycero-3-phosphocholine (DMPC) liposomes was described to be
the consequence of the swelling of the liposomal lamellae followed by quick
diffusion of the drug. When the liposomes were coated with SF layers, the
swelling of the liposomal lamellae was restricted, and emodin release was
diffusion controlled and slow [135]. Furthermore, SF coated liposomes showed
higher efficacy in harming breast cancer cells due to an increased
uptake/retention of the emodin loaded system. The sustained availability of
emodin led to the downregulation of an increased number of signaling pathways
resulting in superior inhibition of cell growth as compared to uncoated

liposomes [136].

Overall, the results from SF coated microparticles and liposomes suggest

the development of further modifications (Fig. 2). For instance, drugs may not
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only be embedded in the bulk of the particles (Fig. 2A), but also incorporated
into (Fig. 2B) or sandwiched between the SF coatings (Fig. 2C). Layer-by-layer
assembled SF coatings could be also useful for sequential release, e.g., by
embedment of one drug into the microparticles or liposomes and a second or
third one into the SF coating (Fig. 2D, E). Owing to a potential functionalization
of SF, targeted drug delivery of microparticles and liposomes by coupling
ligands to the SF coating could also be envisioned (Fig. 2F).

Fig. 2. SF coated microparticles or liposomes with the drug encapsulated in the microparticle
or liposome (A), and additionally incorporated between (B) or within SF layers (C).
Sequential release could be obtained by encapsulation of one drug in the microparticle or
liposome and a second (D) or third one (E) in the multilayers of the SF coating. Targeted
drug delivery could be envisioned by attaching ligands to the SF coating (F).

Stent implantation is often associated with an excessive proliferation of
vascular smooth muscle cells (SMCs), extracellular matrix synthesis,
thrombosis, and chronic inflammatory reaction. To prevent thrombosis and
restenosis, a promising approach is to coat the stent with a polymeric layer
loaded with therapeutic agents. The capacity of heparin, paclitaxel and

clopidogrel loaded, multilayered SF coatings to regulate the adhesion, viability
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and growth of human aortic endothelial cells (HAECs) and human coronary
artery SMCs was demonstrated in vitro. The results were supported by an in
vivo study using a porcine model, which demonstrated the integrity of the SF
coatings on metallic stents, the maintenance of the endothelial cell phenotype
and the reduction of platelet adhesion on the drug-loaded SF coatings [137].

Nevertheless, clear-cut clinical benefits await to be demonstrated.

Polymer coatings are common tools to enable sustained drug release from
solid oral dosage forms. Owing to toxicity and environmental problems, coating
with organic polymer solutions should be replaced by aqueous polymer
solutions [138]. Because of its solubility in water, coating with aqueous SF
solutions is feasible. For instance, aqueous SF solutions were used to coat
theophylline tablets by a dip-coating technique [139]. Release depended on the
thickness and the brittleness of the coating. When dried at 45°C to cause P-sheet
formation of SF, the coating became brittle and developed cracks, rendering low
sustainment of theophylline release. For reduced brittleness, aqueous SF
solutions were blended with PEO as plastisizer. Crosslinkage of a SF coating
with 1-ethyl-3(3-dimethyl aminopropyl) carbodiimide (EDC) induced an
increase in 3-sheet content, but also led to more elastic coatings. Both methods

led to nearly zero order theophylline release [139].

The combination of different drug carriers, such as microparticles,
scaffolds and coatings in one system, has been envisioned to enhance the level
of drug release control. For instance, adenosine has recently been encapsulated
into SF microparticles, which were further integrated into a SF scaffold. This
scaffold was soaked in a SF/adenosine solution and coated with adenosine-
loaded SF layers. The system successfully retarded kindling epileptogenesis in a
dose-dependent manner [140]. Nevertheless, the advantage of the combined
system over the individual forms of the drug delivery device has to be further
determined. Additionally, the advantage of the control of release kinetics has to
be weighed against the enhanced complexity of the fabrication process of a

combined system.
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4.3.3 Growth factor delivery for tissue regeneration using SF matrices

The combination of SF matrices with growth factors has shown significant
potential for tissue regeneration. Especially the incorporation of the
osteoinductive growth factor BMP-2 into SF matrices has gained much interest
[42, 44, 120]. For instance, BMP-2 incorporated into electrospun SF/PEO fibers
was shown to cause increased in vitro calcification rates as compared to BMP-2
free controls [89]. The release of the growth factor from the scaffold was
assumed to be facilitated by the dissolution of the PEO component rendering the
SF matrix more permeable. This led to the conclusion that blending of SF with
different fractions of PEO may result in different release and mineralization

kinetics. As yet this hypothesis awaits experimental confirmation.

In the same work enhanced mineralization was not only observed with
electrospun scaffolds when loaded with BMP-2, but also when loaded with
hydroxyapatite nanoparticles. This was either because of an improved
adsorption of adhesion ligands to the hydroxyapatite surface providing signals
for cellular differentiation, or due to partial dissolution of hydroxyapatite [89].
In addition to the loading of electrospun SF fibers with a first growth factor, the
loading of the hydroxyapatite nanoparticles with a second growth factor may be
envisioned to result in delivery systems with release kinetics that mimic

physiological patterns.

In another in vitro study, pre-fabricated SF scaffolds were loaded with
BMP-2, simply by exposing the scaffolds to an aqueous BMP-2 solution [44].
Loading with BMP-2 was to improve delivery control whereas prior efforts
simply used soluble growth factor as medium supplement. The cumulative
release rate of bound BMP-2 within one week was 75%, and was attributed to
diffusion through the scaffold’s porous structure, and the turbulent flow around
the scaffold, as achieved by spinner flask culture conditions. Because of the
minor hydrolytic degradation of SF, release rate control by degradation of the
scaffold was unlikely. BMP-2 release was observed to practically end after one
week which implied that 25% of the initial BMP-2 was firmly adsorbed to the
SF scaffold. When such BMP-2 loaded SF scaffolds were seeded with hMSCs

they led to localized mineralization at the center of the scaffolds. The authors
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assumed that mineralization occurred where BMP-2 was retained and that the
growth factor at the surface of the protein was released into the medium. It was
hypothesized that adsorbed BMP-2 was better protected against inactivation
than soluble BMP-2, and was more efficiently presented to BMP-2 receptors on
the cells to induce differentiation of hMSCs. [44].

In contrast to the traditional approach to let the growth factor be released
from the matrix, a more recent approach, denoted as substrate-mediated
delivery, aims at a firm attachment of the growth factor to the matrix (Fig. 3).
This approach mimics the physiological role of the ECM, acting as storage for
growth factors such as FGF-2, BMP-2 and VEGF [141-143]. When recognized
by cell surface receptors they induce a biological effect while still bound to the
ECM [144-146]. As pointed out previously [147], this type of interaction may
not trigger the same signaling pathway as a soluble factor, because the
internalization of a factor may stimulate other signaling pathways than those
activated at the surface. Moreover, signaling by certain growth factors firmly
attached to a biomaterial may induce a stronger response than signaling by a

soluble factor, while other factors show better results when being released [148].

Extracellular matrix/

i drug delivery device
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Fig. 3. Release of a growth factor from the extracellular matrix (ECM) or a drug delivery
device (A). Substrate-mediated delivery of a growth factor, where the drug binds to cell
surface receptors while still bound to the ECM or the drug delivery device (B).
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In this context, BMP-2 was covalently coupled to SF films using
carbodiimide chemistry [120]. The differentiation of hMSCs induced by BMP-2
coupled to the surface of the SF films was more efficient than when induced by
a comparable amount of soluble BMP-2 added to the medium. Two reasons
were considered by the authors to explain their observation: the higher local

concentration or the slower degradation of coupled BMP-2.

Substrate-mediated delivery might not only be achieved by covalent
coupling of a growth factor to a SF matrix but also by simple adsorption or
embedment, caused by a strong interaction between the growth factors and SF.
For instance, analogous to nature where the sulfated glycosaminoglycan heparan
sulfate is the physiological storage site of FGF-2 in the ECM, we tested the
hypothesis of whether SF could be decorated with moieties containing sulfonic
acid groups in order to endow it with high capacity for non-covalent storage and
advanced delivery of this heparin-binding growth factor for tissue engineering
purposes [15]. More than 99% of bound FGF-2 could be retained on the SF
derivatives within 6 days. Nevertheless, FGF-2 was able to efficiently induce a
biological response, as observed by reduced metabolic activity and enhanced
levels of phosphorylated extracellular signal-regulated kinases (pERK1/2) in
cultured hMSCs. It remains to be investigated whether the biological response
was exclusively induced by bound FGF-2. The strong interaction between FGF-
2 and SF may originate from an enhanced ionic interaction between the
negatively charged sulfonic acid groups of the SF derivative and the basic amino
acid residues of FGF-2 [149]. An additional contribution is also likely to occur
from the interaction between the mainly negatively charged side chains of the
hydrophilic spacers of the heavy chain of SF [125, 126] and the basic amino
acid residues of FGF-2. Moreover, an interaction between the hydrophobic
(GAGAS) , blocks of the heavy chain of SF and the hydrophobic core of FGF-2
[150] may be considered. The interaction of other growth factors with SF
matrices has also been demonstrated to originate from -electrostatic and
hydrophobic interactions and to influence release. For instance, release of nerve
growth factor (NGF) from SF matrices was prolonged, but remained incomplete,
1.e. 0.3 — 13% within 22 days, depending on the preparation method [73]. At pH

7.4, NGF with a pl of 9.3 carries a positive net charge, and can therefore interact
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with the negatively charged SF (pI = 4.2). In contrast, it was recently shown that
IGF-I, having a lower pl of 8.4 and a lower molecular weight (7.4 kDa for IGF-1
versus 26 kDa for NGF), was released more completely (i.e. around 30% of the
initial loading after four weeks) [46, 82]. Nevertheless, the main impact of the
interaction between IGF-I and SF was assumed to be hydrophobic [46]. The
burst release of IGF-I was significantly reduced and the release prolonged when
SF scaffolds were treated with methanol as compared to untreated scaffolds.
This was the result of an enrichment in [-sheets, which should hinder the
diffusion of IGF-I within the SF structure [82]. IGF-I release was linearly
correlated to the initial load, which may help to achieve predictable drug release
profiles. SF was even able to preserve IGF-I potency during methanol treatment
which contributed to the observed chondrogenic differentiation [82]. Overall,
the capacity of SF to accommodate and protect sensitive growth factors seems to

be remarkable.

As an alternative to the direct loading of a scaffold with a growth factor we
also tested scaffolds containing embedded biodegradable PLGA microparticles
loaded with IGF-I. We hypothesized that the biodegradation of the
microparticles could further help to better control the release of the growth
factor from the scaffold. In fact, the embedment of microparticles into the
scaffolds resulted in a control of IGF-I release by both degradation of different
types of PLGA microparticles and diffusional resistance through the SF matrix.
PLGA degradation was not influenced by the SF matrix [18]. Therefore, by
embedding microparticles with different degradation rates into SF matrices,
complex release characteristics may be feasible (Fig. 4). For instance, different
types of microparticles with distinct release kinetics that are loaded with
different growth factors could be combined in one matrix. The spatially
separated deposition of two different types of microparticles containing different
growth factors would then allow dual growth factor delivery, which may be a
prerequisite for the repair of osteochondral defects (Fig. 4C). In fact, the
sequential delivery of BMP-2 and IGF-I from a two-layered gelatin system has
previously been shown to have a better effect on bone formation as compared to
a simultaneous release [151]. Recently, BMP-2 and IGF-I were loaded into SF

scaffolds and alginate gel scaffolds as concentration gradient as the result of
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gradient incorporation of BMP-2 and IGF-I loaded SF microparticles [124].
Besides the two growth factors, also the two different carrier matrices of the SF
microparticles, featuring distinct growth factor loading and release properties,
affected hMSC differentiation. The study confirmed that hMSCs exhibited
osteogenic and chondrogenic differentiation along the concentration gradients of
BMP-2 in the SF scaffolds, as demonstrated by increasing transcript levels of
osteogenic and chondrogenic markers with increasing BMP-2 concentrations.
IGF-I was shown to enhance the effect of BMP-2. However, when using
alginate gel scaffolds instead of SF scaffolds, the level of osteochondrogenic
differentiation did not follow the gradient trend of BMP-2 or IGF-I. In contrast
to the (3-sheet structure of SF that acts as a physical barrier to restrict diffusion
of the growth factors and therefore retains gradients, the fast diffusion from the

alginate gels leads to a loss of the growth factor gradient.

4.3.4. Gene delivery

In contrast to the delivery of either naked DNA or DNA complexed to non-
viral or viral vectors, their incorporation into polymeric matrices may provide
prolonged delivery, protect from enzymatic degradation and minimize toxicity.
In this context, SELP hydrogels were described as attractive gene delivery
systems. In vitro release of DNA was shown to be a function of SELP
concentration and cure time of the hydrogels influencing swelling properties.
Additionally, release from SELPs can be tailored by changing the
macromolecular architecture using genetic engineering [152, 153]. The
introduction of longer elastin-like units containing more lysine residues resulted
in a reduced interaction of the SELP backbone with negatively charged plasmid
DNA which led to an increase in release rates [153]. Furthermore, the release
rate of plasmid DNA was inversely related to its molecular weight and
influenced by its conformation and the geometry of the SELP hydrogel [154]. A
decrease in SELP concentration and an increase in elastin content was shown to
result in an increase in adenoviral release over a longer time span, due to the
larger pore size of the matrix, and a decrease in rate and formation of [3-sheets
[155, 156].
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Fig. 4. Embedment of fast and slow degrading drug molecule loaded microparticles in SF
matrices: homogeneous distribution of one or the combination of two types of drug loaded
microparticles (A), gradient distribution of one or the combination of two types of drug
loaded microparticles (B), and spatially separated deposition of two types of drug loaded
microparticles, leading to a spatiotemporal release (C). Barrels schematically indicate SF
drug delivery device, 0 slow degrading microparticle loaded with drug molecule 1, ® fast
degrading microparticle loaded with drug molecule 2

4.3.5. Bioconjucates

Most protein drugs demonstrate poor in vivo stability and short half-lives.
For improvement, SF bioconjugates have been prepared by covalent conjugation
of a drug or enzyme to SF using the cross-linking reagent glutaraldehyde. Due
to the strongly polar side groups in the SF molecule, SF does not have to be
activated prior to crosslinking. For instance, insulin coupled to SF [157] and SF

nanoparticles [122] demonstrated improved in vitro stability and half-life in
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human serum. Additionally, the pharmacological activity in diabetic rats was
lengthened, thus reducing the frequency of administration. L-asparaginase used
in the treatment of acute lymphoblastic leukemia was covalently bioconjugated
to SF [158]. The enzyme was characterized by its higher activity, heat and
storage stability, resistance to trypsin digestion and affinity to the substrate L-
asparagine as compared to that of uncoupled enzyme. Nevertheless, the
denaturation potential of glutaraldehyde has to be considered and possible side

products of the reaction have to be removed.

5. Applications of silk-based drug delivery systems

So far, the main focus of SF drug delivery systems has been on tissue
regeneration applications. Due to its superior mechanical strength and its long-
term biodegradability, SF drug delivery devices have been mainly used for bone
and cartilage tissue engineering [42, 44, 89, 120, 124], and more recently also
for vascular [137] and nerve regeneration [73]. The ability to create
concentration gradients of growth factors in SF matrices by either using a
suitable fabrication process leading to spatial deposition of the growth factor or
the gradient incorporation of microparticles [124] could provide a platform for
guidance of neurite outgrowth [159, 160]. Electrospun SF mats loaded with
epidermal growth factor (EGF) have been recently demonstrated to enhance
wound re-epithelialization [97]. Scaffolds made of SF/chitosan blends and
seeded with human adipose-derived stem cells were previously shown to
enhance wound healing in mice [130]. SF films turned out to be suitable as
wound dressings as they are transparent, allowing easy inspection, they drain
exudates from wounds and possibly retain water, proteins and electrolytes [161].
Obviously, incorporation of growth factors would be a logical step for further
improvements in wound healing. The transparency of SF films has also been
exploited for a possible use in cornea tissue engineering. Surface patterned
transparent SF films were demonstrated to provide a suitable environment to
control cell alignment and ECM synthesis [162]. The surface patterning may be
combined with the binding of bioactive molecules to the SF surface to further

control the material-cell interactions.

51



CHAPTER I

Other studies focused on applications in cancer therapy, using SF coated
drug delivery systems, such as liposomes [135, 136]. Moreover, further SF

devices were analyzed for their potential in the treatment of epilepsy [140].

The use of SF for oral drug delivery has found less attention but is assumed
to lead to some interesting applications. For instance, protease digestion of SF
tablets was shown to be slow, so that the tablets kept their shape during
mechanical stimulation in the gastro-intestinal tract [115], giving SF tablets
potential as long lasting oral drug delivery systems. Microparticles fabricated
from genetically engineered spider silk were shown to remain intact in the
stomach and release compounds into the small intestine [163]. Mucoadhesive SF
films as potential vehicle for transmucosal delivery were fabricated by blending
SF with hydroxy propyl methyl cellulose (HPMC) and poly(ethylene glycol)
(PEG) [164]. Herein SF was used as film forming biomaterial due to its superior
mechanical characteristics, HPMC as mucoadhesive polymer and PEG as

plasticizer.

Overall, intensified explorations of the potential role of SF in drug
interactions and release kinetics may certainly lead to future extensions in the

application profile of SF based drug delivery systems.

6. Conclusions

Better understanding of how SF properties, fabrication processes and post-
treatment protocols influence the features of SF based devices has led to rising
interest in SF as a biomaterial for drug delivery. Owing to its biocompatibility
SF is experiencing increased popularity for controlled release applications, and
its aqueous processability allows the fabrication of highly tunable morphologies
under mild conditions. The simplicity of adjusting release profiles by tools such
as varying its concentration, applying multiple coatings or changing the -sheet
content, makes SF especially attractive. Moreover, simple surface modifications
may affect drug binding and release, and even allow targeted drug delivery. The

option to combine different SF drug delivery systems in one construct leads to a
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sheer unlimited range of drug delivery devices providing distinct release

kinetics.

Despite the excellent properties of SF that make it an attractive biomaterial
for controlled delivery, a number of challenges remain. As a natural product the
properties of silk may vary between both species and individuals of the same
species. Moreover, inconsistencies in the degumming process may render the
quality control of SF delivery systems and predictions for their release kinetics

difficult. Genetically engineered SF proteins may overcome such deficiencies.
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Abstract

The goal of this proof-of-concept study was the fabrication of drug loaded
silk fibroin (SF) spheres under very mild processing conditions. The spheres
were fabricated using the laminar jet break-up of an aqueous SF solution, which
was induced by a nozzle vibrating at controlled frequency and amplitude. SF
particles were spherical in shape as determined by SEM with diameters in the
range of 101 um to 440 um, depending on the diameter of the nozzle and the
treatment to induce water insolubility of SF. Both treatments, either methanol or
exposure to water vapor, resulted in an increase in 3-sheet content as analyzed
by FTIR. High encapsulation efficiencies, close to 100%, were obtained when
salicylic acid and propranolol hydrochloride-loaded SF spheres were left
untreated or exposed to water vapor. Methanol treatment resulted in drug
leaching and lowered the overall encapsulation efficiency. When 9% SF
solutions were used for SF sphere preparation, release rates were more sustained
than from spheres made with 3% SF solutions, and propranolol hydrochloride
release was more sustained than salicylic acid release. However, no difference in
the release profiles was observed between methanol and water vapor treated SF
spheres. Because of its very mild conditions, which are potentially advantageous
for the encapsulation of sensitive drugs, we also tested this method for the
encapsulation of insulin-like growth factor I (IGF-I). Again encapsulation
efficiencies were close to 100%, even after treatment with methanol. IGF-I was
continuously released over 7 weeks in bioactive form, as analyzed by the
proliferation of MG-63 cells. These results favor further investigation of SF

spheres as a platform for the controlled release of sensitive biologicals.
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1. Introduction

Microparticulate carriers have considerable potential as a platform for the
delivery of therapeutic molecules [1, 2]. As delivery systems, they may be
ingested or injected, protect the therapeutic from degradation or denaturation,
control its release profile, and be functionalized to achieve targeted release [1].
Typical carriers for therapeutics are synthetic macromolecules, including
polyesters,  polyanhydrides,  polyorthoesters, = polyphosphazenes  and
pseudopolyamino acids, of which the polyesters are the best studied [2].
Nevertheless, the use of natural polymers remains attractive primarily because
they resemble biological macromolecules, are often biocompatible or even
biodegradable, are relatively inexpensive, and permit a variety of chemical
modifications or functionalizations [3-5]. The current focus is on
polysaccharides, including cellulose, chitosan, hyaluronic acid, alginate, dextran
and starch, as well as on proteins such as collagen, gelatin, elastin, albumin and
silk fibroin [3-5].

Silk fibroin is a natural, fibrous protein produced by spiders or insects such
as Nephila clavipes and the domestic silkworm Bombyx mori [6]. Due to its
unique properties such as processability, mechanical strength, biocompatibility
and long-term degradability [6-8] it is currently being investigated for several
biomedical applications [9-12]. An important advantage of SF as compared to
other materials is its aqueous solubility and processability under very mild
conditions, which makes it an attractive material for the formulation of delivery
systems for sensitive biologics such as therapeutic proteins and peptides. For
instance, we have investigated SF films for the embedment of model proteins
such as horseradish peroxidase and lysozyme. The crystallinity of SF and the
molecular weights of the proteins were the main parameters governing their
release from the films [13]. Recently, we reported on the successful embedment
of bioactive nerve growth factor and its release from tubular SF nerve conduits
[14]. Moreover, electrospun SF scaffolds were found to preserve embedded
BMP-2 in its bioactive form as demonstrated by osteogenic differentiation of
human bone marrow-derived mesenchymal stem cells (hMSC) [15]. Similarly,

when incorporated in macroporous, interconnective SF scaffolds, IGF-I
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successfully induced the chondrogenic differentiation of such hMSC [16]. Other
studies have reported on the protective properties of SF matrices for several

proteins including alkaline phosphatase [17] and staphylococcal protein A [18].

Beyond films, scaffolds and nerve conduits, we suggest the use of SF for
the preparation of SF spheres as a delivery system for sensitive biologicals that
provides protection from degradation or denaturation, and affords sustained
release. Unfortunately, many of the common methods used to prepare
microspheres could be detrimental to sensitive biologicals because they require
harsh preparation conditions such as the presence of non-aqueous solvents,
water/solvent interfaces, cross-linking reagents for hardening, or elevated
temperatures [19, 20]. For instance, SF microspheres have been produced by
spray-drying, which required an inlet air temperature of 120°C [21]. Obviously,
high temperatures are potentially detrimental to sensitive drugs and elicit
denaturing conditions for protein therapeutics. For that reason it is essential to
select formulation processes that maintain drug stability and bioactivity. For
instance, SF microspheres have been fabricated under mild conditions using

lipid vesicles as templates to stably load them with horseradish peroxidase [22].

This study purposed to manufacture SF spheres without the need of
additional excipients and under very mild conditions from aqueous SF solutions
at room temperature or below. The potential use of such spheres is widespread
and may range from the controlled delivery of labile drugs and protein
therapeutics, to their use as a biocompatible platform for the delivery of growth
factors for tissue repair. Spheres were formed from aqueous solutions by means
of a laminar jet break-up technology [23]. The preparation method was first
tested for its ability to adjust the size of the spheres by using two different
nozzle diameters. To induce B-sheet formation and thus water insolubility, the
resulting SF spheres were treated with methanol. An alternative but even milder
method to render the spheres water-insoluble was by exposure to water vapor.
Both methods have been previously established with SF scaffolds [9, 16, 24],
spray-dried SF microspheres [21] and electrospun SF nanofibers [25]. We also
performed a first pilot study on the controlled release properties of the SF
spheres containing salicylic acid and propranolol hydrochloride as model drugs.
The effects of different SF concentrations, the treatments with methanol and
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water vapor, and the effect of the model drugs on the drugs’ release profiles
were assessed. As a crucial step towards the development of SF spheres for the
delivery of sensitive biologicals, we also studied the fabrication and the release

of IGF-I loaded SF spheres as a platform for controlled growth factor delivery.

2. Materials and Methods

2.1. Materials

Cocoons of Bombyx mori were kindly supplied by Trudel Silk Inc. (Zurich,
Switzerland). Propranolol hydrochloride was from Sigma-Aldrich (Buchs,
Switzerland), salicylic acid and phosphoric acid were from Haenseler (Herisau,
Switzerland). Acetonitrile was from Merck (Darmstadt, Germany) and methanol
from Scharlau (Tdgerig, Switzerland). Recombinant human IGF-I was kindly
provided by Chiron Corporation (Emeryville, CA). For a bioassay on its
mitogenic activity, we used bovine serum albumin (BSA) and 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) from Sigma
(Buchs, Switzerland), and human osteosarcoma MG-63 cells from ATCC
(Manassas, VA). Eagle’s MEM, fetal bovine serum (FBS), penicillin G and
streptomycin, and non essential amino acids were from Invitrogen (Paisley,
UK). All other substances used were of analytical or pharmaceutical grade and

obtained from Fluka (Buchs, Switzerland).

2.2. Preparation of SF spheres

Aqueous SF solution was prepared from cocoons of the silkworm Bombyx
mori as previously described [26]. Briefly, cocoons were boiled two times for 1
h in an aqueous solution of 0.02 M Na,CO; and thoroughly rinsed with water to
remove the sericin. The extracted SF was dissolved in a 9 M aqueous LiBr
solution to obtain a 10% (w/v) solution. This solution was dialyzed against
water for 2.5 days using Slide-a-Lyzer dialysis cassettes (Pierce, Woburn, MA;
MWCO 3500 g/mol), followed by dialysis against a 13% (w/v) PEG (MW 6000
g/mol) solution at room temperature in order to obtain a concentrated SF

solution. SF solutions with concentrations of 3% and 9% were prepared by
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diluting the concentrated solution with water and by sterile filtration through a
0.22 um filter.

SF spheres were prepared by using an Inotech IEM-40 encapsulator (Basel,
Switzerland). Nozzles with diameters of either 200 um or 80 um were mounted.
In both cases an oscillation frequency of 1300 Hz was sufficient to achieve jet
break-up of the solution into droplets. A high voltage of 1700 V was applied.
The produced droplets were continuously collected and shock-frozen in a liquid
nitrogen bath (Fig. 1). The frozen SF spheres were freeze-dried at —25 °C for 12
h (Lyovac GT2, FINN-AQUA, Hurth, Germany). Freeze-dried spheres were
either (1) left untreated, (i1) treated with a 90% aqueous methanol solution at
room temperature for 30 min [24], or (ii1) exposed to water vapor of 96%
relative humidity by equilibration in the presence of a saturated aqueous Na,SO4
solution at room temperature for 24 h as previously described [21]. Hereafter,
these treatments will be denoted as methanol and water vapor treatment,

respectively.

Frequency generator

Vibration unit M

Drug/SF solution

Nozzle

O O0O0OO0O0

Bead collection | o
in liquid nitrogen \ o

©
@)
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©

Fig. 1. lllustration showing the experimental setup used for the preparation of SF spheres.
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To establish a proof-of-principle, most of the SF spheres in this study were
made with the 200 um nozzle. SF spheres produced with the 80 um nozzle were
only used to test whether the particle size of the SF spheres could be varied by
using different nozzle diameters. To encapsulate the model drugs salicylic acid
and propranolol hydrochloride, 5 mg of the compound was dissolved in 10 ml of
either a 3% or 9% aqueous SF solution. To produce IGF-I loaded SF spheres,
420 wng of the growth factor was added to 10 ml of a 3% aqueous SF solution.
Loaded SF spheres were then prepared as described above, using the 200 wm

nozzle.

2.3. Characterization of SF spheres

2.3.1. Particle size analysis

The particle size of SF spheres was analyzed on the basis of microscopic
images made with an Axiovert 35 microscope (Zeiss, Feldbach, Switzerland).
The captured images were analyzed using Imagel] software. For each particle
preparation we determined the average of the equivalent circular diameter of a
total of 100 spheres.

2.3.2. Scanning electron microscopy (SEM)

Whole SF spheres and cross-sections thereof were platinum-coated and
examined morphologically by scanning electron microscopy (SEM, Leo Gemini
1530, Zeiss, Oberkochen, Germany). Cross-sections were prepared by cutting
dried SF spheres with a razor blade. SF spheres were examined before and after

release experiments.

2.3.3. Fourier-transform infrared spectroscopy (FTIR)

Empty and loaded SF spheres were ground, the samples mixed with KBr
and compressed to KBr disks. FTIR spectroscopy was performed with a 2000
FT-IR Spectrometer V3,01 (Perkin Elmer, Boston, MA).
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2.4. Drug content and encapsulation efficiency

The actual contents of the model drugs salicylic acid and propranolol
hydrochloride in the untreated SF spheres were determined by dissolving 10 mg
of untreated spheres in 1 ml PBS of pH 7.4 (n = 5). The actual content of IGF-1
in untreated SF spheres was analyzed (n = 4) by dissolving 5 mg of untreated
spheres in 1 ml release medium (50 mM sodium acetate, 100 mM sodium
chloride, 0.02% polysorbate 20, 0.02% sodium azide, pH 5.4); this medium was
previously found to preserve IGF-I structure and activity [27]. Actual drug
contents of SF spheres after methanol treatment were indirectly analyzed by the
amount of drug that leaked into the supernatant and then subtracting this amount
from that of untreated SF spheres. In contrast to methanol treatment, no drug
leakage was expected to occur upon exposure to water vapor. Therefore, the
actual drug content of water vapor treated SF spheres was assumed to be
identical with that of untreated SF spheres. Salicylic acid and propranolol
hydrochloride were assayed by HPLC as described below. IGF-I was analyzed
either by HPLC or ELISA as described below. Because of the high dilution of
methanol (< 0.02%) it was safe to exclude a potential interference with the
ELISA protocol. Theoretical drug content was calculated assuming that the
entire amount of drug added to the SF solution was encapsulated and no drug
loss occurred at any stage of SF sphere preparation. Drug contents were
expressed as the percentage of wt drug per wt SF spheres. Encapsulation
efficiencies were calculated as the percentage of actual versus theoretical drug

content.

2.5. In vitro drug release

Release of the model drugs salicylic acid and propranolol hydrochloride
from 10 mg SF spheres was studied in 1 ml PBS of pH 7.4 at 37°C (n = 5). At
each time point the whole release medium was collected and replaced by fresh
buffer. The supernatants were analyzed by HPLC as described below. Data was

expressed as percentage of the actual drug contents.

IGF-I release from 10 mg SF spheres was studied (n = 4) in 1 ml release

medium (50 mM sodium acetate, 100 mM sodium chloride, 0.02% polysorbate
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20, 0.02% sodium azide; pH 5.4, 37°C, 7 weeks); this release medium was
previously found to preserve IGF-I structure and activity [27]. The release
medium was fully exchanged with fresh medium after 0.5, 1, 1.5, 2.5, 5, 8, 10,
16, 21, 28, 34, 44, and 49 days. Medium samples were analyzed using an
enzyme-linked immunosorbent assay (ELISA, DuoSet Human) according to the

manufacturer’s protocol (R&D Systems, Minneapolis, MN).

2.6. High pressure liquid chromatography (HPLC)

Released salicylic acid and propranolol hydrochloride were assayed by
HPLC using a Merck system (Diibendorf, Switzerland) consisting of a sample
cooler, an autoinjector (L-7200), a computer interface (D-7000), a pump (L-
7100) and a UV detector (L-7455). Separation was performed on a
LiChrospher® 100 RP-18 (5 um) column (125 x 4 mm) at a flow rate of 1
ml/min. The mobile phase used for the analysis of salicylic acid consisted of
70% phosphate buffer (0.01 M KH,PO, adjusted to pH 2.3 with H;PO,), 25%
acetonitrile and 5% methanol (v/v/v). Detection was at 237 nm and quantified
by peak area measurement. Propranolol hydrochloride was analyzed by using a
mobile phase consisting of 0.2% sodium dodecyl sulfate, 7.2% phosphoric acid,
36% acetonitrile and 36% methanol (w/v/v/v) (USP XXII). Propranolol
hydrochloride was detected at 220 nm and quantified by peak area

measurement.

IGF-I content of SF spheres was assayed by using a Zorbax“300SB CN
column (150 mm x 4.6 mm) at a flow rate of 1 ml/min. Two eluents were used:
(A) consisting of 5% acetonitrile and 0.2% trifluoroacetic acid (TFA) in water,
and (B) 80% acetonitrile and 0.2% TFA in water. The solvent was initially
composed of 74% (v/v) eluent A. The solvent was changed over 30 min to 100%
eluent B. Then, initial conditions were set to wash the column. IGF-1 was

detected at 214 nm and quantified by measuring peak area.
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2.7. Bioassay for mitogenic activity of IGF-I

A bioassay was applied to demonstrate mitogenic activity of the
supernatants as obtained from the IGF-I release tests. IGF-I is a well-known
stimulator of the in vitro proliferation of MG-63 cells [28, 29]. MG-63 cells
were grown in growth medium (MEM containing 8.9% FBS, 1.79 mM L-
glutamine, 89 U/ml penicillin G and 89 ug/ml streptomycin). Medium was
exchanged every 2 — 3 days. Cells were trypsinized and diluted to 2x10° cells/ml
in assay medium (MEM containing 0.456% BSA, 1.84 mM L-glutamine, 92
U/ml penicillin G and 92 ug/ml streptomycin). Using a 96-well plate, 100 ul of
this cell suspension was added to each well, incubated at 37°C and 5% CO, for
24 hours, and the medium discarded. Supernatants of the in vitro IGF-I release
study, which were collected in the time periods of 0.5 — 1 days, 1.5 - 2.5 days,
10 - 16 days and 28 - 34 days (each n = 4) were diluted 1:1000 in assay medium,
100 ul of the dilution added to the assay plate and incubated at 37°C and 5%
CO, for 48 hours. Cells were stained with a 2% MTT solution in PBS for 4
hours. The formed formazan was solubilized with 3% sodium dodecyl sulfate
(SDS) and 0.04 M HCI in 2-propanol. Absorbance was read at 570 nm. The
absorbance of the solution taken from the control cells in assay medium without
IGF-I (negative control) was defined as 100%. Additional samples were taken
from solutions containing control cells which were incubated with 0.01, 0.1 and
1 ng IGF-I/ ml (positive controls). The dilution factor of 1:1000 was found to
assure the range of an approximately semi-logarithmic relationship between

absorbance and IGF-I concentration.

2.8. Statistics

Results are expressed as means + standard deviations. Statistical analysis
was performed using the Student t-test as well as one-way analysis of variance
(ANOVA) followed by the Tukey HSD test for post-hoc comparison.
Differences were considered significant when p < 0.05.
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3. Results

3.1. Characterization of SF spheres

3.1.1. Macroscopic properties

SF particles had a spherical morphology. Untreated SF spheres prepared
from a 9% SF solution were freely flowing compared to those prepared from a
3% SF solution, which had a tendency to lower flowability. Untreated SF
spheres appeared white whereas methanol and water vapor treated spheres were
slightly yellow. Prior to inducing water insolubility, the SF spheres were soft
and dissolved in water immediately and completely. However, upon treatment
with methanol or exposure to water vapor they appeared to be insoluble in
water. Solubility tests showed no significant difference between methanol and
water vapor treated SF spheres. Less than 5% of both methanol and water vapor

treated SF spheres dissolved within 3 weeks (data not shown).

3.1.2. Particle size analysis

Untreated SF spheres prepared using a nozzle with a diameter of 200 wm
had an average diameter of 402 um + 54 um (3% SF solution) and 440 wm + 59
um (9% SF solution) (Fig. 2). The different treatments significantly influenced
the size of the spheres resulting in decreased diameters (p < 0.05). Methanol
treated SF spheres had an average diameter of 229 um + 42 um (3% SF
solution) and 301 wm + 68 um (9% SF solution), whereas SF spheres exposed to
water vapor had an average diameter of 189 um + 30 um (3% SF solution) and
235 um £ 54 um (9% SF solution). An increase in the concentration of the SF
solution from 3% to 9% resulted in spheres with significantly increased
diameters (p < 0.05; Fig. 2).

The same trends were also observed with the 80 um nozzle, resulting in
significantly smaller particles as compared to those prepared with a 200 um
nozzle (p < 0.05; Fig. 2). Untreated SF spheres had an average diameter of 262
um £+ 66 um (3% SF solution) and 296 um = 80 um (9% SF solution). Methanol
treated SF spheres were significantly smaller (p < 0.05) and had an average
diameter of 139 um £+ 58 um (3% SF solution) and 163 um £ 30 um (9% SF
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solution). SF spheres exposed to water vapor were also significantly smaller
than untreated SF spheres and showed an average diameter of 101 um £ 23 um
(3% SF solution) and 138 wm + 37 um (9% SF solution). When using the 80 um
nozzle, an increase in the concentration of the SF solution from 3% to 9%
resulted in spheres with significantly increased diameters (p < 0.05), except for
the methanol treated SF spheres, where the difference was non-significant (p >
0.05).
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Untreated Methanol Water vapor

SF sphere formulation

Fig. 2. Equivalent circular diameters of untreated, methanol and water vapor treated SF
spheres, prepared from either a 3% or 9% SF solution using a nozzle with a diameter of
either 200 um or 80 um (means = SD). See text for statistical tests.
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3.1.3. Scanning electron microscopy (SEM)

Surface analysis of the SF spheres by scanning electron microscopy
revealed that the surface of untreated spheres was covered with a dense and

quite complete skin layer of SF (Fig. 3).
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Fig. 3. SEM images of untreated, methanol and water vapor treated SF spheres prepared
from either a 3% or a 9% SF solution using a nozzle with a diameter of 200 um. Scale bar

first and third row = 100 um, scale bar second and fourth row = 10 um.
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Upon cross-sectioning, untreated SF spheres exhibited a sheet-like
morphology with thin fibers protruding from the edges of the sheets. The inner
part of the untreated SF spheres was denser than the outer part. SF spheres
prepared from a 9% SF solution had a more compact structure than those
prepared from a 3% SF solution. Treatment of the SF spheres with methanol or
water vapor rendered the structure more compact. Differences in densities
between the inner and outer parts of the spheres were still observed after the
treatments and were especially pronounced in the methanol treated SF spheres.
Indeed, methanol treated SF spheres prepared from a 9% SF solution showed
two layers, an inner compact layer and an outer more porous, leaf-like layer.
The inner section of the methanol treated SF spheres prepared from a 3% SF

solution was hollow with some dense structures (Fig. 3).

We also performed SEM studies with SF spheres that were subject to
previous drug release experiments. No detectable differences in morphology
between SF spheres before and after release experiments were observed (data

not shown).

3.1.4. Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra of untreated and methanol and water vapor treated SF spheres
without drug and prepared from either 3% or 9% SF solutions were recorded
(Fig. 4). Characteristic absorption bands of untreated SF spheres were observed
around 1658 cm™ (amide I) and at 1540 cm™ (amide II). These bands shifted to
1629 cm™ (amide I) and 1517 cm™ (amide II) upon treatment with methanol.
The band shifts were also observed in the water vapor treated samples but
seemed to be less pronounced. Samples of drug-loaded SF spheres resulted in

similar spectra and band shifts (data not shown).

84



CHAPTER II

Amide | Amide Il

1629 1540

3% untreated 1658]  |1517

3% methanol

3% water vapor

9% untreated
9% methanol

9% water vapor

2000 1800 1600 1400 1200 1000 800
Wavenumber [cm-1]

Fig. 4. FTIR spectra of untreated, methanol treated and water vapor treated SF spheres,

which were prepared from either a 3% or 9% SF solution using a nozzle with a diameter of

3.2. Encapsulation efficiency

Untreated SF spheres showed similar encapsulation efficiencies (between
97.3% and 102.3%) for both salicylic acid and propranolol hydrochloride

irrespective of the concentration of the SF solution used (Table 1). As expected,

methanol treatment led to a significant loss of salicylic acid through leaching,

causing the encapsulation efficiencies to drop to only 11.2 £ 2.9% with 3% SF
solution and 25.1 + 0.4% with 9% SF solution (p < 0.001). A substantial but
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smaller drug loss was also observed with propranolol hydrochloride, which
showed encapsulation efficiencies of 21.9 + 2.1% with 3% SF solution and 58.8
+ 0.5% with 9% SF solution after methanol treatments (p < 0.001). In contrast,

no drug loss could occur upon exposure to water vapor.

IGF-I encapsulation efficiencies of untreated SF spheres as determined by
HPLC and ELISA were consistent. HPLC measurements revealed an IGF-I
encapsulation efficiency of 96.5 + 10.7%. The encapsulation efficiency
determined by ELISA was 98.7 = 15.7%. Upon methanol treatment no loss of
IGF-I was detected by either HPLC or ELISA.

3.3. In vitro drug release studies

The cumulative release profiles of both model drugs from the SF spheres
were studied in PBS of pH 7.4. The results are shown in Fig. 5 as a function of
SF concentration and treatment. SF spheres prepared from a 3% SF solution and
loaded with salicylic acid showed a burst release of 65.0 = 6.2% (methanol
treated) and 59.7 + 7.3% (water vapor treated) within the first 2 hours. The burst
release of encapsulated propranolol hydrochloride from SF spheres was less
prominent: 39.4 £+ 1.3% (methanol treated) and 19.2 + 4.2% (water vapor
treated). An increase in the concentration of the SF solution from 3% to 9%
resulted in lower burst releases for both salicylic acid and propranolol
hydrochloride loaded SF spheres. In this case, we observed a burst release of
48.9 £ 7.4% (methanol treated) and 44.6 + 4.2% (water vapor treated) for
salicylic acid loaded SF spheres versus 14.6 + 1.4% (methanol treated) and 8.4 +
0.9% (water vapor treated) for propranolol hydrochloride loaded SF spheres.
After one day, more than 95% of the encapsulated salicylic acid was released
from the SF spheres, irrespective of the concentration of the SF solution or
treatment used. In contrast, within the same time period only 71.0 £ 3.4%
(methanol treated) and 65.8 + 5.2% (water vapor treated) of the loaded
propranolol hydrochloride was eluted from the SF spheres prepared from a 3%

SF solution. When prepared from a 9% SF solution only 41.2 + 2.1% (methanol
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treated) and 38.3 £ 2.6% (water vapor treated) propranolol hydrochloride was

released after one day. After the initial burst the propranolol

hydrochloride formulations demonstrated a sustained release profile of
approximately 7 days when prepared from a 3% SF solution, and of more than
21 days when using a 9% SF solution. An increase in the concentration of the
SF solution from 3% to 9% resulted for both models in a further sustainment of
the release. No relevant difference in the release properties between the

methanol and the water vapor treated spheres was observed.

The cumulative release of IGF-I from SF spheres as prepared from a 3%
SF solution and using a 200 um nozzle is shown in Fig. 6A. Fairly continuous
release was observed over a time period of 7 weeks for both methanol and water
vapor treated SF spheres. According to the profile, further IGF-I release is
expected to occur beyond this time. After 7 weeks, 5.7 ug = 0.5 ug IGF-I was
released from methanol treated SF spheres (41.1 + 3.3% of the initial loading)
and 5.9 ug = 0.2 ug IGF-I from water vapor treated SF spheres (43.1 + 1.3% of
the initial loading). The bioactivity of released IGF-I was tested with a bioassay
measuring the mitogenic activity of the supernatants in contact with MG-63
cells (Fig. 6B). All supernatants collected in the periods of 1.5 — 2.5 days and 10
— 16 days induced significantly higher cell proliferation than the control. This
also applies to the supernatants from water vapor treated spheres collected
between 0.5 and 1 day, and between 28 and 34 days. For these two intervals the
respective supernatants from methanol treated spheres showed no significant

increases in bioactivity above the control.
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Fig. 5. Cumulative release of salicylic acid (A) and propranolol hydrochloride (B) from
either methanol or water vapor treated SF spheres prepared from either a 3% or 9% SF
solution using a nozzle with a diameter of 200 um. Data is expressed as percentage of the
actual drug contents (means = SD).
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Fig. 6. (A) Cumulative release of IGF-I of either methanol or water vapor treated SF spheres
prepared from a 3% SF solution using a nozzle with a diameter of 200 um. (B) Potency of
IGF-I containing supernatants from release experiments on the proliferation of MG-63 cells.
Cell proliferation was expressed as the percentage absorbance of samples relative to the
negative control without IGF-I (means = SD; *p < 0.05). Statistical differences indicated are
relative to the negative control without IGF-1. Positive controls were obtained from cells

incubated with 0.01, 0.1 and 1 ng IGF-I per ml medium.
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4. Discussion

For this proof-of-concept study, we fabricated SF spheres without any
additional excipient, using an aqueous encapsulation process based on a laminar
jet break-up induced by a nozzle vibrating at a controlled frequency and
amplitude. High voltage was applied to optimize the dispersion of the beads as
they approached the surface of the hardening solution (Fig. 1). This technology
has been frequently used for the preparation of alginate beads for cell
immobilization [23, 30, 31]. Here we introduce it for the formulation of SF
spheres. This process has the advantage of being simple and scaleable. In
addition, it can be carried out under very mild conditions, using only aqueous SF
solutions and working at room temperature or below, which is an appealing
feature for the encapsulation of sensitive biologicals. By varying the diameter of
the nozzle, the concentration of the SF solution and the final treatment applied
to induce water insolubility, spherical particles of varying size and morphology

could be generated (Fig. 2, Fig. 3).

Obviously, depending on the site of injection, different sphere sizes are
required. For the present proof-of-concept study, we applied two nozzle
diameters. The use of the 80 wm instead of the 200 um nozzle led to
significantly smaller SF spheres (p < 0.05; Fig. 2). An increase in the
concentration of the SF solution from 3% to 9% rendered spheres that were
significantly larger in size. This can result from the fact that an increase in
viscosity makes the break-up of the solution into small droplets at the same
vibration frequency less likely [32]. For customized solutions, further studies
may help to better define and optimize the concentrations of the SF solution, the
diameters of the nozzle, and the frequencies necessary to obtain SF spheres of

appropriate sizes.

Cross-sections of the SF spheres showed that untreated spheres were
composed of an inner, more compact core and an outer, more porous part as
determined by SEM (Fig. 3). SF spheres frozen in liquid nitrogen, freeze dried
and left untreated, had a sheet-like structure. This morphology was also typical
for SF fibroin solutions that were frozen at -80°C and freeze dried, resulting in

parallel sheets, which were connected by thin bridges; in contrast, samples
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frozen at -45°C exhibited a leaf like structure and those frozen at -18°C led to

coarse porosity [33].

It has been previously reported that the prevailing molecular conformation
of SF fibroin solutions frozen at temperatures below -20°C is random coil [24,
33], with characteristic FTIR absorption frequencies at 1660 cm™ (amide I) and
1541 cm™ (amide II) [25, 34]. FTIR spectra of the untreated SF spheres
confirmed the presence of this conformation, as indicated by absorption

frequencies around 1658 cm™ (amide I) and at 1540 cm™ (amide II) (Fig. 4).

Treatment with methanol or exposure to water vapor led to a more compact
SF structure and smaller sphere size compared to untreated spheres, as
determined by SEM (Fig. 3) (Fig. 2). This may be due to the fact that SF
becomes densely packed when changes in its crystal structure occur [35].
Treatment with methanol has been the most frequently used method to induce
water insolubility in SF. It was suggested that methanol dehydrates and,
therefore, destabilizes the random coil and/or the unstable silk I state to result in
the more stable silk II (predominant) conformation, characterized by an increase
in P-sheet content [34, 36-38]. Indeed, FTIR measurements confirmed that
methanol treated SF spheres showed an increase in -sheet content as indicated
by a typical conformational shift in the amide I and amide II band regions when
compared to untreated SF spheres (Fig. 4). Nevertheless, the use of methanol
caused a major loss (or leaching) of the encapsulated low molecular weight drug
models. In addition, detrimental effects of organic solvents on the bioactivity of
embedded protein drugs should be considered [39]. For instance, an unfavorable
effect of methanol was reported for lysozyme when immobilized in SF films;
induction of water insolubility with methanol resulted in a marked loss of
bioactivity of the enzyme [13]. On the other hand, IGF-I embedded in porous
silk scaffolds maintained significant biological activity towards the
chondrogenic differentiation of human mesenchymal stem cells. Apparently SF
was able to preserve the potency of IGF-I during methanol treatment [16]. In
fact, here we were able to show that supernatants from the IGF-I release tests of
methanol treated SF spheres were bioactive and induced the proliferation of

MG-63 cells (Fig. 6B). In addition to the methanol treatment, we also applied a
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water vapor treatment as a mild alternative to induce water insolubility, as
described previously [21, 25, 34]. Similar to methanol treatment, water vapor
induced a conformational change into [3-sheet structure as indicated by a shift in
the amide I and amide II band regions, but less pronounced than upon methanol
treatment (Fig. 4). This corresponded to the previous results of a conformational
analysis of SF films with 13C-MAS NMR [34], showing the percentage of silk
IT (30%) after water vapor treatment to be lower compared to a higher
percentage (74%) after treatment with methanol. Min et al. explained the
induction of B-sheets in electrospun SF nanofibers after exposure to water vapor
by a molecular rearrangement of the SF chains due to the changes in hydrogen
bonding [25].

High encapsulation efficiency is a desired feature of encapsulation
technologies for controlled release [1]. It (1) minimizes the loss of therapeutics,
(i1) reduces their consumption during fabrication, or (ii1) helps to prolong the
release rate. Our encapsulation process resulted in high encapsulation
efficiencies in untreated SF spheres in the range of 100% for both model drugs,
irrespective of the SF concentration used for encapsulation (Table 1). The
encapsulation of IGF-I was similarly efficient. However, subsequent methanol
treatments resulted in major losses of the encapsulated low-molecular-weight
model drugs, salicylic acid and propranolol hydrochloride. The greater loss of
salicylic acid by methanol treatment may be explained by its better solubility
compared to propranolol hydrochloride [40, 41]. For both models, drug loss was
reduced when a higher concentration of the SF solution (9% instead of 3%) was
applied. Nevertheless, the exposure to water vapor represents an excellent
alternative to induce aqueous insolubility of SF, as this treatment excludes drug
leaching. Protein therapeutics are not likely to be eluted by methanol, however
the denaturation potential of this solvent and the need to restrict its
concentration in the final product to toxicologically acceptable levels should
also be considered. Nevertheless, it is noteworthy that the encapsulation of IGF-
I led to almost identical release profiles of the growth factor, with only small but
non-significant differences in the levels of bioactivity, when using methanol

versus water vapor treatments (p > 0.05).
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Depending on the concentration of the SF solution and the encapsulated
model drug, we obtained SF spheres with different drug release profiles (Fig. SA
and 5B). The initial burst release and the release rates from the SF spheres were
reduced when using higher concentrations of the SF solution (9% instead of 3%
SF). Higher SF concentration also resulted in an increase in the size of the SF
spheres. Previous studies have shown that polymer concentration is a key factor
in the drug release properties of particles as it resulted in bigger spheres and a
drop in the release rates [42-44]. Effects of SF layer thickness were also
reported when the model molecules thodamine B, Evans blue and azoalbumin
were incorporated into the multilayer structure of a SF coating made by a layer-
by-layer dip-coating approach. A thicker SF layer suppressed the initial burst

release and prolonged the duration of release [45].

Propranolol hydrochloride (Fig. 5B) showed a more sustained release than
salicylic acid (Fig 5A). This may be due to the different hydrophobicities of the
two model drugs. The aromatic moiety of propranolol hydrochloride - a
naphthyl unit - is more hydrophobic than the phenyl group of salicylic acid.
Therefore, differences in the hydrophobic interactions with the hydrophobic
blocks (-Gly-Ala-Gly-Ala-Gly-Ser-), of the heavy chain of the SF protein [38]
are likely. The difference may also be explained by a pKa-dependent release of
the two model drugs from the drug delivery system. With a pl of 4.2, due to the
mainly negatively charged side chains of the hydrophilic spacers of the heavy
chain [46, 47], SF is likely to interact with the protonated amine group of
propranolol hydrochloride (pKa = 9.5) [40, 48] at the pH of the release studies
(pH 7.4). Salicylic acid (pKa = 3.0) [41] carries a negative net charge at this pH.
Consequently, repulsive charges between SF and salicylic acid may lead to
enhanced release rates of this model drug compared to the release rates of
propranolol hydrochloride. IGF-I, due to its higher molecular weight (7.4 kDa)
showed a prolonged release. Likewise for IGF-I, ionic interactions between the
mainly negatively charged side chains of the hydrophilic spacers of the heavy
chain of SF and the positively charged amino acids of IGF-I (e.g. Arg) [49] may
apply. Recently, an ionic interaction was described between SF and nerve
growth factor (pI = 9.3), which lead to a prolonged and incomplete release [14].

In contrast, it has recently been shown that IGF-I, which has a lower pl (8.4 for
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IGF-I versus 9.3 for nerve growth factor) and a lower molecular weight (7.4 kDa
for IGF-I versus 26 kDa for nerve growth factor), was released more completely
(i.e., 28% of the initial loading after 4 weeks) from SF scaffolds [16]. In the
present study, the cumulative release of IGF-I from methanol and water vapor
treated SF spheres - again, after 4 weeks - was nearly identical (i.e., about 30%
and 32%, respectively, of the initial loading; Fig. 6A). As a further exploration,
we performed preliminary experiments to study the ionic interaction between
IGF-I and SF films. Although there was significantly less adsorption of IGF-I to
SF films at pH 2.3 (both SF and IGF-I carry a positive net charge) than at pH 7.4
(SF carries a negative and IGF-I a positive net charge), the differences in
adsorption were minor (60.0 = 0.5% at pH 2.3 versus 62.2 = 0.6% at pH 7.4,
respectively). Moreover, the addition of 100 mM NaCl, 500 mM NaCl or 100
mM MgCl, to the medium at pH 7.4 did not significantly affect the adsorption
of IGF-I to SF films. In conclusion, we assume the major part of the interaction
to be non-Coulomb in nature since considerable protein adsorption also occurs
at pH 2.3. Obviously, the interactive forces were strong enough to overcome
charge repulsion. Because the heavy chain of the SF is rich in hydrophobic
blocks (-Gly-Ala-Gly-Ala-Gly-Ser-),, an interaction between such blocks and
the hydrophobic domain of IGF-I, featuring Leu, Val and lle [49], is more
likely.

Further studies are needed to fully understand the underlying release
mechanism from SF spheres. In the first place, because of the rather slow
biodegradation of SF in the range of 6 — 12 months, rate control by SF
degradation 1s unlikely. Diffusion control alone is also unable to fully explain
the release mechanism, although the influence of the molecular weight of
various embedded dextrans on their release profiles from SF films, as previously
documented [13], pointed towards this direction, correlating sustained release
from SF films with higher molecular weights of the dextrans. Nevertheless, we
found no relevant differences in the release properties between methanol and
water vapor treated SF spheres, irrespective of the large differences in their
porous structure, thus discounting a major impact of diffusion. More intriguing
is the fact that the percentage release rates of IGF-1, as previously observed with

SF scaffolds [16], closely corresponded with those found with the SF spheres
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(see above), in spite of marked differences in size, shape and surface. This may
indicate a rate controlling effect through the growth factor’s physical entrapment
or molecular interaction with SF, allowing only slow dissociation and release off

the matrix.

5. Conclusions

Here we prepared SF spheres with excellent encapsulation efficiencies and
sustained release kinetics using a mild encapsulation process based on a laminar
jet break-up of aqueous SF solutions. Organic solvents, and even methanol
turned out to be fully dispensable for the induction of water insolubility of SF.
In fact, water vapor treatments were sufficient to render the SF spheres water
insoluble. This technology not only helped to preserve the bioactivity of the
embedded growth factor, it also allowed for a striking sustainment of its release
profile. Based on the good biocompatibility record of SF as a scaffold material
for bone regeneration [9, 11], the application of such SF spheres may range from
the controlled delivery of labile drugs and protein therapeutics to their use as a

platform for the delivery of growth factors for tissue repair.
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Abstract

The development of prototype scaffolds for either direct implantation or
tissue engineering purposes and featuring spatiotemporal control of growth
factor release is highly desirable. Silk fibroin (SF) scaffolds with interconnective
pores, carrying embedded microparticles that were loaded with insulin-like
growth factor I (IGF-I), were prepared by a porogen leaching protocol.
Treatments with methanol or water vapor induced water insolubility of SF based
on an increase in [3-sheet content as analyzed by FTIR. Pore interconnectivity
was demonstrated by SEM. Porosities were in the range of 70% to 90%,
depending on the treatment applied, and were better preserved when methanol
or water vapor treatments were prior to porogen leaching. IGF-I was
encapsulated into two different types of poly(lactide-co-glycolide)
microparticles (PLGA MP) using uncapped PLGA (50:50) with molecular
weights of either 14 or 35 kDa to control IGF-I release kinetics from the SF
scaffold. Embedded PLGA MP were located in the walls or intersections of the
SF scaffold. Embedment of the PLGA MP into the scaffolds led to more
sustained release rates as compared to the free PLGA MP, whereas the
hydrolytic degradation of the two PLGA MP types was not affected. The PLGA
types used had distinct effects on IGF-I release kinetics. Particularly the
supernatants of the lower molecular weight PLGA formulations turned out to
release bioactive IGF-I. Our studies justify future investigations of the

developed constructs for tissue engineering applications.
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1. Introduction

The spatiotemporal control of growth factors delivery to mimic
physiological patterns is considered a promising approach for the regeneration
of problematic bone defects resulting either from disease, fracture or surgery [1,
2]. A well known option to modulate localized growth factor release is the use
of biodegradable poly(lactide-co-glycolide) microparticles (PLGA MP) [3-5]. It
is well established that the release kinetics of PLGA MP may be adjusted by (1)
the molecular weight of the polymer, (i1) the polymer’s ratio of lactic to glycolic
acid, (iii) the capped or non-capped nature of its terminal ends, (iv) the
preparation technology involved, (v) the size of the fabricated MP, and (vi) by
their loadings [4, 5].

IGF-I has been demonstrated to stimulate the proliferation of osteoblasts
and the synthesis of new bone matrix [6]. Moreover, this 7.6 kDa polypeptide
has shown stimulating effects on fracture repair in vivo [7-9]. The biomedical
potential of IGF-I loaded biodegradable PLGA MP as a drug delivery system in

bone repair has been previously demonstrated in a sheep model [3].

A delivery system designed for bone repair should ideally combine an
osteoinductive growth factor for cellular differentiation and growth with an
osteoconductive 3D scaffold to enhance cell recruitment and attachment, and as
structural support for cells and new tissue formed in the scaffold during the
initial stages post implantation [10]. The challenge of such scaffolds in
mimicking endogenous release kinetics lies in (i) the preservation of growth
factor integrity and functionality during preparation of the scaffold, (ii) control
of appropriate growth factor release kinetics upon tissue culture or after
implantation. Additional benefits may arise from (iii) an optional control of
independent release rates of more than one growth factor, and (iv) the

potentially targeted delivery to specific cell populations [2].

Silk fibroin (SF), a fibrous protein biopolymer derived from the silkworm
Bombyx mori, has the advantage of being soluble in water and, therefore, allows
mild fabrication conditions that are favorable for embedding sensitive agents
such as growth factors. Its unique properties such as advantageous processability

and superior mechanical strength as well as its biocompatibility and long-term
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biodegradability [11-13] led to the exploration of SF as a biomaterial for several
biomedical applications [14-17]. Recently, IGF-I has been directly embedded in
a SF scaffold under mild fabrication conditions, and was shown to be released in
its bioactive form with the potential to stimulate chondrogenic differentiation of

human mesenchymal stem cells [18].

Little has been reported on how the release kinetics of growth factors may
affect tissue repair. Its principal significance has been reported for ectopic bone
formation in rats showing an interesting correlation between growth factor
pharmacokinetics and osteoinduction [19]. Due to similar amino acid sequences
and comparable specific activities in vitro, an equivalent specific potency for
ectopic bone formation was expected from embedded BMP-2 versus BMP-4.
However, markedly better osteoinduction was found with BMP-2 as compared
to BMP-4, which was explained by better retention and, therefore, higher local
concentrations of BMP-2 owing to its stronger electrostatic interactions with the
applied biomaterials. Nevertheless, simple adsorption or incorporation of the
growth factor onto/into a scaffold only allows limited control over the release
kinetics. Using growth factor loaded MP for embedment into scaffolds is
expected to better control the release kinetics not only through the scaffold itself
but also through the degradation and release kinetics of the MP. Sufficient local
levels of growth factors may be achieved by embedment of either suitable
quantities of MP or sufficiently loaded MP. So far several studies described the
positive effects of MP loaded with proteinaceous agents and embedded in
scaffolds [20-24]. The advantage of embedded MP loaded with a growth factor
versus adsorbed growth factor has been previously shown with glycidyl
methacrylated dextran/gelatin scaffolds containing BMP loaded MP, which
gained significantly more periodontal tissue regeneration as compared to BMP
adsorbed on scaffolds [25].

In this study, we introduce and evaluate protocols to fabricate prototype SF
scaffolds with embedded PLGA microparticles that were loaded with IGF-I. For
scaffold fabrication we used aqueous SF solutions and followed a paraffin
leaching protocol as previously described [18, 26]. Further integrated into
scaffold fabrication was the embedment of different types of IGF-I releasing

PLGA MP. Following various protocols the scaffolds were also treated with
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either methanol or with water vapor as a milder alternative. Scaffolds were
characterized using FTIR and SEM and analyzed in terms of shrinkage and
porosity relative to prior treatments. They were further tested for their capacity
to sustain IGF-I release and for the underlying mechanism of the in vitro
degradation kinetics of the PLGA MP when embedded in the scaffolds. Also we
tested the bioactivity of released IGF-I.

2. Materials and Methods

2.1. Materials

Cocoons of Bombyx mori were kindly supplied by Trudel Silk Inc. (Zurich,
Switzerland). End-group uncapped poly(lactide-co-glycolide) (PLGA) 50:50
with a molecular weight of 14 kDa (Resomer RG502H) and a molecular weight
of 35 kDa (Resomer RG503H), respectively, were from Boehringer-Ingelheim
(Ingelheim, Germany). Physiogel (40 mg/ml of succinylated gelatin
hydrolysate) was from Braun Medical (Sempach, Switzerland), acetonitrile from
Merck (Darmstadt, Germany), dichloromethane (DCM), methanol, 2-propanol
and hexane from Scharlau (Tagerig, Switzerland). Poly(vinylalcohol) (PVA,
Mowiol 8-88) was from Kuraray (Frankfurt, Germany) and polysorbate 20
(Tween 20) from Hénseler (Herisau, Switzerland). For the preparation of
paraffin spheres we used paraffin wax from Fluka (Buchs, Switzerland) and
gelatine from Hénseler (Herisau, Switzerland). Recombinant human IGF-I was
kindly provided by Chiron Corporation (Emeryville, CA). For a bioassay on its
bioactivity, we used bovine serum albumin (BSA) and 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide (MTT) from Sigma (Buchs, Switzerland),
and human osteosarcoma MG-63 cells from ATCC (Manassas, VA). Eagle’s
MEM, fetal bovine serum (FBS), penicillin G and streptomycin, and non-
essential amino acids were from Invitrogen (Paisley, UK). All other substances
used were of analytical or pharmaceutical grade and obtained from Fluka
(Buchs, Switzerland).
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2.2. Preparation of microparticles

IGF-I loaded PLGA MP were prepared by a previously described double-
emulsion solvent extraction method [27]. Briefly, 0.35 ml of internal aqueous
solution containing 275 ug IGF-I and 4 mg succinylated gelatin (Physiogel) as a
protein stabilizer were emulsified by ultrasonication in 3 ml DCM solution
containing either 100 mg PLGA 502H or PLGA 503H. This W,/O-dispersion
was introduced into 50 ml of a 5% PV A solution, stirred at a frequency of 500
min” for 2 min to form a W,/O/W,-dispersion and poured into 600 ml water for
DCM extraction for one hour. The resulting MP were collected by filtration and
dried under reduced pressure at room temperature overnight. Controls (control
PLGA 502H MP and control PLGA 503H MP) were prepared by replacing the
IGF-I solution by ultrapure water.

2.3. Particle size analysis

The particle size of PLGA MP was determined by laser light diffractometry
(Mastersizer X, Malvern, Worcestershire, UK) using a Fraunhofer diffraction
model to analyze the raw data. Particle size was characterized by the mean
diameter calculated from the volume-moment average of the size distribution,
i.e. D[4,3].

2.4. IGF-I content of microparticles and encapsulation efficiency

The actual IGF-I content of the MP was analyzed as previously described
[27]. Briefly, 10 mg of MP were dissolved in 0.3 ml DCM (n = 3). Then, 0.7 ml
of acetone was added, and the vial was vortexed and centrifuged at a frequency
of 14,000 min™" for 5 min (Eppendorf centrifuge 5417R, Vaudaux-Eppendorf
AG, Basel, Switzerland). The supernatant was removed, and 0.9 ml of a 3:1
acetone:DCM mixture was added. This washing procedure was repeated three
times. The residue was dissolved in 0.1 M acetic acid. IGF-I was assayed by
HPLC using a Merck system (Diibendorf, Switzerland) consisting of a sample
cooler, an autoinjector (L-7200), a computer interface (D-7000), a pump (L-
7100) and a UV detector (L-7455). Separation was performed on a Zorbax
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300SB CN column (150 mm x 4.6 mm) at a flow rate of 1 ml/min. Two eluents
were used: (A) consisting of 5% acetonitrile and 0.2% trifluoroacetic acid (TFA)
in water, and (B) 80% acetonitrile and 0.2% TFA in water. The solvent was
initially composed of 74% (v/v) eluent A. The solvent was changed over 30 min
to 100% eluent B. Then, initial conditions were set to wash the column. IGF-I
was detected at 214 nm and quantified by measuring peak area. Theoretical drug
content was calculated assuming that the entire amount of drug was
encapsulated and no drug loss occurred at any stage of MP preparation. IGF-I
contents were expressed as percentage of IGF-I per PLGA (wt/wt).
Encapsulation efficiencies were calculated as percentage of actual versus

theoretical drug content.

2.5. Preparation of paraffin spheres

Paraffin spheres were used as a porogen for the preparation of SF scaffolds
and prepared as previously described [26]. Briefly, gelatin was dissolved in
ultrapure water of 80°C to obtain a concentration of 30 g/l and mixed with
paraffin at a final concentration of 200 g/I. The emulsion was stirred for 15 min
and then poured into ice water. The resulting paraffin spheres were collected by
filtration, thoroughly washed with ultrapure water and dried under reduced
pressure at room temperature. The desired paraffin spheres with a diameter of
200 to 300 um were obtained by sieving using standard sieves (Retsch, Haan,

Germany).

2.6. Preparation of SF scaffolds

Aqueous SF solution was prepared from cocoons of the silkworm Bombyx
mori as previously described [28]. Briefly, cocoons were boiled two times for 1
h in an aqueous solution of 0.02 M Na,CO; and thoroughly rinsed with water to
remove sericin. Extracted SF was dissolved in a 9 M aqueous LiBr solution to
obtain a 10% (w/v) solution. This solution was dialyzed against water for 2.5
days using Slide-a-Lyzer dialysis cassettes (Pierce, Woburn, MA; MWCO 3500
g/mol), followed by dialysis against a 13% (w/v) PEG (MW 6000 g/mol)

solution at room temperature in order to obtain a 20% (w/v) SF solution.
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SF scaffolds were prepared as previously described [26] with slight
modifications. Briefly, 150 mg paraffin spheres of 200 to 300 um diameter were
filled into cylindrical molds of 8 mm inner diameter prepared from 2.5 ml
syringes, and sintered by annealing at 37°C for 45 min in order to achieve
sufficient pore interconnectivity within the scaffold. SF scaffolds embedding
PLGA MP were prepared by mixing 5 mg previously fabricated PLGA MP with
the paraffin spheres prior to sintering the spheres by annealing at 37°C for 45
min. After cooling to room temperature, 125 pl of a 20% SF solution was added
to the mold and carefully aspirated to ensure a complete fill-up of the interspace
between the spheres with SF solution. The constructs were then shock-frozen in
liquid nitrogen and freeze-dried for 1.5 days, with the main drying period at -
30°C for 16 h (Lyovac GT2, FINN-AQUA, Hurth, Germany). The influence of
different treatments on the freeze-dried specimens was tested to validate a
suitable method to prepare SF scaffolds for tissue engineering applications.
They were therefore either (A) treated two times with hexane for 12 h to extract
the paraffin spheres (code: “untreated”), (B) treated with a 90% methanol
solution at room temperature for 30 min and then treated two times with hexane
for 12 h to extract the paraffin spheres (code: “1* methanol”) [26], (C) exposed
to water vapor of 96% relative humidity by equilibration in the presence of a
saturated aqueous Na,SO, solution at room temperature for 24 h as previously
described [29] and then treated two times with hexane for 12 h to extract the

paraffin spheres (code: “1*

water vapor”), (D) treated two times with hexane for
12 h to extract the paraffin spheres and then treated with a 90% methanol
solution at room temperature for 30 min (code: “2" methanol”), or (E) treated
two times with hexane for 12 h to extract the paraffin spheres and then exposed
to water vapor of 96% relative humidity by equilibration in the presence of a
saturated aqueous Na,SO, solution at room temperature for 24 h (code: “2™
water vapor”) (Fig. 1). Hexane replacement was performed as described before
[18, 26]. The resulting scaffolds were then dried under reduced pressure for 12 h

to minimize residual hexane as previously reported [18, 26].
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1. treatment 2. treatment Code

“Untreated”

Hexane ===
—_— %(DDOCS) “1st methanol”
A
B Hexane ==
Q000 — OO0 “1st water vapor”
O00OJ ¢ QOO
Freeze-dried D
E —— OOOO “2nd methanol”
G*K\ 0,010
o
S50 Water vapor | (o
%OO() il %O(g) “2nd water vapor”

araffin spheres
SF scaffold O P P
QO pores

Fig. 1. lllustration showing the different treatments applied during preparation of SF
scaffolds.

2.7. Scanning electron microscopy (SEM)

PLGA MP alone and cross-sections of SF scaffolds with and without
embedded PLGA MP were platinum-coated and examined morphologically by
scanning electron microscopy (SEM, Leo Gemini 1530, Zeiss, Oberkochen,
Germany). Cross-sections were prepared by cutting dried SF scaffolds with a

razor blade.

2.8. Shrinkage and porosity of SF scaffolds

To monitor the potential shrinkage of the SF scaffolds upon paraffin

elution as well as after treatment with methanol or water vapor, the original and
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final diameters of the scaffolds were measured with a slide gauge (n = 4) and
were expressed as the percentage of the diameters of the original freeze-dried SF
scaffolds still including the porogen.

The porosity of the SF scaffolds was analyzed by comparison of the overall
scaffold volumes versus the true volumes of the SF material of the specific
scaffolds, which were analyzed by means of a helium pycnometer (Accu Pic

1330, Micromeritics, Monchengladbach, Germany; n = 3).

2.9. Fourier-transform infrared spectroscopy (FTIR)

For the analysis of their B-sheet content, SF scaffolds were ground, the
samples mixed with KBr and compressed to KBr disks. FTIR spectroscopy was
performed with a 2000 FT-IR Spectrometer V3,01 (Perkin Elmer, Boston, MA).

2.10. In vitro IGF-I release

IGF-I release from free PLGA MP and from PLGA MP embedded into SF
scaffolds was studied in 1.0 ml release medium (50 mM sodium acetate, 100
mM sodium chloride, 0.02% polysorbate 20, 0.02% sodium azide, pH 5.4; this
release medium was chosen to preserve IGF-I structure and activity [30]) at
37°C for 49 days (n = 5). Only scaffolds were tested which were previously
treated two times with hexane for 12 h to extract the paraffin spheres and were
then exposed to water vapor (“2™
were examined: (1) 5 mg free PLGA 502H MP containing 8.1 ug IGF-I, (i1) 5
mg PLGA 502H MP containing 8.1 ug IGF-I and embedded in SF scaffold, (iii)
5 mg free PLGA 503H MP containing 6.3 ug IGF-I, (iv) 5 mg PLGA 503H MP

containing 6.3 ug IGF-I and embedded in SF scaffold. Negative controls of each

water vapor”). The following formulations

of the above mentioned formulations were prepared by replacing IGF-I loaded
PLGA MP with control PLGA MP without IGF-I. The release medium was fully
exchanged with fresh medium after 13, 37, 72, and 93 h and 7, 10, 16, 22, 26,
34, 42, and 49 days. Medium samples were immediately frozen at —20 °C, and

were then analyzed using an enzyme-linked immunosorbent assay (ELISA,
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DuoSet Human) according to the manufacturer’s protocol (R&D Systems,
Minneapolis, MN).

2.11. Bioassay for bioactivity of IGF-I

A bioassay was applied to analyze the bioactivity of the supernatants as
obtained from the IGF-I release tests. IGF-I is a well-known stimulator of the in
vitro proliferation of MG-63 cells [31, 32]. MG-63 cells were grown in growth
medium (MEM containing 8.9% FBS, 1.79 mM L-glutamine, 89 U/ml penicillin
G and 89 ug/ml streptomycin). Medium was exchanged every 2 — 3 days. Cells
were trypsinized and diluted to 2x10° cells/ml in assay medium (MEM
containing 0.456% BSA, 1.84 mM L-glutamine, 92 U/ml penicillin G and 92
ug/ml streptomycin). Using a 96-well plate, 100 ul of this cell suspension was
added to each well, incubated at 37 °C and 5% CO, for 24 h, and the medium
discarded. Supernatants of the in vitro IGF-1 release study, which were
collected in the time periods of 0 — 0.5 days, 4 - 7 days, 16 - 22 days and 34 - 42
days (each n = 4) were diluted 1:100 in assay medium, 100 ul of the dilution
added to the assay plate and incubated at 37 °C and 5% CO, for 48 hours. Cells
were stained with a 2% MTT solution in PBS for 4 hours. The formed formazan
was solubilized with 3% sodium dodecyl sulfate (SDS) and 0.04 M HCI in 2-
propanol. Absorbance was read at 570 nm. The absorbance of the supernatants
of the negative controls (corresponding formulations without IGF-I) of the
release study was defined as 100%. Additional samples were taken from
solutions containing control cells that were incubated with 0.1, 1 and 6.25 ng
IGF-I/ml assay medium (positive controls). The dilution factor of 1:100 was
found to assure the range of an approximately semi-logarithmic relationship

between absorbance and IGF-I concentration.

2.12. Degradation of SF scaffolds and PLGA MP

Degradation of water vapor treated SF scaffolds without PLGA MP as
control was analyzed by weight before and after incubation in 1 ml release
medium at 37°C for 49 days (n = 5).
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To monitor the degradation of free PLGA MP and PLGA MP embedded in
SF scaffolds, supernatants collected at day 3, 7, 16, 22, 26, 34 and 49 of the
IGF-I release study were analyzed. Briefly, aliquots of 200 pul of the
supernatants of the IGF-I release study were put into fresh tubes and the release
medium was evaporated (n = 5). The residue was incubated with 50 pl of a 13.5
M NaOH solution at room temperature for 1 h and autoclaved at 121°C for 20
min to completely hydrolyze the released fragments in order to obtain the
monomers glycolic acid and lactic acid [33]. 20 pl of the solution was
neutralized with 33.2 ul glacial acetic acid and diluted with 53.2 ul ultrapure
water. Lactic acid was determined by adding 250 pl of a lactate reagent (Trinity
Biotech, St. Louis, MO) to 10 pl of the hydrolyzed and neutralized samples. The
samples were incubated at room temperature for 10 min and the absorbance was
read at 540 nm. As standards, 5 mg PLGA 502H MP and 5 mg PLGA 503H MP
were used and treated as the samples. Degradation rate was expressed as mg
PLGA per day.

2.13. Statistics

The results are expressed as means = standard deviations. Statistical
analysis was performed using the Student t-test as well as one-way analysis of
variance (ANOVA) followed by the Tukey HSD test for post hoc comparison.
Differences were considered significant when p < 0.05 and as highly significant
when p <0.01.
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3. Results

3.1. Characterization of PLGA MP

All PLGA MP formulations were in the size range between 41.4 pum and
60.2 um (Table 1). IGF-I encapsulation efficiencies were higher for PLGA
502H MP (59.04 = 0.02%) as compared to PLGA 503H MP (45.55 = 4.05%).
This corresponds to a total IGF-I loading of 1.62 + 0.04 pg/mg with PLGA
502H MP and 1.25 + 0.11 pg/mg with PLGA 503H MP (Table 1).

Table 1. Particle size, theoretical and actual IGF-I content (expressed as wt IGF-1/wt PLGA),
encapsulation efficiency (calculated as percentage of actual versus theoretical IGF-I content)
and total loading of PLGA MP prepared from PLGA 502H and 503H.

Formulation Particle size Theoretical IGF-I Actual IGF-l  Encapsulation Total loading
[um] content content efficiency ug mg” PLGA MP,
% (wt/wt) % (wt/wt) % (wt/wt) mean = SD
mean = SD mean = SD

502H control 414+24

503H control 60.2+8.5

502H IGF-I 446+4.6 0.275 0.162+0.004 59.044 +£0.016 1.624 £ 0.044
503H IGF-I 50.1+7.6 0.275 0.125+0.011 45.547 £4.046 1.253 +£0.111

3.2. Characterization of SF scaffolds

3.2.1. Scanning electron microscopy (SEM)

Cross-section analysis of the SF scaffolds by SEM revealed that all
scaffolds were highly porous with marked interconnectivity (Fig. 2). After
porogen leaching the SF matrix between the large pores of untreated SF
scaffolds (Fig. 2A) was less porous than that of scaffolds first treated with
methanol (Fig. 2B). SF scaffolds that were first treated with water vapor prior to
porogen leaching showed an inhomogeneous scaffold structure. Their core
section exhibited a porous fine structure between the large pores (Fig. 2C)
whereas only thin walls without visible porosity were found in the peripheral
section (Fig. 2D). SF scaffolds that were treated with methanol (Fig. 2E) or
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water vapor (Fig. 2F) following porogen leaching showed less regular pores as
compared to SF scaffolds that were first treated with either methanol or water

vapor. Also a denser structure was observed in this case.

Fig. 2. SEM images of (A) an untreated SF scaffold, (B) a SF scaffold that was first treated
with methanol prior to porogen leaching, (C) the inner section of a SF scaffold that was first
treated with water vapor prior to porogen leaching, (D) the outer section of a SF scaffold that
was first treated with water vapor prior to porogen leaching, (E) a SF scaffold that was
treated with methanol following porogen leaching, and (F) a SF scaffold that was treated
with water vapor following porogen leaching. Scale bar = 200 um.
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3.2.2. Shrinkage and porosity of SF scaffolds

Due to scaffold shrinkage, the diameters of untreated SF scaffold cylinders
after porogen leaching dropped to 96.3 + 2.3%, those that were first treated with
methanol to 98.2 + 1.2%, and those first treated with water vapor to 96.4 = 0.7%
of the original values after freeze-drying (Fig. 3A). The remaining diameters
after shrinkage were thus significantly larger than those of the scaffolds that
were treated with either methanol or water vapor following porogen leaching (p
< 0.01), which shrank to 71.8 = 3.4% and 59.1 = 4.0%, respectively, of their
original diameters after freeze-drying. No significant difference in shrinkage
between the treated scaffolds was observed when they were first treated with
methanol (98.2 = 1.2%) or water vapor (96.4 = 0.7%), whereas the diameters of
the scaffolds that were treated with water vapor following porogen leaching
shrank to significantly lower values (59.1 = 4.0%) than those treated with
methanol following porogen leaching (71.8 = 3.4%) (p < 0.05).

Porosity measurements showed similar tendencies. The porosity of the
untreated SF scaffolds after porogen leaching (97.3 = 0.4%) as well as of those
that were first treated with methanol (96.9 + 0.8%) and water vapor (96.9 +
0.9%) was significantly higher than that of the scaffolds that were treated with
methanol (70.3 = 11.7%) and water vapor (71.9 = 7.1%) following porogen
leaching (p < 0.01) (Fig. 3B).

3.2.3. FTIR

FTIR spectra of untreated SF scaffolds after porogen leaching, of SF
scaffolds that were first treated with methanol or water vapor and of SF
scaffolds that were treated with methanol or water vapor following porogen
leaching are shown in Fig. 4. The characteristic absorption bands of untreated
SF scaffolds at around 1656 cm™ (amide I) and at 1543 cm™ (amide II) shifted
to 1628 cm™ (amide I) and 1516 cm™ (amide II) upon treatment with methanol

and water vapor, indicating higher B-sheet based crystallinity of SF [34-37].
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Fig. 3. (A) Diameter of untreated and treated SF scaffolds expressed as the percentage of the
diameter of the original freeze-dried SF scaffolds still including the porogen. (B) Porosity of
untreated and treated SF scaffolds determined by a helium pycnometer.
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Fig. 4. FTIR spectra of untreated and treated SF scaffolds.
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3.3. Embedment of PLGA MP in SF scaffolds

SEM studies showed that both free PLGA 502H MP and free PLGA 503H
MP had a porous surface structure (Fig. 5). Cross-sections of water vapor treated
SF scaffolds showed the embedded PLGA MP to be well integrated into the SF
structure, strictly locating in the walls or intersections of the scaffolds.
Throughout, all embedded PLGA MP appeared to be covered with a thin layer
of SF. The interconnectivity of the pores was well maintained and not

compromised by the embedded MP.
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Fig. 5. SEM images of the surface of free PLGA 502H MP and free PLGA 503H MP (first
row) and cross-sections of PLGA 502H MP and PLGA 503H MP embedded in water vapor
treated SF scaffolds (second and third row). Arrows = PLGA MP.
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3.4. In vitro drug release studies

The cumulative IGF-I release profiles of free PLGA MP and of PLGA MP
embedded in water vapor treated SF scaffolds are shown in Fig. 6A. IGF-I
release from free PLGA 502H MP and from free PLGA 503H MP was triphasic
consisting of (i) a typical burst release within the first 12 h, followed by (i1) a
period of low release rates until day 7 (free PLGA 502H MP) and day 16 (free
PLGA 503H MP), and finally (ii1) a marked increase in release from these days
on. Free PLGA 502H MP and PLGA 502H MP embedded in SF scaffolds
showed a burst release of 26.2 + 5.5% and 22.4 + 4.2%, respectively, after 0.5 d.
The burst release from free PLGA 503H MP and PLGA 503H MP embedded in
SF scaffolds (10.3 = 1.1% and 3.5 = 0.5%, respectively) was less prominent.
After the burst, the release of IGF-I from embedded PLGA 502H MP was slow
but continuous. Almost no IGF-I was released from embedded PLGA 503H MP
until day 26, turning into a slow and continuous release from then on. After 49
days, 87.6 = 5.8% of the initially loaded IGF-I was released from free PLGA
502H MP and 106.2 = 3.6% from free PLGA 503H MS, respectively. On the
other hand, much less, i.e. only 47.8 + 4.5% of the initially loaded IGF-I was
released from PLGA 502H MP and 23.2 = 1.2% from PLGA 503H MP,
respectively, throughout the observation period, when both were embedded in
SF scaffolds. According to the obtained profiles of embedded PLGA 502H MP
and embedded 503H MP, further IGF-I release is expected to occur beyond 49
days.

The bioactivity of released IGF-I was tested with a bioassay measuring the
mitogenic activity of the supernatants in contact with MG-63 cells (Fig. 6B).
Particularly the supernatants of the PLGA 502H formulations turned out to
release bioactive IGF-1. In more detail, all supernatants collected from free
PLGA 502H MP and from embedded PLGA 502H significantly enhanced cell
proliferation as compared to the corresponding negative controls, irrespective of
the time interval (p < 0.01). On the other hand, of the supernatants taken from
free PLGA 503H MP and embedded PLGA 503H MP, only the supernatants of
embedded PLGA 503H MP as collected from days 34 — 42 led to significant

increases in bioactivity above the corresponding negative control (p < 0.01). No
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Fig. 6. (A) Cumulative release of IGF-I either from free PLGA 502H MP, free PLGA 503H
MP, PLGA 502H MP embedded in water vapor treated SF scaffolds or PLGA 503H MP
embedded in water vapor treated SF scaffolds. (B) Potency of IGF-I containing supernatants
from release experiments on the proliferation of MG-63 cells. Cell proliferation was
expressed as the percentage absorbance of samples relative to the corresponding negative
controls without IGF-I (means = SD; **p < 0.01). Statistical differences indicated are
relative to the corresponding negative controls without IGF-I. Positive controls were
obtained from cells incubated with 0.1, 1 and 6.25 ng IGF-I per ml medium. (C) Released
IGF-I during time intervals used for potency studies.

significant differences were observed between supernatants collected from free
PLGA MP versus embedded PLGA MP, except for the supernatants from free
PLGA 502H MP and embedded PLGA 502H MP as collected from days 34 —
42. When compared with released IGF-1 within the same time intervals (Fig.
6C), bioactivities followed similar trends, except for free PLGA 503H MP
showing high release rates from days 16 — 22 and days 34 — 42, but low

bioactivity.

3.5. Degradation studies

Degradation of water vapor treated SF scaffolds without PLGA MP as
control was determined by weight before and after incubation in release medium
for 49 days. Only 4.0 = 1.1% of the scaffold was lost during this time period,
roughly indicating minor hydrolytic degradation of SF under the experimental

conditions.

Degradation studies of PLGA MP determined by a lactate assay showed
that the degradation of the free PLGA 502H MP and the embedded PLGA 502H
MP started from the beginning of the experiment and increased until day 13
(Fig. 7). On the other hand, degradation of the free PLGA 503H MP and
embedded PLGA 503H MP began after a short lag around day 5 and increased
until day 19. From then on the degradation rates dropped and became zero at
day 45 for all formulations. Throughout the time span studied we observed no
significant difference between free PLGA MP and embedded PLGA MP, except
for a somewhat lower PLGA degradation of embedded PLGA 502H MP as
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compared to free PLGA 502H MP at day 19 (p < 0.01). Overall, embedment
into SF scaffolds did not markedly change the hydrolytic degradation profile of
the two PLGA types studied.
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Fig. 7. Degradation rates of (4) free PLGA 502H MP and PLGA 502H MP embedded in
water vapor treated SF scaffolds, and (B) free PLGA 503H MP and PLGA 503H MP
embedded in water vapor treated SF scaffolds. Data expressed as degraded PLGA in mg per
day.
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4. Discussion

In physiological tissue repair biological signaling is a crucial factor
controlling cellular recruitment, differentiation and proliferation. However,
under critical conditions the local availability of endogenous signaling factors
may be insufficient to sustain repair. Therefore, localized delivery of exogenous
growth factors may be mandatory, e.g., for the repair of large (critical) bone
defects [38, 39]. Incorporation of growth factors into polymeric delivery
systems has been shown to provide options for stabilization and controlled
delivery. Additionally, suitably designed scaffolds may be needed to support
cellular attachment, differentiation and growth [10]. By combination, controlled
delivery technologies and biomaterial scaffolds are expected to offer synergistic
opportunities. Common methods to immobilize growth factors on scaffolds
include the adsorption of growth factors onto prefabricated scaffolds prior to
implantation [40] or the embedment of a growth factor during scaffold
fabrication [18, 41]. Incorporation of microencapsulated growth factor into
scaffolds may further improve the retention of the growth factor at the repair
site, the maintenance of its bioactivity, and the sustainment of release. The
stabilization of IGF-I in PLGA MP and its controlled release has been
previously reported [27] and shown to have the potential to enhance new bone

formation [3].

Several groups studied the incorporation of MP into scaffolds post-
fabrication [20, 22, 42-45]. In contrast, incorporation of MP during fabrication
of scaffolds has been less studied and mostly includes gel-like scaffolds [23, 30,
46, 47]. A common technical problem in this context is to avoid the dissolution
of the MP or the premature elution of its contents into the solvent used to
fabricate the scaffold. Coatings have been suggested to evade this problem. For
instance, to protect PLGA MP from dissolution during fabrication of a PLGA
scaffold, MP were coated with a PVA layer prior to incorporation into the
scaffold [48]. In the present study, the distinctly different aqueous solubilities of
the two biomaterials, PLGA and SF in its water soluble conformation, helped to
avoid such problems and allowed to embed IGF-I loaded PLGA MP into SF.
Here we introduce both the involved fabrication approach and a characterization

of the resulting scaffold constructs, particularly in terms of their morphologies,
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physical properties, in vitro degradation in combination with IGF-I release

kinetics and mechanisms, and the bioactivities of in vitro released IGF-I.

Microporous SF scaffolds were prepared using aqueous SF solution and
temperatures below 37°C, both favorable conditions for the incorporation of
growth factors. We previously demonstrated that the bioactivity of IGF-I was
maintained when using similar fabrication conditions [18]. SEM images
confirmed that the treatments with hexane to elute the paraffin spheres used as
porogen and the treatments with either methanol or water vapor to transform SF
into its water insoluble conformation led to high pore interconnectivity (Fig. 2).
For scaffolds, pore interconnectivity is crucial for cell ingrowth as well as
nutrient supply and waste removal into and out of the scaffold [26]. In SF
scaffolds that were treated with methanol or water vapor following porogen
leaching, we observed less regular pores and a more compact structure, as
determined by SEM (Fig. 2E and F), enhanced shrinkage (Fig. 3A) and a drop in
porosity by about 30% (Fig. 3B) when compared to scaffolds that were first
treated with methanol or water vapor prior to porogen leaching. Obviously the
paraffin spheres more efficiently supported the structure of the pores and that of
the scaffolds during methanol or water vapor treatment, whereas such treatments
after porogen leaching caused the SF scaffolds to partly collapse and shrink in

volume.

We recently described the densely packed structure of SF after treating SF
spheres with methanol or exposing them to water vapor [49]. This relates to the
fact that SF transforms into a 3-sheet based crystalline structure during those
treatments [50]. Methanol treatment has been a common method to induce water
insolubility of SF by dehydration and destabilization of its random coil and
unstable silk I state, leading to the silk II conformational state, which is more
stable and characterized by an enrichment in (3-sheet content [34-37]. Similarly,
exposure to water vapor is also associated with an increase in -sheet structure
[49, 51] and has the advantage of being a mild alternative to organic solvents,
especially when aiming at the incorporation of sensitive proteins such as growth
factors. Indeed, increased (-sheet contents in all treated SF scaffolds were

demonstrated by FTIR as indicated by a typical conformational shift in the
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amide I and amide II band regions when compared to untreated SF scaffolds
(Fig. 4C).

Although the pores of the SF scaffolds that were treated with methanol or
water vapor following paraffin leaching were less regular and the scaffolds were
subject to marked shrinkage, their pore interconnectivity was found to persist.
Moreover, their porosities of about 70% as well as the porosities of scaffolds
that were first treated with methanol or water vapor of about 97% were in the
range of other scaffolds that were previously tested in association with bone

repair both in vitro and in vivo [52].

The structure of the SF scaffolds treated with water vapor following
paraffin leaching (Fig. 2F) was regular throughout the scaffolds, whereas the
scaffolds that were first treated with water vapor showed differences between
the core and the peripheral parts (Fig. 2C and D), which might be due to an
insufficient infiltration of the water vapor during treatment when paraffin
spheres were present. Therefore, water vapor treatments following paraffin
leaching were preferred when IGF-I loaded PLGA MP were embedded into SF
scaffolds. This mild approach was able to evade the denaturing potential of

organic solvents on sensitive proteins such as many growth factors.

The decision to encapsulate IGF-I in PLGA 502H MP followed previous
studies of our group [3, 27, 30]. We found similar encapsulation efficiencies and
particle sizes as reported in those studies (Table 1). Additionally we prepared
MP using PLGA 503H, which differed in its higher molecular weight of 35 kDa
with that of PLGA 502H having a molecular weight of 14 kDa. This difference
has been previously shown to largely affect the release profiles of HRP from
PLGA MP [53], with the higher molecular weight showing reduced release
rates. Such differences in release kinetics of a growth factor from PLGA MP
may have distinct effects on bone regeneration. Here we demonstrate that both
types of PLGA MP were embedded into the walls of the SF scaffolds (Fig. 5).
This may be an advantage as compared to MP that are incorporated post-
fabrication. This would direct the MP only into the open pores of the scaffold

from where they may be easily washed out.
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Depending on the type of PLGA used, we obtained MP with different drug
release profiles (Fig. 6A). Expectedly, the initial burst from PLGA 502H MP
was stronger than that from PLGA 503H MP. The main IGF-I release from free
PLGA 502H MP started around one week before that of free PLGA 503H MP,
resulting from the differences in molecular weight as described above. In
parallel, we studied the degradation of PLGA MP using a lactate assay which
confirmed the faster degradation of PLGA 502H MP, starting around one week
earlier than PLGA 503H MP (Fig. 7A and B). As calculated from the free
lactate levels, the degradation of both types of PLGA MP started around one
week prior to the main stage of IGF-I release from free PLGA MP. IGF-I release
rates from PLGA MP dropped when embedded into SF scaffolds (Fig. 6A). In
contrast, there were no differences in polymer degradation rates between free
PLGA MP and embedded PLGA MP. This leads to the conclusion that lactic
acid and other low molecular soluble fragments of the polymers were small
enough to be freely released from the SF scaffolds with essentially no additional
diffusional resistance imposed. Enhanced autocatalysis of PLGA hydrolysis
when embedded in the scaffold may be another explanation. In contrast,
obviously owing to its much higher molecular weight of 7.6 kDa, the release of
IGF-I was controlled by both PLGA degradation and diffusional resistance
through the scaffold matrix. Previously we described the influence of the
molecular weight of substances on their release profiles when packed into SF
matrices. For instance, the higher the molecular weights of embedded dextran,
the slower was its release from SF films [54]. In this context we could also show
that salicylic acid, a low molecular weight molecule, was completely released
from SF spheres within 1 day, whereas only around 30% of encapsulated IGF-1
was released within 4 weeks [49]. Moreover, prolonged release of HRP from
PLGA MP was described when the MP were coated with SF. This outcome was
explained to result from the additional diffusional barrier and, possibly, by non-
specific interaction between HRP and SF [55]. Another explanation for the drop
in release rates of embedded PLGA MP as compared to those of free PLGA MP
could be an ionic interaction between positively charged amino acids (e.g. Arg)
of IGF-I (pI 8.4) [56] and the mainly negatively charged side chains of the
hydrophilic spacers of the heavy chain of SF [57, 58]. An ionic interaction
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between SF and positively charged growth factors, such as nerve growth factor
or IGF-I, was also discussed previously [18, 41, 49]. However, the main impact
of an interaction between SF and IGF-I was assumed to be of non-Coulomb
character [49], as the heavy chain of SF consists of hydrophobic blocks (-Gly-
Ala-Gly-Ala-Gly-Ser-), which may interact with the hydrophobic domain of
IGF-I featuring Leu, Val and Ile [56].

It 1s noteworthy that the bioactivity of released IGF-I from both free PLGA
502H MP and PLGA 502H MP embedded in SF scaffolds was maintained
throughout all time intervals, even after 42 days (Fig. 6B). Surprisingly,
supernatants taken from free PLGA 503H MP and from embedded PLGA 503H
MP did not significantly induce the proliferation of MG-63 cells as compared to
the corresponding negative controls, except for the supernatants from embedded
PLGA 503H MP taken after 42 days. From release experiments, we would have
expected high proliferation rates from supernatants taken from free PLGA 503H
MP within the time interval of days 16 — 22 and days 34 — 42 when considering
the high release of IGF-I in these intervals (Fig. 6C). A possible explanation
may be that IGF-I in PLGA 503H MP was not as well protected as in PLGA
502H MP during fabrication or release. Nevertheless, even though less IGF-I
was released from embedded PLGA 503H MP than from free PLGA 503H MP
during the time interval of days 34 - 42, the supernatants from embedded PLGA
503H MP induced significantly higher cell proliferation than the respective
negative control. Therefore, we assume that embedment in SF may act as
additional protection factor. The protective function of SF during methanol
treatment has been previously described for HRP when embedded into SF films

and corresponded to its release in a bioactive form [54].

Future studies are needed to test the effect of the SF scaffolds with
embedded PLGA MP loaded with IGF-I on cellular differentiation and growth
and how this may be affected by the distinct release kinetics obtained from the
different types of PLGA MP. A possible effect of the IGF-I that is still
entrapped in the SF scaffold also has to be considered. The SF scaffold may
possibly act similar to the extracellular matrix, provide a depot for growth
factors that are either later released or presented surface-bound to stimulate cells

in the local microenvironment [59]. Future studies should also include the
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delivery of dual growth factor release from SF scaffolds as this delivery system
may offer an opportunity to individually tune the release kinetics through
embedment of PLGA MP of different degradation kinetics in one scaffold, even
allowing spatially separated deposition and release of growth factors, a
prerequisite for the repair of osteochondral defects (Fig. 8).

homogeneous gradient spatially separated
distribution distribution deposition

o PLGA MP loaded with growth factor 1
® PLGA MP loaded with growth factor 2

Fig. 8. Illustration showing possibilities for the embedment of growth factor loaded PLGA
MP in SF scaffolds: homogeneous distribution of one type of growth factor loaded PLGA MP
throughout the scaffold (A), gradient distribution of one type of growth factor loaded PLGA

MP (B), and spatially separated deposition of two different types of growth factor loaded
PLGA MP (C).

5. Conclusions

We developed a microporous SF scaffold prototype embedding PLGA MP
which we prior loaded with a growth factor. Changes in PLGA type resulted in
distinct growth factor release kinetics. Embedment of PLGA MP in SF scaffolds
led to more sustained release rates as compared to free PLGA MP. Based on
opportunities arising from temporal control of growth factor delivery and from
spatial control of growth factor deposition within the scaffolds, we expect such

constructs to be advantageous for tissue engineering applications, with potential
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to mimic physiological patterns more precisely. Overall, the developed scaffold

prototype offers promise for promoting tissue regeneration.
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Abstract

The development of biomaterials that mimic the physiological binding of
growth factors to the extracellular matrix (ECM) is an appealing strategy for
advanced growth factor delivery systems. In vivo, fibroblast growth factor 2
(FGF-2) binds to the sulfated glycosaminoglycan heparan sulfate, which is a
major component of the ECM. Therefore, we tested whether silk fibroin (SF)
decorated with a sulfonated moiety could mimic the natural ECM environment
and lead to advanced delivery of this heparin-binding growth factor. Using a
diazonium coupling reaction, modified SF derivatives containing approximately
20, 40, 55 and 70 sulfonic acid groups per SF molecule were obtained. Films of
the SF derivative decorated with 70 sulfonic acid groups per SF molecule
resulted in a 2-fold increase in FGF-2 binding as compared to native SF. More
than 99% of bound FGF-2 could be retained on all SF derivatives. However,
protection of FGF-2 potency was only achieved with at least 40 sulfonic acid
groups per SF molecule, as observed by reduced metabolic activity and
enhanced levels of phosphorylated extracellular signal-regulated kinases
(pERK1/2) in cultured human mesenchymal stem cells (hMSCs). This study
introduces a first step towards the development of an ECM-mimicking
biomaterial for sustained, non-covalent binding, controlled delivery and

preserved potency of biomolecules.
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1. Introduction

The extracellular matrix (ECM) regulates mammalian cell behavior such as
migration, survival, proliferation and differentiation. Therefore, mimicking the
ECM by scaffold design, e.g. by introducing mechanical and/or biochemical
cues, has been suggested to optimize cell interactions and differentiation in
tissue regeneration [l1]. The ECM represents a hydrated protein- and
proteoglycan-based gel network consisting of collagens, non-collageneous
glycoproteins such as elastin, laminin or fibronectin, and hydrophilic
proteoglycans with large glycosaminoglycan side chains [2]. Entire
decellularized ECM has been used as biological scaffold for a variety of
therapeutic applications [3], but bears the potential for immunogenicity, disease
transfer and variability. By contrast, individual components of the ECM such as
collagen, laminin, fibrin and hyaluronic acid can be isolated and purified to
create well-defined biomaterials with biological function [4]. In this context,
synthetic constructs and biomaterials derivatized with ECM-derived peptides or
protein fragments have been suggested to improve biological recognition and
cellular interaction [5-7].

Beyond its function to provide a physiological matrix for cellular
accommodation, the ECM also acts as a local storage for growth factors,
delivers them on demand, protects their potency, and, in some cases, enhances
binding to cell surface receptors [2]. For instance, fibroblast growth factor 2
(FGF-2), a heparin-binding growth factor, specifically interacts with a major
component of the ECM, the sulfated glycosaminoglycan heparan sulfate [8-10].
FGFs are a family of growth factors involved in angiogenesis, wound healing,
and embryonic development and represent key-players for the proliferation and
differentiation of a wide variety of cells and tissues. Accordingly, FGF-2 shows
mitogenic effects on fibroblasts, endothelial cells, smooth muscle cells and
osteoblasts [8] making it a strong candidate for biomedical applications in tissue
regeneration. Interaction with ECM- and cell-surface associated heparan sulfate
proteoglycans (HSPGs) is essential for FGF signal transduction. It has been
shown that cell-surface associated HSPGs, which have been detected on the cell

surface of most mammalian cells and also on hMSCs [11, 12], play an active
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role in the presentation of ECM-bound FGF-2 to its cell surface receptors.
Therefore, HSPGs function as regulators of growth factor activity [13-16]. This
explains the marked interest in studying the molecular interaction of heparan
sulfate, heparin and modifications or mimics thereof with FGF-2 [17, 18]. For
instance, silyl-heparin, a chemically modified analogue of heparin, has been
synthesized and found to be a useful vehicle for the local delivery of FGF-2
[19]. Moreover, binding to sulfated colominic acid increased the mitogenic
activity of FGF-2 [17]. Similar attributes have also been observed with
sulfonated polymers. In fact, sulfonated poly(y-glutamic acid) has been
demonstrated to strongly interact with FGF-2, and better preserve the bioactivity
of FGF-2 than the non-sulfonated polymer [20].

Here we tested the hypothesis that a decoration of silk fibroin (SF) with
sulfonic acid moieties leads to a sustained, non-covalent binding of this heparin-
binding growth factor, controls its delivery, and preserves its potency. SF is a
fibrous protein extracted from the cocoons of the domestic silkworm Bombyx
mori [21], and has been widely investigated for tissue engineering applications
[22-25], owing to its unique properties, such as aqueous processability under
mild conditions, exceptional mechanical strength, as well as biocompatibility
and biodegradability. However, SF lacks cell adhesion or growth factor binding
sites per se. Nevertheless, as a polypeptide, SF features various amino acid
residues allowing ready bioconjugation of functional groups to make it a
potential ECM mimic. For instance, coupling of an RGD sequence has been
suggested to enhance osteoblast-like cell adhesion on SF [7]. Several reports
have been made on the chemical decoration of the tyrosine residues in SF [26-
28]. Recently, SF derivatives were introduced that were modified through
diazonium coupling chemistry using several aniline derivatives featuring
carboxylic acid, amine, ketone, sulfonic acid or alkyl groups. It has been shown
that human mesenchymal stem cells (hMSCs) were able to attach, proliferate

and differentiate into the osteogenic lineage on all of these SF derivatives [26].

Using diazonium coupling chemistry, we reacted SF with the diazonium
salt of 4-sulfanilic acid to produce SF derivatives with varying numbers of
sulfonic acid moieties. Binding of FGF-2 to films of native SF and sulfonated

SF derivatives was studied to determine their binding capacities for the growth
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factor. We further examined FGF-2 release profiles of the derivatives and their
potential for growth factor retention. The biological potency of FGF-2 was
studied by seeding hMSCs onto films of native SF and sulfonated SF
derivatives, and analyzing the effect of free as well as bound FGF-2 on the
metabolic turnover in cell culture as well as on the phosphorylation of the
extracellular signal-regulated kinase (ERK), indicating the activation of the Ras
pathway [29, 30]. This study introduces a first step towards the development of
an ECM-mimicking SF derivative for sustained, non-covalent binding,
controlled delivery, and preserved potency of a growth factor for tissue

regeneration.

2. Materials and Methods

2.1. Materials

Cocoons of Bombyx mori were obtained from Tajima Shoji Co.
(Yokohoma, Japan). FGF-2 was from R&D Systems (Minneapolis, MN). For
cell culture studies, we used fetal bovine serum (FBS), RPMI 1640 medium,
Dulbecco’s Modified Eagle Medium (DMEM), penicillin G and streptomycin,
fungizone, trypsin and non-essential amino acids (NEAA) from Invitrogen
(Paisley, UK). All other substances used were of analytical or pharmaceutical
grade and obtained from Sigma or Fluka (St. Louis, MO; Buchs, Switzerland)

unless otherwise indicated.

2.2. Preparation of SF solution

SF solutions were prepared from cocoons of the silkworm B. mori as
previously described [26]. Cocoons were boiled for 1 h in an aqueous solution
of 0.02 M Na,COj; and thoroughly rinsed with water to remove the sericin. The
extracted SF was dissolved in a 9 M aqueous LiBr solution at 60 °C for 45 min
to obtain a 20% (w/v) solution. This solution was filtered through a 5 pm
syringe filter and dialyzed against distilled water for 2 days using Slide-a-Lyzer
dialysis cassettes (MWCO 3500 g/mol; Pierce, Woburn, MA), followed by
dialysis against borate buffer (100 mM borate, 150 mM NaCl, pH 9) (BupH
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borate buffer pak; Pierce, Woburn, MA) for an additional day changing the

buffer 2 times. The SF solution had a final concentration of ~ 9% (w/v).

2.3. Diazonium coupling reaction

The diazonium coupling reaction was performed as previously described
[26]. Briefly, 68 mg (0.40 mmol) of 4-sulfanilic acid was dissolved in 2 mL
water, and then combined with 1 mL of a 1.6 M aqueous solution of p-
toluenesulfonic acid. This mixture was cooled on ice, and then combined with 1
mL of a cooled 0.8 M aqueous solution of NaNO,. The mixture was vortexed
briefly, and then placed in an ice bath for 15 min. The resulting diazonium salt
stock solution was then reacted with the silk solution in borate buffer. To control
the level of modification, differing amounts of the diazonium salt were added. In
a typical experiment, the total reaction volume was 5 mL, where 4 mL of the
silk solution was combined with 0, 250, 500, 750, or 1000 uL of the stock
diazonium salt solution, which approximately corresponds to the addition of
0.10, 0.15, 0.25, and 0.35 equivalents of the diazonium salt relative to the
number of tyrosine residues in SF. In cases where less than 1000 uL of the
diazonium salt stock was used, the stock solution was first diluted with water to
give a total volume of 1000 uL. The diazonium salt was allowed to react with
the SF solutions for 20 min. The reaction mixtures were then purified by passing
them through disposable Sephadex size exclusion columns (NAP-25, GE
Healthcare), pre-equilibrated with distilled water. The resulting solutions of
sulfonated SF derivatives had a concentration of about 4% (w/v) in water, and
were diluted with water to about 2% (w/v) before further use. The level of azo
incorporation for each of the derivatives was analyzed in water with UV-Vis
spectroscopy using a GBC 916 spectrophotometer. UV-Vis: Amax (pH 7) = 215

nm (carbonyl) and 325 nm (azo).

The native SF control was obtained by passing the silk solution in borate
buffer through a Sephadex size exclusion column pre-equilibrated with distilled
water to remove the buffer salts. UV-Vis: Amax (pH 7) =215 nm (carbonyl) and
275 nm (tyrosine).
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2.4. Fourier-transform infrared (FTIR) spectroscopy

Films of native SF and sulfonated SF derivatives were measured directly
by FTIR spectroscopy with a 2000 FT-IR Spectrometer V3,01 (Perkin Elmer,
Boston, MA) in a similar way as previously reported in detail for KBr disks [31,
32].

2.5. Contact angle measurements

Aqueous solutions (2%) of native SF and sulfonated SF derivatives were
spread on glass slides and the films dried overnight. Films were then exposed to
water vapor of 96% relative humidity by equilibration in the presence of a
saturated aqueous Na,SO, solution at room temperature for 12 h as previously
described [31, 33] and dried. This treatment will further be denoted as water
vapor treatment. Advancing water-contact angles were analyzed using a drop
shape analyzer DSA100 (Kriiss, Hamburg, Germany) with a drop size of 11 pL.

2.6. Preparation of films used for binding and release of FGF-2 and for cell

culture

For binding and release studies solutions with 2% (w/v) native SF or
sulfonated SF derivatives were obtained by dilution with water and subsequent
sterile filtration through a 0.22 um filter. Films were prepared by coating the
wells of a 96-well plate with 100 pL solution each. The films were dried
overnight in a laminar flow hood and treated with water vapor as previously
described [31, 33].

2.7. FGF-2 binding and release

To study the binding of FGF-2, films of native SF and sulfonated SF
derivatives were incubated with 100 uLL PBS of pH 7.4 containing 0.1% BSA
(for stabilization) and 100 ng FGF-2 (corresponding to 1000 ng/mL FGF-2) at
room temperature (n = 4). Control films (films of native SF and sulfonated SF
derivatives without bound FGF-2) were treated with 100 uL. PBS of pH 7.4
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containing 0.1% BSA. Samples of 5 uL. were taken after 1, 2 and 4 h. Bound
FGF-2 was analyzed indirectly by measuring FGF-2 remaining in the
supernatant using an enzyme-linked immunosorbent assay (ELISA, DuoSet
Human) according to the manufacturer’s protocol (R&D Systems, Minneapolis,

MN). Data was expressed as percentage of the initial amount of FGF-2.

For the release studies, the supernatants of the binding study after 4 h were
removed and films were washed with fresh PBS. FGF-2 release from the films
was studied at 37 °C in 100 pL PBS of pH 7.4, again containing 0.1% BSA (for
stabilization; n = 4). The release medium was fully exchanged with fresh
medium after 1, 2, 3, 4 and 6 days. Medium samples were analyzed using an
ELISA as described above. Data was expressed as percentage of the initially
bound FGF-2.

2.8. Cell isolation, expansion and characterization

Human mesenchymal stem cells (hMSCs) were isolated and characterized
as previously described [34-37]. Briefly, bone marrow of a healthy male donor
obtained from Cambrex Bio Science Walkersville, Inc. (Walkersville, Maryland,
MD) was diluted in isolation medium, consisting of RPMI supplemented with
5% FBS. The cells were pelleted, resuspended in expansion medium (DMEM,
10% FBS, penicillin-streptomycin, fungizone, 1% NEAA, 1 ng/mL bFGF) and
seeded in 175 cm’ flasks at a density of 5 x 10* cells/cm®. After reaching
approximately 80% confluence (12—-17 days for the first passage), cells were
trypsinized and replated every 68 days at approximately 80% confluence. The
second passage (P2) cells were detached and frozen in liquid nitrogen until used
for cell culture. The hMSCs were characterized prior to use by their surface
antigen pattern and the ability to selectively differentiate along the chondrogenic
and osteogenic lineages in response to environmental stimuli, as previously
described [37].
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2.9. Cell culture

Cell culture studies were performed in order to evaluate the biological
response of hMSCs to FGF-2 - either free or bound to films of native SF or
sulfonated SF derivatives - in terms of metabolic activity as well as
phosphorylated extracellular signal-regulated kinases (pERK1/2). For this
purpose P2 hMSCs were thawed, suspended in expansion medium (DMEM,
10% FBS, penicillin-streptomycin, fungizone, 1% NEAA, 1 ng/mL bFGF) and
seeded in 175 cm” flasks at a density of 5 x 10* cells per cm” until they reached
approximately 80% confluence. For seeding hMSCs were detached and
dispersed in 100 puL control medium (DMEM, 10% FBS, 100 U/mL penicillin,
100 pg/mL streptomycin, 0.5 pg/mL fungizone). Cell culture experiments were
performed in 96-well plates of tissue culture plastic (TCP). Wells were either
coated with films of native SF or sulfonated SF derivatives as described above.
Details for the loading of films with FGF-2 is given below. Controls were as
follows: (1) wells coated with films of native SF or sulfonated SF derivatives
without FGF-2 (FGF-2-free film control), (i1) wells containing free FGF-2 in
control medium, without SF films (free FGF-2 control), and (ii1)) wells
containing control medium, without SF films and without FGF-2 (all-negative
control). Background fluorescence from the alamarBlue solution in medium was
subtracted when measuring metabolic activity. A summary of the samples and
controls used for the cell culture studies is given in Table 1.

Table 1. Samples and controls used for cell culture studies.

Wells Code

Films of native SF with bound FGF-2

Samples Films of sulfonated SF derivatives® with bound FGF-2
Films of native SF without FGF-2 FGF-2-free film control
Films of sulfonated SF derivatives® without FGF-2 FGF-2-free film control
Controls
Free FGF-2 in control medium (without SF films) Free FGF-2 control
Control medium (without SF films, without FGF-2) All-negative control

2 Films of SF derivatives with 20, 40, 55 or 70 sulfonic acid groups per silk molecule
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For analysis of metabolic activity the wells were seeded with about 500
hMSCs in 100 pL control medium per well, whereas about 10* cells in 100 puL
control medium per well were used for the determination of pERK1/2. After cell
seeding 96-well plates were incubated at 37 °C in humidified 5% CO,
atmosphere for 2, 4, 7 and 9 days when used for the analysis of metabolic
activity (n =4), or for 24 h when used for the determination of pERK1/2 (n = 3).
Throughout cell culture medium was exchanged with fresh control medium
every 2 to 3 days. Medium exchange in wells containing free FGF-2 was with

fresh control medium supplemented with FGF-2 at the same concentration.

Loading of films of native SF and films of sulfonated SF derivatives with
FGF-2 for cell culture experiments was as follows: Previously prepared films of
native SF or sulfonated SF derivatives in 96-wells were incubated with 100 uL
PBS containing 100 or 1000 ng/mL FGF-2 (corresponding to 10 or 100 ng per
film) and 0.1% BSA (for stabilization) for 4 h. Supernatants were removed,
films washed with PBS and then seeded with hMSCs in control medium as

described above.

The experimental conditions for the controls were as following: FGF-2-free
film controls were prepared from native SF and sulfonated SF derivatives and
pretreated with FGF-2-free PBS containing 0.1% BSA at room temperature for
4 h, washed with PBS and then seeded with hMSCs as described above. For free
FGF-2 controls, hMSCs were directly seeded into the wells of the tissue culture
plastic (TCP) and were cultured with 100 uL control medium containing either
100 or 1000 ng/mL of FGF-2 per well. The amounts of free FGF-2 were chosen
according to the range of FGF-2 that was found to bind to films of native SF and
sulfonated SF derivatives in order to provide the same amount of growth factor
in an unbound state. Finally, all-negative controls were performed with control

medium alone.

2.10. Metabolic activity

Metabolic activity of hMSCs was determined using the alamarBlue assay
(Invitrogen, Paisley, UK) according to the manufacturer’s protocol. The active

ingredient of alamarBlue (resazurin) is a non-fluorescent indicator dye which is
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converted to bright red-fluorescent resorufin via reduction by metabolically
active cells [38]. Briefly, 10% alamarBlue solution was added to the medium of
each well and incubated for 3 h. 100 pL from each well was analyzed for
fluorescence with an excitation wavelength of 560 nm and an emission

wavelength of 590 nm.

2.11. Phosphorylated ERK1/2 (pERK1/2)

To determine pERK1/2, cells were lysed with 150 pL cell lysis buffer (Cell
Signaling Technology, Danvers, MA) given to each well and incubated for 5
min. The cells were harvested, briefly sonicated on ice, centrifuged at 14,000 x g
at 4 °C for 10 min and the supernatants transferred to new tubes. pERK1/2 was
analyzed using the PathScan® Phospho-p44/42 MAPK (Thr202/Tyr204)
Sandwich ELISA Kit (Cell Signaling Technology, Danvers, MA) according to

the manufacturer’s protocol.

2.12. Statistics

Results are expressed as means + standard deviations. Statistical analysis
was performed using the Student t-test as well as one-way analysis of variance
(ANOVA) followed by the Tukey HSD test for post-hoc comparison.
Differences were considered highly significant when p < 0.01 and significant
when p < 0.05.

3. Results

3.1. Synthesis and analysis of sulfonated SF derivatives

The tyrosine residues in native SF were chemically modified using
diazonium coupling chemistry to introduce a sulfonic acid moiety [26], as
shown in the insert in Fig. 1. The degree of sulfonation of the final SF derivative
was controlled by treating the native protein with either 0.10, 0.15, 0.25, or 0.35
molar equivalents of the diazonium salt of 4-sulfanilic acid relative to the

number of tyrosine residues. The number of sulfonic acid-decorated tyrosines in
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a 0 0 0 3.1E-07 0% 0
b 0.10 0.15 6.8E-06 3.1E-07 8% 20
c 0.15 0.29 1.3E-05 3.1E-07 15% 40
d 0.25 0.39 1.8E-05 3.1E-07 20% 55
e 0.35 0.48 2.2E-05 3.1E-07 25% 70

* Molar equivalent of diazonium salt added relative to the number of tyrosine residues assuming that there are ~ 280
tyrosines per molecule. ** Concentration of azo groups assuming an extinction coefficient of € = 22,000. *** Estimated
percent of tyrosines modified in each silk molecule assuming there are ~ 280 tyrosines per molecule.

Fig. 1. (A) UV-Vis spectra of native (a) and sulfonated silk fibroin (SF) derivatives (b — e) in
water at pH 7 (normalized to the carbonyl peak at 210 nm). Insert: Sulfonated SF derivative
obtained by functionalizing the tyrosine residues in SF with the diazonium salt of 4-sulfanilic
acid. (B) Estimated number of tyrosine residues modified with increasing amounts of the
diazonium salt of 4-sulfanilic acid based on UV absorbance and approximate number of
sulfonic acid groups per silk molecule.

each SF derivative was estimated using UV-Vis spectroscopy (Fig. 1A) by
calculating the concentration of azobenzene groups from the absorbance at 325
nm (Fig. 1B) [26]. SF contains about 280 tyrosine amino acids per molecule
[39]; therefore, the percentage of decorated tyrosines in a SF derivative solution

of known concentration could be calculated. Accordingly, SF derivatives
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containing approximately 20, 40, 55 and 70 sulfonic acid moieties per silk
molecule (Fig. 1B) were obtained and further investigated in subsequent

experiments.

3.2. FTIR spectroscopy

FTIR spectra of untreated and water vapor treated films of native SF and
sulfonated SF derivatives were recorded. Characteristic absorption bands of the
films were observed at around 1658 cm™ (amide I) and at 1540 cm™ (amide II).
The bands shifted to 1629 cm™ (amide I) and 1517 cm™ (amide II), respectively,
upon treatment with water vapor. The spectra (data not shown) corresponded
well with previous data [40-42], indicating higher B-sheet based crystallinity of
SF upon water vapor treatment. Accordingly, as previously described by
Murphy et al. [26], sulfonated SF derivatives were still able to form a 3-sheet

structure when dehydrated with organic solvents such as methanol.

3.3. Contact angles

The change in hydrophilicity with increasing degrees of sulfonation was
determined by measuring the advancing contact angles of films made of native
SF and sulfonated SF derivatives prior treated with water vapor (Fig. 2). Films
of native SF showed contact angles of about 71°, whereas films of the
sulfonated derivatives had significantly lower contact angles of less than 50° (p
< 0.01). Water contact angles were observed to drop with increasing degrees of
sulfonation, and remained constant at around 40° corresponding to 55 sulfonic
acid groups per silk molecule or more. The contact angles on films of the SF
derivative decorated with 55 sulfonic acid groups per silk molecule were
significantly lower than those on SF derivatives featuring 20 (p < 0.01) or 40 (p

< 0.05) sulfonic acid groups per silk molecule.
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Fig. 2. Advancing contact angles of films of native SF and SF derivatives with 20, 40, 55 and
70 sulfonic acid groups per silk molecule.

3.4. FGF-2 binding and release

We further examined the capacity of native SF and sulfonated SF
derivatives to bind and release FGF-2. Preliminary adsorption experiments have
shown a nearly exhaustive FGF-2 binding to films of the SF derivative with the
highest degree of sulfonation (70 sulfonic acid groups per silk molecule) after 4
h incubation with concentrations of 1, 10 and 100 ng/mL FGF-2 (corresponding
to 0.1, 1 and 10 ng FGF per film). In contrast, when using 1000 ng/mL FGF-2
(corresponding to 100 ng FGF per film), FGF-2 was found to be in excess and
binding approximately at 95% of the total amount of FGF-2. This concentration
was chosen to test the capacity of SF films with different degrees of sulfonation
to bind and release FGF-2. When incubated at a concentration of 1000 ng/mL
FGF-2 for 1, 2 and 4 h there was increasing binding of FGF-2 to the films
depending on the degree of sulfonation (except for a single outlier for the
derivative with 40 sulfonic acid groups per silk molecule after 2 hours). The
cumulative binding of FGF-2 to native SF and sulfonated SF derivatives is given
in Fig. 3A. After 4 h, native SF bound only 48.5 + 15.1% of the total amount of
FGF-2. The total amount of FGF-2 bound to the modified SF derivatives
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correlated linearly with the number of sulfonic acid groups present (Fig. 3B). SF
films with the highest degree of sulfonation were able to bind up to 95.2 £ 2.2%,

twice as much as native SF.
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Fig. 3. (A) Cumulative adsorption of FGF-2 to films of native SF and sulfonated SF
derivatives. (B) FGF-2 bound to films of native SF and sulfonated SF derivatives after 4 h.
(C) Cumulative release of FGF-2 from films of native SF and sulfonated SF derivatives. (D)
Released FGF-2 from films of native SF and sulfonated SF derivatives after 6d. Binding is
expressed as percentage of the initial amount of FGF-2, release as percentage of the bound
FGF-2 (n = 4; means + SD).
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The cumulative release of bound FGF-2 from films of native SF or SF
derivatives was studied in PBS of pH 7.4 containing 0.1% BSA (Fig. 3C). The
amounts of bound FGF-2 that were released from the films were low and
depended inversely on the degree of sulfonation. The highest amount was
released from native SF (0.79 £+ 0.08% after 6 d) and the lowest amount from SF
derivatives with the highest degree of sulfonation (0.20 £+ 0.04% after 6 d). After
3 days, practically no further release was observed. After 6 d an apparently
linear relationship between the level of sulfonation and released FGF-2 was
observed (Fig. 3D).

3.5. Effect of free versus bound FGF-2 on the metabolic activity of hMSCs

As a control experiment we first analyzed how the metabolic activity of
hMSCs was affected when exposed to free FGF-2 in the absence of native SF or
sulfonated SF derivatives. For this purpose hMSCs were directly cultured in
TCP wells. Their metabolic activity was examined after 2, 4, 7 and 9 days in
culture using the alamarBlue assay. After 2, 4 and 7 days, no significant
differences between the metabolic activities of hMSCs treated with or without
free FGF-2 were observed (data not shown). On day 9, hMSCs that were treated
with 100 and 1000 ng/mL. FGF-2 showed significantly lower metabolic
activities as compared to hMSCs treated with control medium without FGF-2 (p
< 0.05 and p <0.01, respectively) (Fig. 4A). The drop in metabolic activity was
23.5 £ 8.4% and 29.2 + 2.4%, respectively (Fig. 4B), and was not significantly

different between the two FGF-2 concentrations.

In a similar way we investigated the effect of FGF-2 when bound to films
of the SF derivative with the highest degree of sulfonation (70 sulfo groups per
silk molecule) that were treated with either 100 or 1000 ng/mL FGF-2 prior to
cell seeding. The total amounts of FGF-2 in these experiments were in the same

range as involved in the experiments with free FGF-2 as described above.

Again, the metabolic activity of hMSCs was significantly reduced as
compared to the corresponding FGF-2-free film control (p < 0.01) (Fig. 4A).
The decrease in metabolic activity was 34.9 + 6.1% and 32.6 = 4.1% (Fig. 4B)

for the two FGF-2 concentrations applied and again not significantly different
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Fig. 4. (A) Metabolic activity of hMSCs determined after 9 days using the alamarBlue assay.
hMSCs were seeded on tissue culture plastic (TCP) and incubated with 0, 100 and 1000
ng/mL FGF-2 in control medium. Data is expressed as percentage of the control without
cells. Additionally, hMSCs were cultured on films of the SF derivative with 70 sulfonic acid
groups per silk molecule that were treated with 0, 100 and 1000 ng/ml FGF-2 prior to cell
seeding. Data is expressed as percentage of the corresponding control films without cells. (B)
Summary of Fig. 44: Drop in metabolic activity of hMSCs cultured on tissue culture plastic
(TCP) and treated with 100 and 1000 ng/mL FGF-2 in control medium or cultured on films of
the SF derivative with 70 sulfonic acid groups per silk molecule (70) that were treated with
100 and 1000 ng/ml FGF-2 prior to cell seeding as compared to cells treated with 0 ng/mL
FGF-2 (n = 4; means + SD; *p < 0.05, **p < 0.01).
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between the two FGF-2 concentrations. Overall, the drops in metabolic activity
as observed with free FGF-2 versus FGF-2 bound to the sulfonated SF
derivative were similar. Therefore, whether added as free FGF-2 or bound to the
SF derivative, under the prevailing experimental conditions hMSCs responded
by lowering their metabolic activity. This corresponds well with the biological
effect of FGF-2 as previously observed in fibroblast cell culture, rat bone graft

and demineralized bone matrix studies [43-45].

3.6. Metabolic activities of hMSCs as affected by FGF-2 bound to

sulfonated SF derivatives with different degrees of sulfonation

Given the principal observation that FGF-2 - whether in a free or bound
state - caused the metabolic activity of hMSCs to drop, we further investigated
the incremental effects of FGF-2 bound to films of various sulfonated SF
derivatives featuring increasing degrees of sulfonation. As controls we used
films of native SF with bound FGF-2 and the corresponding FGF-2-free film
controls. Again, the metabolic activities were determined at day 2, 4, 7 and 9.
Under all culture conditions, the greatest increase in metabolic activity was seen
between 7 and 9 days (Fig. 5SA,B). After 9 days in culture the metabolic activity
assessed in the cell cultures depended on the sulfonation of the SF derivative
and on the FGF-2. Both in the absence and presence of bound FGF-2 we found
the highest metabolic activity in hMSC cultures at intermediate levels of
sulfonation. Metabolic activity was at a maximum in the absence of FGF-2 with
hMSCs cultured on films containing 40 sulfonic acid groups per SF molecule,
while in the presence of bound FGF-2 cells cultured on films containing 20
sulfonic acid groups had higher metabolic activity. With or without bound FGF-
2 the metabolic activities on native SF films were the lowest. As compared to
native SF, the SF derivatives with 20, 40 and 55 sulfonic acid groups per SF
molecule showed significant increases in metabolic activities (p < 0.01).
Overall, the principal response of the hMSCs to bound FGF-2 was a significant
drop in metabolic activity by about one third (Fig. 5A,B), very much
corresponding to the trend seen with the experiments using free FGF-2 (see

above). Similar but minor trends were also observed after 7 days in culture, and
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no significant effects were found at day 2 and 4. A summary of the effects after

9 days in culture is given in Fig. 5C.
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*as shown in Fig. 3B

Fig. 5. Metabolic activity of hMSCs determined at day 2, 4, 7 and 9 using the alamarBlue
assay. (A) hMSCs cultured on films of native SF and SF derivatives without FGF-2. (B)
hMSCs cultured on films of native SF and SF derivatives following binding of FGF-2 as
shown in Fig. 3B. (C) Summary of Fig. 54 and 5B at day 9: Drop in metabolic activity of
hMSCs cultured on SF films with bound FGF-2 compared to the metabolic activity of cells
cultured on the corresponding SF films without FGF-2 (n = 4; means = SD; **p < 0.01).
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3.7. Effect of free versus bound FGF-2 on the phosphorylation of ERK1/2 of
hMSCs

As a control experiment we analyzed how the phosphorylation of ERK1/2
of hMSCs was affected when exposed to free FGF-2 in the absence of films of
native SF or sulfonated SF derivatives. For this, h(MSCs were directly cultured
in the TCP wells. The determination of pERK1/2 was carried out after 24 h.
hMSCs that were treated with 100 ng/mL FGF-2 showed significantly higher
levels of pERK1/2 as compared to hMSCs treated with control medium without
FGF-2 (p < 0.01) (Fig. 6A). The increase in levels of pERK1/2 was 51.6 +
13.6% (Fig. 6B).

Similarly, we investigated the effect of FGF-2 when bound to SF films
with the highest level of sulfonation (70 sulfo groups per silk molecule) that
were treated with either 100 or 1000 ng/mL FGF-2 prior to cell seeding. Again,
the levels of pERK1/2 in hMSCs were significantly enhanced as compared to
the corresponding FGF-2-free film control (p < 0.01) (Fig. 6A). The increase in
the levels of ERK1/2 was 46.1 £ 12.2% and 44.1 £+ 5.3%, respectively (Fig. 6B)
and was not significantly different between the two FGF-2 concentrations.
Overall the increase in the levels of pERK1/2 as observed with free FGF-2
versus FGF-2 bound to films of the sulfonated SF derivative was similar.
Therefore, whether added as free FGF-2 or bound to the films of the SF
derivative, under the prevailing experimental conditions hMSCs responded by

increasing their levels of pERK1/2.

3.8. Level of pERK1/2 of hMSCs as affected by FGF-2 bound to sulfonated

SF derivatives with different degrees of sulfonation

Given the principal observation that free and bound FGF-2 enhanced the
levels of pERK1/2, we further investigated the effect of FGF-2 bound to films of
various sulfonated SF derivatives featuring increasing degrees of sulfonation. As
controls we used films of native SF with bound FGF-2 and the corresponding

FGF-2-free film controls. Again, the levels of pERK1/2 were determined after
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Fig. 6. (A) Phosphorylation of ERK1/2 of hMSCs determined after 24 h. hMSCs were seeded
on tissue culture plastic (TCP) and incubated with 0 and 100 ng/mL FGF-2 in control
medium. Additionally, hMSCs were cultured on films of the SF derivative with 70 sulfonic
acid groups per silk molecule that were treated with 0, 100 and 1000 ng/mL FGF-2 prior to
cell seeding. Data is expressed as absorbance measured at 450 nm. (B) Summary of Fig. 6A:
Increase in pERKI1/2 of hMSCs cultured on TCP and treated with 100 ng/mL FGF-2 in
control medium or cultured on films of the SF derivative with 70 sulfonic acid groups per silk
molecule (70) that were treated with 100 and 1000 ng/mL FGF-2 prior to cell seeding as
compared to cells treated with 0 ng/mL FGF-2 (n = 3; means + SD; **p < 0.01).
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Fig. 7. (A) Phosphorylation of ERK1/2 of hMSC determined after 24 h. hMSCs were cultured
on films of native SF and sulfonated SF derivatives following FGF-2 binding as shown in Fig.
3B. Data is expressed as absorbance measured at 450 nm (means + SD; *p < 0.05, **p <
0.01). (B) Summary of Fig. 7A: Increase in levels of pERK1/2 of hMSCs cultured on SF films
with bound FGF-2 as compared to the levels of pERKI/2 of cells cultured on the
corresponding SF films without FGF-2 (n = 3; means = SD; **p < 0.01).

24 h (Fig. 7A). No significant difference in the levels of pERK1/2 was observed
between the FGF-2-free film controls irrespective of the number of sulfonic acid

groups per silk molecule. When comparing SF films with bound FGF-2, films of
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SF derivatives with 55 and 70 sulfonic acid groups per silk molecule showed
significantly higher levels of pERK1/2 than films of native SF (p < 0.05) or
films of the SF derivative with 20 sulfonic acid groups per silk molecule (p <
0.01 for films of SF derivative with 55 and p < 0.05 for films of SF derivative
with 70 sulfonic acid groups per silk molecule). The presence of bound FGF-2
on films of SF derivatives with 40 and 70 sulfonic acid groups per silk molecule
led to significantly higher levels of pERK1/2 as compared to the corresponding
FGF-2-free film controls (p < 0.01). This increase was 26.2 + 4.0% and 30.5 +
6.0% for hMSCs cultured on films of SF derivatives with 40 and 70 sulfonic
acid groups per silk molecule, respectively (Fig. 7B). Nevertheless, tendencies
to higher levels of pERK1/2 were also seen for films of the SF derivative with
55 sulfonic acid groups per silk molecule with bound FGF-2 compared to the

corresponding FGF-2-free film controls.

Overall, the principal response of the hMSCs to FGF-2 bound to films of
SF derivatives with more than 20 sulfonic acid groups per silk molecule was an
increase in the levels of pERK1/2 by about one third (Fig. 7B), whereas no
change was observed with hMSCs cultured on films of native SF or SF

derivative with 20 sulfonic acid groups per silk molecule.

4. Discussion

Analogous to nature where the sulfated glycosaminoglycan heparan sulfate
is employed for physiological storage of FGF-2 in the ECM, we tested the
hypothesis of whether SF could be decorated with moieties containing sulfonic
acid groups in order to endow it with high capacity for non-covalent storage and
sustained release of this heparin-binding growth factor for tissue engineering
purposes. Recently, several approaches have been investigated to covalently
immobilize growth factors to biomaterials [46-48]. However, covalent linkage
of growth factors to biomaterials usually suffers from efficiency problems,
leaving significant amounts of growth factor unconjugated or compromising its
potency due to detrimental coupling conditions. Moreover, extensive washing

steps may be necessary in order to remove residual coupling reagents that might
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compromise the biocompatibility of the material. Therefore, the decoration of
biomaterials with chemical moieties that could enhance the affinity of a growth
factor to bind to this material may improve the loading efficiency as well as the
immobilization and stabilization of the growth factor, thereby mimicking the
biological storage of growth factors by components of the ECM. For this work,
we utilized a simple protocol employing diazonium coupling chemistry to
conjugate sulfonic acid functional groups to SF [26]. Films prepared from these
sulfonated SF derivatives have been previously shown to support proliferation
and differentiation of hMSCs [26]. For the present study, we synthesized various
sulfonated SF derivatives containing approximately 20, 40, 55 and 70 sulfonic
acid groups per SF molecule (Fig. 1), and analyzed their capacity to bind FGF-2.
Furthermore, we examined the cellular response of hMSCs when seeded onto

films of such conjugates that were prior loaded with FGF-2.

It is well known that cell adhesion and subsequent activity are generally
enhanced on more hydrophilic surfaces [49]. The decoration of SF with
sulfonated moieties drastically increased the hydrophilicity of SF (Fig. 2). This
had a profound effect on the metabolic activity of hMSCs on films of SF
derivatives (Fig. 5A), leading to higher metabolic activities as compared to cells
grown on films of native SF with a maximum at a sulfonation degree of about
40 sulfonic acids per SF molecule. The observation that the highest metabolic
activity in hMSC cultures was at intermediate levels of sulfonation is consistent
with other studies that have reported that cell adhesion and proliferation
preferentially occur on surfaces with intermediate levels of hydrophilicity [50-
52]. The reduced metabolic activity on films with the highest degree of
sulfonation (~70 sulfonic acids per SF molecule) may be explained by an
increased negative charge density on the films which may possibly lead to an

increased repulsion of negatively charged cell membranes [49].

The decoration with sulfonated moieties resulted in increased binding of
FGF-2 to the films as compared to films of native SF (Fig. 3A) making these SF
derivatives appealing biomaterials for FGF-2 storage. Increased binding of FGF-
2 to various matrices decorated with heparin-like molecules has been previously
reported [53-55]. Binding of FGF-2 obviously originates from an enhanced ionic

interaction between the negatively charged sulfonic acid groups of the SF
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derivative and the basic amino acid residues of FGF-2 [18]. As FGF-2 binding
also occured with films of native SF, an additional contribution is also likely to
occur from the interaction between the mainly negatively charged side chains of
the hydrophilic spacers of the heavy chain of SF [56, 57] and the basic amino
acid residues of FGF-2. Moreover, an interaction between the hydrophobic
blocks (-Gly-Ala-Gly-Ala-Gly-Ser-), of the heavy chain of SF and the
hydrophobic core of FGF-2 [8] may be considered. Overall, the linear
correlation between the degree of sulfonation and bound FGF-2 allows for
predictable loading of FGF-2 (Fig. 3B) with high capacity. Within the
experimental conditions of this study, loss of unbound FGF-2 was minor,

suggesting an economic advantage over covalent linkage approaches.

More than 99% of bound FGF-2 was retained during incubation in buffer
for up to 6 days (Fig. 3C), indicating a strong interaction not only between FGF-
2 (pl = 9.6) and the sulfonic acid groups, but also between FGF-2 and SF itself.
Similarly, strong retention of growth factors by matrices of native SF was also
observed in other studies. For instance, depending on the preparation method of
SF matrices, only 0.3% - 13% of nerve growth factor (pI = 9.3) was released
within 22 days [58]. The somewhat lower retention of IGF-I by SF spheres and
SF scaffolds, releasing approximately 30% of the initial loading within 4 weeks,
may be explained by reduced ionic interaction due to its lower pl of 8.4 [31, 59]
and suggests individual differences between growth factors. The inverse
relationship between the degree of sulfonation and the release of FGF-2 in this
study (Fig. 3D) indicates progressive retention with increasing degree of
sulfonation. It also signifies a favorable premise to control FGF-2 binding and

delivery under tissue engineering conditions in vitro or in vivo.

In nature, the ECM acts as a physiological reservoir for growth factors such
as FGF-2 that is delivered upon cellular demand by expression of various
enzymes [60]. On the other hand, growth factors interact with cell surface
receptors even when bound to components of the ECM or to a substrate [61-63].
For instance, FGF-2 immobilized on a plastic substrate retained its bioactivity,
stimulated ERK1/2 phosphorylation, cell proliferation and motility in
endothelial cells [62]. Moreover, immobilized EGF on a polystyrene plate

switched PC12 cells from growth to neural differentiation, whereas soluble EGF
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was ineffective. EGF immobilized on a polystyrene plate caused a long lasting
stimulation of ERK/MAPK [64]. In this context, we examined the biological
response of hMSCs to FGF-2 bound to films of native SF or sulfonated SF
derivatives. Only when bound to films of SF derivatives featuring at least 40
sulfonated moieties per SF molecule, FGF-2 showed preserved potency and
significantly reduced the metabolic activity of adherent hMSCs (Fig. 5C). As the
drop in metabolic activity was seen for free FGF-2 as well as for FGF-2 bound
to SF films, we expected the inhibition to be an inherent FGF-2 characteristic. A
dose dependent effect of FGF-2 featuring a drop in metabolic activity when
using high FGF-2 concentrations on proliferation has been described elsewhere
[43-45] and is not the focus of this study. For instance, concentrations of 100
ng/mL FGF-2 in medium supplemented with 2% FCS have been reported to
inhibit serum-stimulated fibroblast proliferation by 29% over 3 days as
compared to the controls without FGF-2 [43]. It also needs to be considered that
the medium containing free FGF-2 was exchanged with fresh control medium
supplemented with FGF-2 at the same concentration every 2 to 3 days. In
contrast, FGF-2 was only bound once to films of native SF or SF derivatives and
no further FGF-2 was added during the duration of the experiments. Therefore,
it is even more evident that the drop in metabolic activity from free FGF-2 was
not significantly different to FGF-2 bound to films of SF derivatives with at
least 40 sulfonic acid groups (Fig. 4B and Fig. 5C), leading to the assumption
that these SF derivatives were able to stabilize FGF-2. Speculatively a ceiling
effect of FGF-2 may be also considered.

FGF-2 bound to films of native SF and sulfonated SF derivatives was
further tested for its effect on the phosphorylation of ERK1/2 in hMSCs (Fig. 7).
Activated ERK1/2 regulates cell function by phosphorylation of substrates such
as downstream kinases, cytoskeletal elements, regulators of apoptosis, and
several transcription factors, and is involved in cell proliferation, survival,
differentiation, apoptosis, motility and metabolism [65, 66]. The importance of
the ERK pathway for the proliferation of adult hMSC has been demonstrated
[66]. Exclusively FGF-2 bound to films of SF derivatives with at least 40
sulfonic acid groups could retain the potency of FGF-2 as shown in an increase

in pERK1/2. These results were thus in agreement with the results of the
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metabolic activity (Fig. 5C). Therefore, SF derivatives with a sufficient degree
of sulfonation may stabilize FGF-2, prevent rapid wash-out in vivo and act as a

biomaterial substrate for local storage of potent growth factors.

FBS was used in all studies in order to mimic the interaction of serum
components with the growth factor loaded SF film, which is likely to happen in
an in vivo situation. Components of the FBS such as growth factors that affect
cell behavior may preferably bind to films of native SF or films of the
sulfonated SF derivatives or replace already bound growth factor changing its
release kinetics. The presence of serum components might change the effect of
the loaded SF film on seeded cells. However, no difference between the levels
of pERK1/2 of hMSCs cultured on TCP and hMSCs cultured on films of the SF
derivative with 70 sulfonic acid groups per silk molecule was detected when
medium with FBS was used (Fig. 6A). This suggests a biological response
irrespective of a potential binding of other components of FBS. Therefore, the
difference in metabolic activity between hMSCs cultured on TCP and hMSCs
cultured on SF films of sulfonated SF derivatives is likely to be the result of the

difference in hydrophobicities of the substrates.

The in vivo performance of SF derivates decorated with sulfonic acid
groups has still to be determined. Highly charged polyanionic polymers were
shown to modulate various enzymatic cascades in plasma, affecting coagulation,
fibrinolysis, inflammation and vasculature function [67, 68]. Highly sulfated
polysaccharides were shown to be able to initiate activation of the contact
system [67, 69]. Recently, oversulfated chondroitin sulfate (OSCS), a compound
contaminating heparin supplies worldwide, has been associated with severe
anaphylactoid reactions that have occurred after intravenous heparin
administration [70]. Moreover, the importance of an accurate sulfation of the
extracellular matrix 1s wunderscored by the pathogenesis of several
chondrodysplasias. This disease is associated to undersulfation of proteoglycans
due to mutations of the diastrophic dysplasia sulfate transporter, a
transmembrane glycoprotein with a critical role for the sulfation of
proteoglycans [71]. Therefore, the performance of the SF derivatives decorated

with sulfonic acid moieties has to be tested for each individual application.
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In this study, we showed that films of SF derivatives decorated with
sulfonic acid moieties resulted in superior binding of bioactive FGF-2 as
compared to films of native SF. This allowed for predictable non-covalent
loading and sustained binding of FGF-2 on SF substrates. Moreover, the potency
of FGF-2 was exclusively retained when bound to films of sulfonated SF
derivatives, resulting in reduced metabolic activities of hMSC and increased
levels of pERK1/2. Based on our results, sulfonated SF derivatives represent a
promising biomaterial for efficient loading of growth factors and should be
further investigated as ECM-mimic for tissue regeneration. Further studies are
encouraged to elucidate this potential in the context of angiogenesis using cell
types such as fibroblasts and endothelial cells. /n vivo corroboration of the data

would be another objective.
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FINAL DISCUSSION AND OUTLOOK

Silk fibroin (SF) has previously shown to represent an attractive
biomaterial for tissue regeneration, obviously due to its favorable processability,
biocompatibility, long-term biodegradability and superior mechanical strength
[1-3]. To further improve and widen the performance of SF constructs for this
purpose, the combination of the SF matrix with growth factors is a promising
objective. In order to maintain the potency of such sensitive therapeutics in the
final product, its fabrication needs to be carefully planned. A suitable fabrication
process should ideally circumvent the use of elevated temperatures, organic
solvents, water/solvent interfaces and/or cross-linking reagents. Mild fabrication
conditions should allow a straightforward introduction of the growth factor into
the process, e.g., by simply mixing a solution of the growth factor with a SF
solution. Otherwise, the incorporation of the growth factor may be performed
through adsorption or covalent coupling to a prefabricated system. But unless
efficiently bound by specific interaction, the adsorption of growth factors may
be troubled by low binding capacity, loss of unbound material and rapid release.
Covalent linkage of growth factors to SF and other biomaterials has shown to be
an alternative [4-6], but usually suffers from efficiency problems, leaving
significant amounts of growth factor unconjugated or with compromised
potency due to detrimental coupling conditions. Steric hindrance may be another
pending problem and requires careful selection of conjugation sites and spacers.
Moreover, extensive washing steps may be necessary in order to remove
residual coupling reagents that might compromise the biocompatibility of the
material. Altogether, the ability to modify the release of growth factors through
adsorption or covalent coupling to a biomaterial is limited.

Against this background, the main objective of the present PhD thesis was
an investigation on the potential of silk fibroin (SF) as a platform for controlled
drug delivery, with a major focus on growth factors for tissue regeneration. In

particular, this work covers the following aspects:
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(1) A new fabrication approach for a mild and efficient incorporation of
highly sensitive biologicals such as insulin-like growth factor I (IGF-I)

into SF spheres for tissue regeneration applications.

(i1) The assembly of IGF-I loaded poly-(lactide-co-glycolide)
microparticles (PLGA MP) into porous SF scaffolds as an approach to
combine the capacity of PLGA MP for controlled growth factor
delivery with the mechanical support exerted by SF scaffolds.

(i11) The implementation of natural concepts for growth factor storage and
delivery, using chemically modified SF for enhanced non-covalent
binding and controlled delivery of fibroblast growth factor 2 (FGF-2).

SF spheres were prepared by means of a laminar jet break-up technology
using a nozzle vibrating at controlled frequency and amplitude. In contrast to
other methods for the preparation of spheres, their fabrication occured under
mild conditions, using an aqueous SF solution and by working at room
temperature or below. As a more gentle alternative to the most frequently used
methanol treatment to induce water insolubility through pB-sheet enrichment, the
thus produced SF spheres were treated with water vapor, thus bypassing the use
of organic solvents that may be detrimental to growth factor stability. Variations
in the diameter of the nozzle, SF concentration, and subsequent treatment turned
out to result in spheres with distinct modifications in size, morphology and
release rates. In contrast to most other fabrication methods, the applied
technology resulted in high encapsulation efficiencies, being in the range of
100% for both the model compounds salicylic acid and propranolol
hydrochloride, as well as for the growth factor IGF-I. Particularly for costly
therapeutics, high encapsulation efficiency is a crucial feature for controlled
release formulations. It minimizes the mass loss of such therapeutics during
fabrication and helps to better sustain their release upon application. The
biological potency of IGF-I released from such SF spheres was found to be

preserved.

The desired size of such spheres obviously depends on the intended site of

injection and application. The laminar jet break-up technology chosen was
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particularly suitable for the preparation of relatively large spheres. By choosing
a nozzle with a much smaller diameter, free flow through the nozzle may
become difficult, especially when using SF solutions of high viscosity. Smaller
SF micro- and nanospheres could be envisaged using a modified electrospinning
approach, e.g., by adjusting the applied voltage or the concentration or viscosity
of the SF solution [7-9]. The produced particles may be collected in pre-cooled
methanol or frozen in liquid nitrogen. High encapsulation efficiencies can be

equally assumed.

As an approach to better confine growth factor loaded particles to the site
of administration and add capacity for bearing mechanical load, we combined
porous SF scaffolds with PLGA microparticles (PLGA MP) comprising IGF-I.
In fact, PLGA MP represent a well-known option to modulate growth factor
release [10-12]. Their biomedical potential as IGF-I delivery system for bone
repair has been previously demonstrated in a sheep model [10]. In contrast to a
direct embedment of IGF-I into SF scaffolds [13], the incorporation of IGF-I
loaded PLGA MP was expected to further protect the growth factor during
fabrication of the delivery system and to better control the release of the growth
factor. In fact, the release kinetics of the growth factor were not only governed
by the SF scaffold itself but also by the biodegradation kinetics of the PLGA
MP. This adds further opportunities to better keep the release of growth factors
from scaffolds under control. Further studies are necessary to investigate the
impact of the obtained release kinetics on the cellular differentiation and
proliferation on and in the scaffold. The present study focusing on a single
growth factor load may be also expanded towards a combination of growth
factors, e.g., for dual growth factor delivery, to better comply with the

physiological process.

Although SF scaffolds incorporating growth factor loaded PLGA MP show
advantages, their fabrication is complex and certainly not exclusive to deliver
growth factors. A more straightforward option would be the sequential assembly
of the components, consisting of a prior fabrication of the SF scaffold equipped
with sufficient binding capacity, followed by a subsequent protocol to load the
growth factor. This would not only speed up the development and

manufacturing of such delivery systems, but also help to maintain the potency of
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embedded growth factor due to the fact that the necessary sterilization of the SF
scaffold may be performed before loading the growth factor. Additionally, the
growth factor may be safely kept in a dry and stable state, and bound just prior
to administration. In order to provide sufficient binding capacity for the growth
factor and to enhance cell adherence, we decorated SF with sulfonic acid
moieties, mimicking the binding capacity of sulfated glycosaminoglycan
heparan sulfate, which represents a major component of the extracellular matrix
(ECM) of mammalian tissue and is known to bind FGF-2. In fact, we could
demonstrate that films of SF derivatives decorated with sulfonic acid moieties
resulted in superior binding of FGF-2 as compared to films of native SF. This
allowed for predictable non-covalent loading and sustained binding of FGF-2 on
SF substrates. The potency of FGF-2 was readily retained when bound to films
of sulfonated SF derivatives, as demonstrated by reduced metabolic turnover as
well as enhanced phosphorylation of extracellular signal-regulated kinases in
human mesenchymal stem cells. Based on our results, sulfonated SF derivatives
represent an advanced biomaterial for efficient loading of this growth factor and
should be tested as an ECM-mimic for tissue regeneration. What still needs to
be resolved is whether the biological response to such constructs was induced by
bound or continuously released FGF-2. A possible systemic toxicity of
sulfonated SF derivatives would be another important issue to be tested. Further
studies are also encouraged to elucidate the potential of decorated SF in the
context of angiogenesis. In vivo corroboration of the data could be another
objective. To which extent sulfonic acid moieties, differing in conjugation site,
size and structure, would affect their interaction with the growth factor or with

cellular receptors, would be interesting to be investigated in more detail as well.

The present PhD thesis has shown several options to sustain the release of
growth factors from SF as a biomaterial. The knowledge of the interaction
between therapeutics and SF may lead to a better control of drug release rates
from SF matrices. Nevertheless, it should be carefully considered whether the
common approach to let the growth factor be released from the matrix or the
more recently raised substrate-mediated approach calling for a firm attachment
of the growth factor to the matrix is more promising. Signaling induced by

certain growth factors firmly attached to a biomaterial may induce a stronger
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response than signaling by a soluble factor, while other factors may show better
results when being released [14]. A more sufficient understanding of the
interplay of specific biological, chemical and physical cues on the quality of in
vitro and in vivo engineered tissue is required for optimal tissue regeneration.
The challenge will be to accurately adjust the involved variables according to

the physiological and therapeutic needs.
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