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Abstract

Abstract

Bone fractures that fail to heal after a prolonged period are known as non-healing unions.
Bone morphogenetic protein-2 (BMP-2) is used in the treatment of non-healing bone
fractures. However, bolus injections of soluble BMP-2 are rapidly cleared-off from the
blood and lose their activity. Hence, high dosages are needed which result in
inflammation, increased cancer incidence and ectopic bone formation, in addition to the
high costs of the treatment. This study aims to fabricate extracellular matrix-like surface
coatings with intrinsic cross-linking property that enables the control and delivery of
BMP-2 to the cells in its active matrix-bound state in order to promote osteogenic cell
differentiation. Multilayers were fabricated using layer-by-layer (LbL) technique which
permits the formation of nanostructured surface coatings with controlled properties and
allows the delivery of growth factors (GFs). The use of Glycosaminoglycans (GAGS) as
building blocks for multilayers offers a great opportunity to control cell behavior through
creating a biomimetic environment that exhibits similar mechanical, chemical and
biological cues like the natural extracellular matrix (ECM) and eliminate rejection of the
implants due to immunological response. The GAGs heparin (H), chondroitin sulfate (CS)
and hyaluronic acid (HA) were combined with either chitosan (Chi) or Collagen | (Col I) to
fabricate multilayers on glass substrates. Oxidation of GAGs was used to functionalize
them with a reactive aldehyde group which can bind then to the amino groups on Chi or
Col I, creating by that a covalent bond (Schiff’'s base). The latter was used in this study
as an intrinsic cross-linking approach of the multilayers to increase their stability,
modulate their characteristics and control BMP-2 activity and release compared to the
native GAGs (nGAGs) multilayers. The multilayers made using the oxidized GAGs
(0GAGs) showed distinguishable physiochemical properties characterized by more
polyelectrolytes adsorption during multilayers formation, thicker multilayers, stiffer and
rougher multilayers’ surface compared to the native ones. Further, o0GAGs multilayers
supported the natural fibrilization of Col I more than the native ones, as well as, they
could preserve its fibrillar structure even at acidic pH. BMP-2 was loaded to the
multilayers in 5 and 10 pg mL* and the adsorption / internalization study showed that
higher BMP-2 adsorption and internalization were observed on 0GAGs multilayers. BMP-
2 from oGAGs multilayers was released in very small amounts over-time, indicating that
0GAGs multilayers were keeping the majority of loaded BMP-2 in a matrix-bound state
while only little got released to the medium in a soluble state; compared to the nGAGs

multilayers that were releasing the highest amounts of BMP-2 over-time. This highlights
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the efficiency of the intrinsic cross-linking approach in controlling BMP-2 activity and
presentation to cells. Moreover, cell experiments with C2C12 and C3H10T1/2 cells
showed a significantly higher cell proliferation on 0GAGs multilayers compared to the
native ones, indicating no cytotoxicity of oGAGs. In addition, an increasing number of
adhering and spread cells were observed on 0GAGs multilayers compared to the nGAGs
multilayers. The osteogenic differentiation studies concluded that; cells cultured on
0GAGs multilayers showed higher expression of mMRNA of osteogenic markers as well as
higher alkaline phosphatase (ALP) levels and more formation of the mineralized matrix,
compared to cells on nGAGs multilayers which did not show any osteogenic
differentiation. This points out the difference in efficiency and activity between the matrix-
bound BMP-2 presented from oGAGs multilayers compared to the released soluble
BMP-2 from nGAGs multilayers. Overall, it can be stated that oGAGs multilayers
represent successful efficient candidates to be used as biomimetic surface coatings and

GFs delivery systems for tissue regeneration applications.




Zusammenfassung

Zusammenfassung

Knochenbriiche, die nach langerer Zeit nicht heilen, werden als nicht heilende Frakturen
bezeichnet. Zur Behandlung nicht heilender Knochenbriche wird das
Knochenmorphogenetisches Protein-2 (BMP-2) eingesetzt. Bolus-Injektionen von
l6slichem BMP-2 werden jedoch schnell aus dem Blut abgebaut und verlieren ihre
Wirkung. Daher sind hohe Dosen erforderlich, die neben hohen Behandlungskosten zu
Entzindungen, erhohter Krebsinzidenz und ektoper Knochenbildung fihren. In diesem
Projekt sollen extrazellulare matrixdhnliche Oberflachenbeschichtungen mit intrinsischen
Vernetzungseigenschaften hergestellt werden, die die Kontrolle und Abgabe von BMP-2
an Zellen in seinem aktiven, matrixgebundenen Zustand erméglichen, um die osteogene
Zelldifferenzierung zu fordern. Die Multilayer wurden mit Hilfe der Layer-by-Layer-
Technologie  (LbL) hergestellt, die die Bildung von nanostrukturierten
Oberflachenbeschichtungen mit kontrollierten Eigenschaften und die Zufuhr von
Wachstumsfaktoren (GF) ermdoglicht. Die Verwendung von Glykosaminoglykanen
(GAGs) als Bausteine fur Multischichten bietet eine gro3e Chance, das Zellverhalten zu
steuern, indem eine biomimetische Umgebung geschaffen wird, die &hnliche
mechanische, chemische und biologische Eigenschaften wie die natirliche extrazellulare
Matrix (ECM) aufweist und eine AbstoRung der Implantate aufgrund immunologischer
Reaktionen verhindert. Die GAGs Heparin (H), Chondroitinsulfat (CS) und Hyaluronséure
(HA) wurden entweder mit Chitosan (Chi) oder Kollagen | (Col 1) kombiniert, um
Multischichten auf Glassubstraten herzustellen. Durch Oxidation der GAGs wurden diese
mit einer reaktiven Aldehydgruppe funktionalisiert, die dann an die Aminogruppen von
Chi oder Col I binden kann, wodurch eine kovalente Bindung (Schiff'sche Base) entsteht.
Letztere wurde in dieser Studie als intrinsischer Vernetzungsansatz der Multischichten
verwendet, um ihre Stabilitdt zu erh6hen, ihre Eigenschaften zu modulieren und die
BMP-2-Aktivitdt und -Freisetzung im Vergleich zu den nativen GAGs (nGAGS)
Multischichten zu kontrollieren. Die mit oxidierten GAGs (0GAGs) hergestellten
Multischichten wiesen im Vergleich zu den nativen Multischichten andere
physikochemische Eigenschaften auf, die durch eine starkere Adsorption von
Polyelektrolyten wahrend der Multischichtbildung, dickere Multischichten sowie eine
steifere und rauere Oberflache der Multischichten gekennzeichnet waren. Darlber
hinaus unterstitzten die oGAGs-Multischichten die natirliche Fibrillierung von Col |
starker als die nativen Schichten und konnten die fibrillare Struktur auch bei saurem pH

erhalten. Die Multischichten wurden mit 5 und 10 pg mL* BMP-2 beladen und die




Zusammenfassung

Adsorptions-/Internalisierungsstudie  zeigte, dass eine hohere Adsorption und
Internalisierung von BMP-2 auf den oGAGs-Multischichten beobachtet wurde. BMP-2
aus 0GAGs-Multischichten wurde tber die Zeit nur in sehr geringen Mengen freigesetzt,
was darauf hindeutet, dass 0GAGs-Multischichten den Grof3teil des beladenen BMP-2 in
einem an die Matrix gebundenen Zustand halten, wahrend nur wenig in ldslicher Form
an das Medium abgegeben wird; im Vergleich zu nGAGs-Multischichten, die tber die
Zeit die hochsten Mengen an BMP-2 freisetzten. Dies unterstreicht die Effizienz des
intrinsischen  Vernetzungsansatzes bei der Kontrolle der BMP-2 Aktivitat und
Préasentation in den Zellen. Darlber hinaus zeigten Zellexperimente mit C2C12 und
C3H10T1/2 Zellen eine signifikant hohere Zellproliferation auf 0GAGs-Multischichten im
Vergleich zu nativen Schichten, was darauf hindeutet, dass die 0oGAGs keine
Zytotoxizitat aufweisen. Daruber hinaus wurde auf o0GAGs-Multischichten im Vergleich
zu nGAGs-Multischichten eine hohere Anzahl adharierender und proliferierender Zellen
beobachtet. Studien zur osteogenen Differenzierung zeigten, dass Zellen, die auf
0GAGs-Multischichten kultiviert wurden, eine hohere mRNA-Expression osteogener
Marker, hohere Spiegel der alkalischen Phosphatase (ALP) und eine starkere Bildung
der mineralisierten Matrix aufwiesen als Zellen auf nGAGs-Multischichten, die keine
osteogene Differenzierung zeigten. Dies deutet auf einen Unterschied in der Effizienz
und Aktivitat zwischen dem matrixgebundenen BMP-2 aus oGAGs-Multischichten und
dem freigesetzten I6slichen BMP-2 aus nGAGs-Multischichten hin. Zusammenfassend
lasst sich sagen, dass 0GAGs-Multischichten erfolgreiche und effiziente Kandidaten fur
biomimetische  Oberflachenbeschichtungen und  GFs  Delivery-Systeme  fir

Anwendungen in der Geweberegeneration sind.
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Chapter 1

Introduction

This cumulative thesis consists of four manuscripts. The first manuscript is a book
chapter which is used as an introduction to biomimetic surface modifications of
biomaterials using layer-by-layer technique. The remaining three published manuscripts
are assembled as chapters 2-4 including a summary at the beginning of each chapter.
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13.1 Cells and the Extracellular Matrix (ECM)

In multicellular organisms such as mammals, cells reside in a micro-
environment which represents a noncellular component filling the inter-
space between cells, called the extracellular matrix (ECM). The ECM is
present in all tissues and organs, playing important roles in tissue mor-
phogenesis, cell growth, differentiation and survival as well as homeostasis
through presentation of crucial biochemical and biomechanical cues.'
Fibrillar and non-fibrillar multi-adhesive proteins, proteoglycans and
glycosaminoglycans are the main components of the ECM with great
variations in composition, mechanical properties and topography de-
pending on the type of tissue.” ECMs can be classified into two major types
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that vary in composition and structure; the interstitial and pericellular
ECM (see Figure 13.1).

We will focus here on the pericellular ECM of connective types of tissue
that is found in all organs of the body, playing an important role as a
structural element of tissues. On the other hand, all epithelial, muscle and
neuronal tissues are connected to a specialized type of ECM, the basal
lamina, that differs in spatial and molecular organization from connective
tissue.> The type of connective tissues is related to the composition and
organization of the surrounding ECM,* with large differences in their
mechanical properties.’ It is also remarkable that in some connective tis-
sues, the matrix dominates like in bone or cartilage with low numbers of
cells, whereas in other tissues densely packed cells with relatively low
amounts of matrix are found, as seen in adipose tissue.’

The ECM is rich in several fibrous proteins such as different types of
collagen (Col), elastin and fibronectin (FN) that are important for the
mechanical properties of tissues, but also provide topographical cues to
cells.” Collagen is the most abundant type of protein making up around 30%
of all synthesized proteins in the body, providing the ECM with mechanical
strength, but also possessing a multitude of other biological functions.

Extracellular matrices

Pericellular matrices
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Figure 13.1 Schematic overview of extracellular matrices, their major components
and cell surface receptors.
Reproduced from ref. 7 with permission from Elsevier, Copyright 2015.”
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By exerting tension on the developing ECM, fibroblasts organize collagen
fibrils, which considerably affect the alignment of collagen fibers into sheets
and cables. The collagen superfamily consists of different o chains, which
make 28 collagen types from a total of 46 distinct o chains and specific tissue
distribution (e.g., collagen I in bone and collagen II in hyaline cartilage).® For
example, Type I collagen represents a kind of model fibrous protein showing
widespread and abundant expression among tissues. It forms heterotrimeric
triple helices, which are self-assembled into fibrils through fibrillogenesis,
in vivo, that requires the activity of cells such as fibroblasts. Type I collagen is
a major structural protein in tissues such as bone, dermis and tendons. It
should also be noted that not all collagens are fibril-forming, but several like
FACIT collagens connecting fibrillar collagens I and II with other matrix
components (e.g., proteoglycans and cells) and others are present on cell
surfaces or have other functions. Specific collagens are also found in the
basal lamina, such as collagen IV.> A comprehensive survey on collagens
regarding their composition, structure and functions can be found in the
literature.” Beside their mechanical functions, collagens provide binding
sites for cell adhesion receptors and also other types of ECM proteins.” In
particular, cell surface receptors such as integrins bind to specific collagen
sequences like GFOGER (O being hydroxyproline), KGD (in the ectodomain
of collagen XVII) and also various bioactive peptides as a result of proteolytic
degradation. Collagen I-III also present binding sites for dimeric discoidin
receptors, while several collagens also present binding sites for blood
platelets and leukocytes.'® Elastin is produced by several types of cells in-
cluding smooth muscle cells, endothelial cells and fibroblasts but only
perinatally. Elastin fibrillization is guided by microfibrils made of fibulins."*
It provides tissues that are prone to cyclic stretching, like the dermis, lung
tissue and arteries, with the ability to recoil and is responsible for the
elasticity of these body structures.'” Beside their mechanical functions,
elastin and elastin peptides possess many biological properties. Elastins
regulate terminal arterial and lung airway branching morphogenesis. Elastin
receptors on cells regulate skin fibroblast proliferation, chemotaxis of
monocytes, fibroblasts and smooth muscle cells and regulate endothelium
dependent vasorelaxation to name only a few of the many biological effects
of elastin.'""?

Fibronectin, a dimeric protein that belongs to the group of multi-adhesive
proteins is also able to fibrillize and provides a blueprint for organization of
other fibrillar and non-fibrillar matrix components. In particular, collagen
and elastin fibrillization are guided by the pre-formed fibronectin matrix
that is organized by cells from connective tissue.'® It fibrillizes driven by
cellular activity under mechanical stress, when cryptic self-association sites
are being exposed.'® These self-association sites are responsible for the
tension-dependent polymerization, while other binding sites exist for matrix
components such as gelatin/collagen, fibrin, heparin and thrombos-
pondin."” Beside ECM component binding sites, fibronectin possesses cell
binding sites like the RGD sequence and synergy sites that are recognized by
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integrin cell adhesion receptors,'® and also binding sites for growth factor
bone-morphogenic protein 2.'” Hence, fibronectin provides a very good
model for the multi-adhesive nature of this class of proteins to which also
belong laminins, vitronectin and others as they provide binding sites for
different matrix components (collagens, glycosaminoglycans) and cells.
There is a large and heterogeneous family of other matrix (glyco)proteins,
which include members such as thrombospondins (TSPs), secreted protein
acidic and rich in cysteine (SPARC), tenascins (TNs), fibulins, osteopontin
(OPN), cartilage oligomeric matrix protein (COMP), CNN family proteins,
periostin and R-spondins. Although they are secreted in the ECM, they can
also be found in body fluids and associated with the cell surface. This het-
erogeneous group of matrix cellular proteins interacts not only with other
matrix components and growth factors but also with several cell-surface
receptors including integrins, cell surface proteoglycans, toll-like receptors
(TLRs), the hyaladherin CD44, growth factor receptors and scavenger
receptors.’

Proteoglycans (PGs) as another ECM component consist of a core protein to
which glycosaminoglycans (GAGs) side chains are covalently bound. PGs are
classified into four groups; basement membrane proteoglycans (e.g., Perle-
can), hyalectans binding to hyaluronan (e.g., Aggrecan and Versican), small
leucine-rich proteoglycans (SLRPs e.g., Decorin) and cell-surface proteoglycans
(e.g., syndecans and glycipans).” Furthermore, PGs have a specific tissue dis-
tribution and play important roles in ECM structure and physical properties,
but also in cooperation with other ECM proteins and cell surface receptors.
Aggregating PGs bind to hyaluronan (HA), which represents the core to which
PGs with many negatively charged GAGs side chains are bound, inducing by
that an osmotic pressure which will end up in PG swelling due to the diffusion
of ions and water into the matrix. However, collagen limits this swelling to
20% providing rigidity to the matrix tissues, which has the ability to resist
compression forces due to presence of PGs." Examples of such PGs are ag-
grecan which is present in articular cartilage,'® and versican that is found in
many tissues, such as tendons, prone to compressive loading.'® Decorin and
biglycan are among the non-aggregating PGs that do not bind HA and possess
only a small number of GAG side chains. Thus, they do not contribute to
withstanding pressure but through interacting with collagen they contribute
to mechanical stability.* Syndecans are another important class of GAGs that
represent receptors of the cell surface that are involved in presentation of
cytokines to corresponding receptors, cell-matrix and cell-cell adhesions and
signal transduction processes.””

GAGs represent the carbohydrate part of PGs consisting of repeating
disaccharide units containing glucosamine or galactosamine and uronic
acid and can be classified into sulfated and non-sulfated GAGs.>' HA is the
only non-sulfated GAG with a large molecular weight of about 1 Mio Da,
with a large exclusion volume and an immense capacity to bind water,
which is related to compression resistance of tissues like cartilage or fluids
like synovial fluid in joints.”” In addition, HA represents a ligand for
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hyaladherin cell adhesion receptors which are involved in signal trans-
duction playing important roles in a multitude of processes like inflam-
mation, wound healing and cancer.”” Sulfated GAGs include heparan
sulfate (HS), heparin (H), chondroitin sulfate (CS), dermatan sulfate (DS)
and keratan sulfate (KS)** and also have specific tissue distribution. Beside
their contribution as components of matrix PGs, like aggrecan in binding
ions and water and contributing to compressive resistance of tissues, they
are important components for storage and presentation of growth factors
(GFs) for example by interaction with heparin-binding domains in GFs like
fibroblast growth factors, but also for cell-cell interactions. A survey on the
multitude of functions of heparan sulfate side chains of PGs is shown in
Figure 13.2.

The ECM also represents a reservoir for cytokines including growth factors
(GFs) and other morphogens that control cell fate. The function of GFs
comprises stimulation of cell growth, but also differentiation and survival.
They are also involved in inflammation and tissue repair. Growth factors can
be secreted by neighboring cells of the same or different type (paracrine), but
also in distant tissues (endocrine) or even in the cells themselves (autocrine).
Normal tissue cells need several types of growth factors to proliferate and
stay alive. A comprehensive review on the different classes and functions of
GF can be found in the literature.”® Briefly, important classes of growth
factors are the fibroblast growth factor family (FGF), the vascular endothelial
cell growth factor family (VEGF), the transforming growth factors family
(TGF), including bone morphogenic proteins (BMPs), and many others.*
Different components of the ECM such as proteins like fibronectin and PGs
are able to bind various GFs like FGFs, VEGFs and TGFs controlling their
local bioavailability. The ECM acts as reservoir for GFs by saving them in an
inactive state and thus making them available for cells in a spatially and
timely controlled manner for which matrix PGs with their GAG side chains
play an important role." This represents another important feature of the
ECM to deliver and release GFs on demand by proteolytic activity and other
processes.

The mechanical properties of ECM also play an important role in con-
trolling cell function and fate. Mechanical properties of the ECM control the
tension of cytoskeletal structures transmitted by cellular adhesion receptors,
which affects the mechanical properties of soft tissues to some extent in
response to the compression forces exerted on them from neighboring cells
and the stiffness of the surrounding ECM.>* Therefore, the applied mech-
anical forces on cells create a certain tension in the cytoskeleton which helps
to maintain the shape of the cells as well as their response to outer forces,
which in turn controls cellular behavior.>® Control of gene expression is
achieved by transmission of mechanical forces from the surrounding ECM
via integrin or cadherin ligation to the cytoskeletal network and from there
to the nucleus, which is called mechanotransduction.?® Each tissue has
specific stiffness regulated by its ECM composition and organization, and
this tissue specific stiffness shown in Figure 13.3 regulates cellular
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Figure 13.2 Heparan sulfate proteoglycans roles in cell physiology; they act as
co-receptors for growth factors and corresponding receptor tyrosine
kinases present either on the same or on adjacent cells, transport of
chemokines across cells and their presentation at the cell surface,
enable cell adhesion to ECM and connect to the cytoskeleton, and
store growth factors and morphogens.

Adapted from ref. 160 with permission from Springer Nature, Copyright
2007"'% and from https://smart.servier.com/ under the terms of the CC
BY 3.0 license, https://creativecommons.org/licenses/by/3.0/."®!
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behavior.”” For example, human mesenchymal stem cells tend to undergo
tissue-specific cell differentiation to become osteoblasts and start expressing
bone-specific transcription factors when they are cultured on ECMs having
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Figure 13.3 Different tissues with their specific elastic modulus in the body are
correlated with their functions.
Reproduced from ref. 162 with permission from Elsevier, Copyright
i e

similar stiffness values that mimic the elastic moduli of bone.?® On the other
hand, the same cell type differentiates into adipocytes and chondrocytes if
they are cultured on soft substrata.?® Thus, this emphasizes the importance
of the substrate stiffness in guiding stem cells to the desired lineage, but also
in maintaining the gene expression patterns corresponding to the type of
tissue.

13.2 Cell-ECM Interactions

Cell adhesion precedes other events such as cell spreading, proliferation
and eventually differentiation.’ It is a complex process that involves spe-
cific interactions between cell surface receptors and their appropriate
extracellular ligands that are mostly ECM components in connective types
of tissue,*" however, they can also be other cells through cell-cell adhesion
receptors like ICAMs, selectins and cadherins, which are important in
interaction of epithelial cells and blood-derived cells like platelets,
monocytes, macrophages, etc.’> Cells interact with the ECM through ad-
hesion receptors, such as integrins, discoidin domain receptors (DDRs),
cell surface PGs and the hyaluronan (HA) receptor CD44 or RHAMMs.? In
this respect, cells integrate chemical and mechanical signals from ECMs
that dictate their functions and behavior (see Figure 13.1). Several types of
cell-matrix adhesions named focal complexes, focal adhesions, fibrillar
adhesions and 3D-matrix adhesions have been defined.?*® The majority of
cell-matrix adhesions are based on ligation of integrins with protein
components of the ECM forming these different kinds of adhesions.** We
will focus here predominantly on integrins and hyaladherins. Integrins are
divalent cation-dependent heterodimeric trans-membrane glycoproteins
consisting of an alpha and beta subunit, with binding to ECM proteins like
collagens, fibronectin and others.*> There are different types of integrins
that comprise RGD binding including beta 1 and platelet integrins,
collagen-binding, laminin binding and leukocyte integrins.’® There are
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several integrin-dependent signaling pathways including non-receptor
tyrosine kinases, most notably focal adhesion kinase (FAK), integrin-
linked kinases and Src kinases, but also other signaling pathways (e.g.,
phosphatidylinositol signaling pathway). A major and well-studied signal-
ing transduction process is related to mitogen-activated protein kinase
pathway (MAPK or ERK) that is involved in regulation of cell growth. It is
also remarkable that there is a synergy of integrin-related signaling with
growth-factor related pathways that are connected to receptor tyrosine
kinases, such as fibroblast growth factor tyrosine kinases with MAPK
kinase pathway regulating cell cycle and mitosis.***” This signaling, which
integrates numerous proteins like FAK, ERK (extracellularly regulated
kinase), bone-specific transcription factor Runx2/Cbfa1, Ras homolog gene
family member A(Rho) family, conducts the signal transduction machinery
and finally leads to the progression of the cell cycle or various other
commitments of cells.*® In addition, ligation of integrins also provides stop
signals for apoptosis of cells due to inhibition of Caspase 9 and increased
expression of anti-apoptotic protein Bcl-2, promoting survival of cells.*
Hence, ligation of integrins provides both stimuli for cell growth and
survival (Figure 13.4A)."°

Cells also express hyaladherins as HA receptors such as CD44, which is not
only a HA receptor but also binds to other ECM molecules such as collagens,
fibronectin, OPN, MMPs and growth factors. CD44 is a transmembrane re-
ceptor undergoing alternative splicing of the extracellular domains, which
leads to various isoforms in different types of cells.” On the other hand,
transmembrane and intracellular domains of CD44 are the same in all
variants. The short cytoplasmic tail of CD44 presents several binding motifs
that are required for interaction with intracellular proteins and cell signaling
as shown in Figure 13.4B.

In summary, cell adhesion with ligation to and sensing of ECM components
and corresponding signal transduction processes are important prerequisites
for normal cells growth, differentiation and function. Accordingly, to achieve
control of cell behavior during use of biomaterials in their medical application
as implants and other medical devices, it is imperative to know how materials
surface chemistry and topography impact the formation of the adsorbed
protein layer, and the bioactive sites exhibited by the same.”’ On the other
hand immobilization of ECM components like proteins, derived oligopeptides
or PGs or their GAG components may pave the way to bioactive biomaterials
for making better implant and scaffold materials.
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13.3 Biomaterials, Implants and Tissue Engineering
Scaffolds

Damage and degeneration of tissues and organs in the human body can be
the result of diseases, trauma and aging. Standard medical treatment
methods used for a long time are based on transplantation of autografts

Reprinted with permission from The Royal Society of Chemistry, Reema Anouz and Thomas Groth (2021), "Biomimetic
Surface Modifications of Biomaterials Using a Layer-by-layer Technique", Soft Matter for Biomedical Applications, edited by:
Helena S Azevedo, Jodo F Mano, Jodo Borges, RSC.

© The Royal Society of Chemistry 2021, DOI: 10.1039/9781839161124-00326



Chapter 1 — Biomimetic Surface Modifications Using Layer-by-layer

View Online
334 Chapter 13
P e TREAE AL
st YY eorr i
a8
//7:‘! T T ) I L {"\‘;, Y £Y LX) & ﬁfﬁ» '»»
— YV ) ) v U‘vv\ \.v\vvv
O - AL
/ Cyemn £ \ ranaponer
\
s\ .
Cyn € \ ~E : : .
R 33
&M b/ B |
S — @R =/ A
\\§ 5w - S

Figure 13.4 (A) Signal transduction pathways from integrins and growth factor
receptors showing synergy of the MAPK kinase pathway involved in
the control of cell cycle and thus cell growth. Adapted from ref. 40 with
permission from Springer Nature, Copyright 2002.*° Illustration of the
phospholipid bilayer is adapted from https://smart.servier.com/ under
the terms of the CC BY 3.0 license https://creativecommons.org/
licenses/by/3.0/.'°" (B) CD44 acts as a receptor for hyaluronan (HA),
though it can also bind to other ECM proteins, such as fibronectin,
laminin, heparin-binding growth factors or collagen I, IV and XIV. The
extracellular domain of CD44 can be cleaved by MMPs or ADAMs, and
the remaining intracellular domain can be released into the cytoplasm
by the presenilin-dependent-y-secretase, where it regulates gene tran-
scription. CD44 interacts with the transforming growth factor 3 recep-
tor (TGFBR) and the platelet-derived growth factor receptor f§ (PDGFRf)
and upon HA-activation negatively regulates them. It also associates
with epidermal growth factor receptor (EGFR). Versican possibly com-
petes with CD44 to bind HA and with EGF to bind EGFR and therefore
blocks CD44 and EGFR signaling. Adapted from ref. 163 https://doi.org/
10.3390/biom10081170 under the terms of the CC BY 4.0 license http://
creativecommons.org/licenses/by/4.0/.
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(from one site to another in the same patient), allografts (from one indi-
vidual to another) and xenografts (from other species) and conventional
synthetic implants. Although transplantation has been relatively success-
ful, limitations and problems are seen as morbidity and pain at the donor
site, limited availability and quality of grafts, disease transmission and
immunological responses to allogenic or xenogenic transplants leading to
rejection.”*® Therefore, conventional implants (e.g., total hip or knee
prosthesis) and tissue engineering have emerged as alternative ap-
proaches.** Biomaterials that represent the basis of implants and scaffolds
must be biocompatible, having mechanical properties compliant to the
type of tissue (soft vs. hard) and the ability to support cell attachment,
growth and function.*® Basically, all kinds of material classes are used as
biomaterials such as polymers, ceramics, metals and composite ma-
terials.”® However, as we will outline below in more detail, most synthetic
biomaterials can be tailored regarding their mechanical and other
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properties, but are less than optimal regarding their interaction with the
human body.

The majority of biomaterials approved for medical applications are of
synthetic origin.*® Hence, chemical cues that are normally presented by ECM
components to cells are lacking. In addition, when a biomaterial is exposed
to the biological environment after implantation, adsorption of proteins
takes place before any cell-material interaction occurs. Because of the
multitude of proteins that are contained in the surrounding body fluids,
their adsorption on the implanted biomaterial is unpredictable regarding
the composition of film and the conformation of the adsorbed proteins.*’
Some general rules related to adsorption and conformation of proteins are
that hydrophobic biomaterials tend to adsorb larger quantities of proteins
due to hydrophobic interaction, which can trigger adsorption of fibrinogen
and other proteins promoting adhesion and activation of blood platelets but
also inflammation and fibrosis.”®** On the other hand, highly wettable
biomaterials (e.g., caused by the presence of hydroxyl groups on the surface
that are characterized by the presence of bound water) normally reduce the
adsorption of proteins, which makes the surfaces repellent, preventing col-
onization of bone implants and tissue engineering scaffolds with cells.”® If
the hydrophilic surface is highly negatively charged (e.g., due to the presence
of carboxylic groups), it can also trigger the activation of the intrinsic system
of plasmatic coagulation as another undesired complication.’”>* On the
other hand, moderate wettable materials that are characterized by water
contact angles around 60 degree, (e.g., achieved by the presence of amino
groups) are known to lead to moderate adsorption of proteins with minor
conformational changes promoting attachment of cells.”

Because the interaction between the implant material and the host tissue
occurs at the biomaterial surface,” efforts have been made to tailor the
biocompatibility through various physical, chemical and biological surface
modification techniques® that aim to promote cell adhesion, proliferation,
differentiation and function.® Generating functional groups or grafting
other molecules on surfaces are the main approaches of chemical modifi-
cation of surfaces, for which several methods have been developed.’®®’
These methods include chemical etching (e.g., with sulfuric acid), plasma
treatment and polymerization,”® ion beam irradiation®® and surface
grafting.®"®* Physical modifications include surface coatings® or entrap-
ment,®* vapor deposition®’ and surface self-assembly®>®” methods. Van der
Waals forces, hydrogen bonding and electrostatic interactions are among
the physical interactions related to these techniques.®® Even though these
physical surface modification techniques are considered simple and rela-
tively inexpensive, limited stability is considered as one of their drawbacks
when the interaction force between substrate and immobilized molecules is
relatively weak.

Immobilization of biomolecules such as cell receptor ligands, antibodies,
enzymes, pharmacological agents, lipids and nucleic acids on biomaterials
has been used for various therapeutic and diagnostic purposes and is
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considered as a biological surface modification approach.®” Biological sur-
face modification can be achieved by either adsorption or covalent binding
of ECM-derived proteins or oligopeptides, cytokines and sugars to
address specific adhesion or other receptors on the surface of cells as well as
cell-cell-contacts (establishing co-cultures of cells or immobilizing cell-cell-
adhesion receptors like Cadherins) in an approach to mimic the native
microenvironment of cells.”””" Cellular beta 1 integrin adhesion receptors
interact with ECM proteins via the tripeptide Arg-Gly-Asp.”” Therefore, the
functionalization of the biomaterial surface with RGD sequence has been
widely used to improve cell interaction with synthetic biomaterials surfaces.
However, some limitations still exist including reduced biological activity or
receptor specificity when using synthetic peptides.”*””> Moreover, many
other ECM proteins such as collagen, gelatin, fibrinogen and others have
also been used to functionalize biomaterial surfaces by adsorptive or co-
valent binding as they offer a favorable microenvironment for cells to adhere
and differentiate due to ligation of integrins.”®

Moreover, to better mimic the ECM interaction, introducing other sig-
naling mechanisms is required. For instance, regulating the process of bone
regeneration involves the activity of growth factors such as BMPs, VEGF, but
also integrin ligation to ECM components like collagens.”” Furthermore,
BMPs interact and bind to ECM via PGs with heparan sulfate side chains
which provide control over their binding and release and highlight the im-
portant role of the ECM as a reservoir of GFs.”®**° Due to the importance and
crucial role of BMPs, namely BMP-2 and BMP-7, in bone healing,®" several
approaches have been developed to functionalize the biomaterial surfaces
with BMPs in addition to the presence of cell adhesion cues. However, the
short half-life and rapid clearance of BMPs require administration of very
high concentrations to obtain the desired therapeutic effect at the site of
injury. This in turn can result in severe side effects including ectopic bone
formation and cancer risks in addition to the high costs of such treat-
ments.*>** Another example is the development of new blood vessels called
“angiogenesis” which is a crucial process in wound healing, but also other
physiological and pathological processes. In angiogenesis, VEGF plays a key
role and is found to always be sequestered to the ECM and not present in a
soluble state.®® Furthermore, FGF-2, which regulates growth, differentiation,
migration and survival of many cell types, and also angiogenesis, is also
protected from protease cleavage, heat or acidic denaturation by interacting
with components of PGs like heparin and heparan sulfate.® Therefore,
several studies focused on introducing biomaterials that contain specific
growth factor-binding sites which allow presentation of GFs in a bound state
to overcome the complications associated with their use at high, non-
physiological concentration.”®®® For example, following this strategy,
Salmeron-Sanchez and co-workers showed that FN on poly(ethyl acrylate)
was self-organized into nanonetworks exposing both the integrin (FNIII9-10)
and growth factor (FNIII12-14)-binding sites of the protein which improved
cell response compared to the soluble GFs and could efficiently trigger both
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bone formation'” and vascularization®” in vivo using low GF doses. Fur-
thermore, the matrix-bound VEGF (through an ECM binding domain) in
collagen gels exhibited prolonged activation of VEGF receptor which was
absent upon exposure to soluble VEGF.*® Another example is protecting the
acidic fibroblast growth factor (aFGF) from proteolytic degradation by con-
jugating it to heparan sulfate.*® Pashkuleva and co-workers functionalized
their substrate with biomimetic alginate sulfate and could regulate the FGF-
2 binding by controlling the degree of sulfation and therefore, a control over
FGF-2 loading and subsequent cell growth was obtained.”® Many other ECM-
mimicking GF presentation strategies using different GFs have been ex-
plored so far to achieve their local delivery, in a controlled manner while
preserving their activity, which underlines the significance of existing clin-
ical problems.

13.4 Brief Introduction to the Layer-by-layer
Technique

The layer-by-layer technique is a method to modify surfaces by adsorption of
polyelectrolyte macromolecules or other charged entities like particles,
liposomes and even cells, as summarized in Figure 13.5, which shows also
the multitude of assemblies as 2D and 3D templates.”’ LbL was first intro-
duced by Iler”* using oppositely charged colloidal particles in the 60s, but
gained popularity when it was used by Decher and Hong in 1991 to establish
polyelectrolyte multilayers (PEMs).”* LbL relies traditionally on alternating
adsorption of oppositely charged polyelectrolytes or other charged entities to
form multilayer film coatings.”*
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Figure 13.5 Survey on building blocks used in LbL and the various multilayered
devices conceived from their assembly onto 2D and 3D templates.
Reproduced from ref. 91 with permission from the Royal Society of
Chemistry.
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Meanwhile other kinds of interactions than coulombic attraction and ion
pairing have also been employed, to produce multilayers for a variety of
applications that have been reviewed recently by Costa and Mano, which are
depicted in Figure 13.6 showing the wide range of molecular interactions
that can be employed for the formation of multilayers.”" The LbL technique
represents in general a simple, versatile and inexpensive surface modifi-
cation technique that can be applied to a large variety of materials like
ceramics, metals, polymers and even biological objects like cells by dip or
spray coating using robots that permits also the coating of 3D objects and
inner pores of materials. A major advantage of the LbL technique is that
normally no specific pre-treatment or chemical activation of materials is
required. In addition, when polyelectrolytes are used with water as the
solvent, the technique is not only more environmentally-friendly than oth-
ers, but it may also permit the inclusion of sensitive biological matter like
proteins without harm.”” It is also important to note that characteristics of
multilayer films such as thickness, surface charge, wettability, viscoelasticity
and topography can be adjusted by varying the processing conditions
(temperature and time of adsorption and washing), medium characteristics
(ionic strength and pH value) and the polyelectrolytes used (charge density,
molecular weight, weak or strong acids/bases synthetic or biological,
macromolecules or particulate matter).”™” Overall, LbL represents a tech-
nique that may be particularly suitable for biomedical applications.

13.5 Biomedical Applications of the LbL Technique

The LbL technique has been used for a variety of biomedical applications
such as drug delivery, the development of tissue analogs and coating of
implantable devices using both synthetic and biogenic polyelectrolytes. We
will focus on the latter in the subsequent sections.
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13.5.1 LbL Technique for Mimicking ECM Properties Using
Biomolecules as Polyelectrolytes

The LbL technique has been used to mimic the biological structure and
characteristics of ECM using various approaches such as biochemical cues,
topography, mechanical properties and storage and presentation capability
for GFs and other cytokines. The use of ECM components as building blocks
for LbL shall mimic the structure and function of the native matrix and thus
provide potentially better control of cell adhesion, growth and differen-
tiation. Thus, it could make surfaces of implant materials more bio-
compatible and bioactive promoting healing and regeneration of tissues and
organs.

Polysaccharides (e.g., GAG) represent important components of ECM in
mammals. However, other organisms like Arthropoda, fungus and plants
also have them as important structural elements of their exoskeleton, cell
wall or other cell components (e.g., chitin, chitosan, cellulose, alginate).
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Figure 13.6 Molecular interactions driving the LbL self-assembly of materials.
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GAGs possess a polyelectrolyte character due to the presence of carboxylate
and sulfate groups, providing them with their negative charge and polyanion
characteristics.”® Hence, particularly GAGs as LbL building blocks offer a
biomimetic environment and a platform to address specific interactions with
certain protein ligands of ECM, GFs and cell surface receptors. Other poly-
saccharides like alginate from sea weeds that consist of alternating blocks of
mannuronic acid and guluronic acid with mixed blocks from both also pos-
sess polyanionic character, but lack a specific bioactivity in mammals. How-
ever, due to their capacity to bind cations, getting cross-linked by calcium and
forming hydrogel-like coatings with high capacity to take up water, alginate
has also been used frequently as a polyanion in the LbL technique.”” Chitosan
that is composed of repeating units of N-acetylglucosamine and glucosamine
represents a polycation, when exposed to pH values below its pK, value
around 6. It represents probably one of the most used biogenic polycations
that also possesses anti-bacterial and anti-inflammatory properties and ex-
cellent biocompatibility.'°”'°" The use of GAGs for LbL technique is some-
times hampered by large variations of their chemical composition and
bioactivity from batch to batch. Therefore, alternative, semi-synthetic GAG
analogs with specific molecular weights and adjustable chemical com-
positions have been synthesized and used in LbL-ECM mimicking systems.
One of the strategies followed to produce these analogs is to introduce sulfate
groups to the natural polysaccharide’s backbone as reviewed recently.'** For
example, Aggarwal et al. used semi-synthetic cellulose sulfate that was com-
bined with chitosan as polycation observing that multilayers of cellulose
sulfate had a high bioactivity promoting adhesion and growth of cells.'” The
bioactivity of cellulose sulfates is related to their degree of sulfation that
promotes binding and bioactivity of growth factors like FGF-2 and BMP-2
causing high osteogenic activity and moderate mitogenic activity.'*'*> An-
other example is based on sulfation of alginate and its use as a polyelectrolyte
in the studies of Mhanna et al. regulating FGF-2 binding, which was increased
with the degree of sulfation of alginate sulfate.”

ECM proteins like collagens, fibronectin and elastin also represent poly-
electrolytes. Though proteins are normally amphoteric or zwitterionic, their
net charge depends on their isoelectric point and thus on the pH of the
assembly solution.'® Collagen I represents a soluble polycation at acidic pH
values, which was used in studies forming multilayers with GAGs as poly-
anions promoting adhesion and osteogenic differentiation of mesenchymal
stem cells. A further observation was that the use of chondroitin sulfate as a
polyanion supported also the fibrillization of collagen I upon adsorption,
which represents another topographical feature of ECM in connective tis-
sues.'”” Beside collagens, also gelatin as a collagen degradation product has
been used as a polycation for multilayer formation in a multitude of studies
due to its bioactivity promoting cell adhesion,'®® but also in combination
with fibronectin for coating of cells forming multicellular aggregates, as in
the work of Akashi and co-workers.'%’ Here, the presence of gelatin-binding
domains in FN was used as a prerequisite for the layer formation process
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making it a biospecific ligand interaction. FN as a multi-adhesive protein
that is another major component of the ECM in connective tissue has also
been employed by several other groups for making bioactive, cell-adhesive
multilayer coatings.''® Elastin represents an insoluble fibrous matrix protein
that cannot be obtained from mammalian tissues, but soluble bioactive
elastin fragments can be expressed in other organisms such as E. coli.""'
Such elastin fragments have been used to produce thermoresponsive mul-
tilayers that can be used for controlled adhesion of cells."'* Beside natural
proteins and polypeptides, synthetic-like cationic poly-i-lysine (PLL) and
anionic polyglutamic acid (PGA) have also been used because of their poly-
electrolyte nature and biodegradability, but lack any specific bioactivity. On
the other hand, bioactive peptides, such as the tripeptide sequence argi-
nylglycylaspartic acid (RGD) that does exist in ECM proteins like collagen,
fibronectin, laminin and others as ligands to various integrins, have been
used for grafting to biogenic and synthetic polyelectrolytes to mimic the
native ECM structure and function (see Table 13.1). For example, RGD was
grafted chemically to PGA on the final layer of the PLL/PGA multilayers
improving adhesion and spreading of C2C12 cells.'*?

In addition to biochemical cues, mechanical properties of the matrix are
another important parameter that affects cellular function. Hence, intro-
ducing mechanical cues via various methods was also part of the ECM
mimicking strategies in the LbL technique. Schmidt et al. incorporated gold
nanoparticles (AuNPs) into PLL/HA multilayers to tailor the mechanical
properties of the film and observed improved cell adhesion which was due to
the increased stiffness and roughness of AuNPs incorporated film.""* An-
other method to modulate the stiffness of LbL films is the control of the non-
covalent interactions among the building blocks which was well studied by
Aggarwal et al. They used two different pH values (pH 4 and pH 9) of the
heparin solution during assembly of heparin/chitosan multilayers leading to
stiffer multilayers at pH 9 controlling adhesion and growth of C2C12 cells.'"”
Moreover, chemical cross-linking using cross-linking agents was also used to
modulate the mechanical properties of LbL films. Apte et al. could increase
the elastic modulus of chitosan/alginate free-standing films using Genipin
as an extrinsic cross-linker.”® Other groups used small chemical cross-
linkers (e.g., EDC/NHS) for cross-linking that also provides control of
mechanical properties of multilayers formed from HA and PLL and with that
affects adhesion and differentiation of cells."'® Others like Zhao et al. aimed
to control the mechanical properties of HA/Col I and CS/Col I multilayers by
intrinsic cross-linking via functionalization of HA and CS with aldehyde
groups through oxidation forming covalent bonds to amino groups in col-
lagen I. Their results show that intrinsic cross-linked multilayers are more
stable and stiffer, compared to non-cross-linked multilayers, therefore en-
hancing cell adhesion and growth.'"”

Cells residing in native tissues are usually exposed to different porosities
and topographies which extend from the macro to the nanoscale depending
on the tissue type.''® Therefore, topographical cues are also used as an
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Table 13.1 A short summary of the various methods used to achieve LbL systems
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that mimic properties of the native ECM.

ECM-
mimicking
approach

Method

References

Biochemical
cues

Topographical
cues

Mechanical
cues

Storage and
presentation
capability of
the matrix

Using natural ECM components such as GAGs
(e.g., hyaluronan, heparin and chondroitin
sulfate) and proteins (e.g., COL, FN, LM
and elastin peptides)

Semi-synthetic ECM-mimicking molecules such
as cellulose sulfate, sulfated alginate and over-
sulfated GAGs (advantageous to native
molecules by overcoming batch to batch
variations)

Grafting of ECM-derived peptides to
one of the building blocks, such as RGD, REDV,
KRSR and Syndecan targeting peptide derived
from laminin-2 (L2synd)

Using nature inspired polypeptides having the
ability to elicit specific cellular responses such
as poly (t-lysine), poly (L-glutamic acid),
poly-L-arginine and elastin-like recombinamers

Changing pH during assembly,
varying layer number, microcontact printing,
photolithography, microfluidic techniques and
nano/microstructures.

Chemical crosslinking, acidic treatment (leading
to the formation of microporous and rough
topographical features), electric fields,
embossing and imprinting

Rigid material incorporation, such as graphene
oxide (GO), carbon nanotubes (CNTs), gold
nanoparticles (AuNPs), SiO, particles and
montmorillonite (MTM)

Modulation of noncovalent interaction among
building blocks (ionic cross-linking) by
changing assembly parameters such as pH
values, ionic strength (by salt concentration or
electrochemical induction)

Covalent chemical crosslinking using extrinsic
crosslinking agents, such as 1-ethyl-3-[3-
dimethylamino propyl] carbodiimide (EDC),
Genipin (GnP) and glutaraldehyde (GA)

Functionalization of building blocks before LbL
assembly via thiol groups, aldehyde groups, etc.
(intrinsic).

Complex/apparent interfacial stiffness that
combines the stiffness of the LbL film and that
of the underlying substrate

Controlled upload and release of GFs and other
morphogens such as BMP-2, transforming
growth factor f1 (TGF-p1), FGF-2 and VEGF

107, 124,
164-167

90, 102, 103,

168-170

113, 171-175

176-181

182-193

120, 194-200

114, 201-207

96, 115,
208-210

99, 107, 116,
117, 124, 125,
211-218

219, 220

121, 122, 124,
141, 221, 222
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ECM-mimicking strategy. Niepel et al. presented topographical cues to cells
using nanostructured samples modified with multilayers of HA and PLL.
A change in human adipose-derived stem cell’'s adhesion and differentiation
was achieved and highly dependent on the distance of anchorage points that
were designed by laser interference lithography.''® Hajicharalambous et al.
obtained a porosity of LbL films by exposure to acidic solution of pH 2 to
obtain nano-porous and of pH 2.3 to get a micro-porous film. The pore
diameter in poly(acrylicacid)/poly(allylamine hydrochloride) films was
100 nm and 600 nm for the nano-porous and micro-porous films, respect-
ively. Such porous films exhibiting topographical cues showed enhanced
proliferation and migration of corneal epithelial cells on nano-porous films
which represent a favorable environment for those kinds of cells.'*’

Since the ECM also represents a reservoir for GFs where they are protected
from proteases and may also present them to the corresponding cell re-
ceptors; a system that would mimic the in vivo situation allowing their local
delivery in a bound manner with preservation of their bioactivity and pro-
tecting them from degradation has always been an appealing idea in the
biomedical field."*" In this regard, LbL systems have been widely used; as
they are fabricated in aqueous solutions that will not expose GFs to harsh
conditions, and will also allow for their localized delivery and keeping them
bioactive.'** Crouzier et al. used PLL/HA films and loaded them with rhBMP-
2 where they proved that loaded BMP-2 remained bioactive for more than
10 days."*' Furthermore, it was also shown that bound BMP-2 (loaded in the
multilayers) could significantly increase cell adhesion and migration of
C2C12 cells while soluble BMP-2 added to the medium had no such
effect."*>'** The latter emphasizes and shows that LbL systems can be used
to mimic the reservoir role of the ECM as well as the way GFs are presented
to cells (in a bound state). There are many other examples on the use of
multilayers as reservoirs and delivery tools for other growth factors like FGF,
TGF and VEGF (see Table 13.1).

In addition, a combination of more than one approach could be used in LbL
technique to mimic the complex properties of native ECM. This can be found
in the work of Groth and co-workers where they presented various cues in their
LbL system; biochemical cues using GAGs such as HEP and CS, mechanical
cues that were achieved using the oxidized versions of GAGs for intrinsic
chemical cross-linking affecting mechanical properties of multilayers and
mimicking the storage and presentation capability of native ECM by loading
BMP-2. The result was an ECM-biomimetic LbL system that offered enhanced
stability, stiffness of the substrate and a controlled localized release of BMP-2
that could trigger the differentiation of C2C12 cells into osteoblasts.'**
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13.5.2 Examples of Application of LbL for Coating of
Implantable Devices

It has been shown in the previous section that LbL multilayer coatings can
mimic properties of ECM. Hence, it can be used to improve the
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biorecognition and integration of implantable devices. Because most me-
tals and inorganic materials such as glass, but also most polymers are
negatively charged, the adsorption of a polycation and subsequent multi-
layer formation is possible.®® Here we provide a brief survey with examples
of existing and potential applications of LbL in the field of implantable
devices.

13.5.2.1 Use of LbL for Control of Cell Adhesion and Implant
Integration

The bio-integration between the implant and the host tissue occurs at the
interface of both; hence, the surface of the implant plays a crucial role in
determining the initial response which then affects further biological pro-
cesses.”® LbL offers the opportunity to modify surfaces for improved cell
adhesion and function by varying several factors, such as stiffness or
presentation of cell-specific adhesion motifs. To control the mechanical
properties of the multilayer coating, Esmaeilzadeh et al. used an intrinsic
cross-linking approach which was achieved using thiolated chitosan/
thiolated chondroitin sulfate multilayers that were superior to native mul-
tilayers in enhancing cell adhesion of human keratinocytes. Such stable
coatings could be used for coating scaffolds or implants.'*® Another more
selective method of cross-linking was shown in the work done by Phelps
et al. using carbodiimide to cross-link only the outermost layers of PLL/PGA
multilayer coatings. This selective strategy offered a stiff surface that en-
hanced pre-osteoblast cells adhesion without affecting the interior of films,
and thus, still permitting future options to load bioactive molecules without
the risk of deactivation of the loaded biomolecules.'*® Here, it is worth
mentioning that cross-linking is beneficial in controlling the release of ac-
tive molecules from the multilayers, which will be highlighted in further
paragraphs. The effect of polyelectrolyte multilayer coatings on the os-
seointegration of titanium alloys was studied by Zankovych et al. both
in vitro'*” and in vivo'*® using a rat model. The titanium alloy was coated
either with chitosan/gelatine or chitosan/hyaluronic acid multilayer coating
and compared to the uncoated titanium alloy where it was found that the
multilayer coatings had a positive effect on improving the osseointegration
of the implant compared to the uncoated titanium alloy.
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13.5.2.2 Control of Tissue Response and Prevention of Bacterial
Growth after Implantation

When talking about implantable devices, immune rejection and the
formation of biofilms by bacteria represent challenges that might cause
implant failure.”" Therefore, multilayer coatings that have antifouling, but
also partly anti-inflammatory properties are a promising solution in
that regard. Alkhoury et al. showed that heparin/chitosan and hyaluronic
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acid/chitosan multilayers were able to control macrophage activation by the
uptake of those molecules through macrophages leading to the suppression
of the canonical NF-xB signaling. Such use of multilayers can be used
to improve the function of implantable biomedical devices by modulating
the inflammatory responses.'?” Moreover, an inclusion of active agents as
building blocks of multilayers, permitted Wong et al., to develop a contact-
killing approach against bacteria and viruses by using multilayers of
N,N-dodecylmethyl-polyethylene imine, having antimicrobial activity. The
multilayer surfaces were able to kill airborne and waterborne bacteria such
as Escherichia coli and Staphylococcus aureus, as well as, viruses such as in-
fluenza virus, strain HIN1."*° Furthermore, chitosan due to its antimicrobial
properties has been used for antimicrobial multilayer coatings, too. Chua
et al. functionalized titanium substrates, which are extensively used in
orthopedic implants, with hyaluronic acid/chitosan multilayers where 80%
reduction in bacterial adhesion was observed in comparison to pristine
titanium.™"

13.5.3 Multilayers “Free Standing Films” for Wound Healing
Applications

Since the LbL technique offers the opportunity to fabricate not only several
layers, but hundreds of layers in addition to the use of aqueous conditions; it
became possible to fabricate nanostructured films that are useful for bio-
logical applications and exhibiting nanoscale precision. This kind of micro-
meter thick multilayer is a so-called “freestanding film”.”® Producing films
that can be detached from the substrate is challenging. Thus, many strat-
egies have been developed to achieve them. A common approach is using a
base layer or substrate that can be dissolved later after the fabrication of the
film."**""** Some studies focused on preparing cross-linked freestanding
films that support and enhance cell adhesion, mostly for bone and cardiac
tissue engineering.'*>"*” Mano and co-workers were the first to report an
adhesive natural-based freestanding film composed of chitosan, alginate
and sulfated levan. Their study showed that the cross-linked and non-cross-
linked films were both cytocompatible and myoconductive and could be
further used for applications in cardiac tissue engineering.'** Other studies
focused on developing non-adhesive films presenting low cell attachment
while being able to protect against infection and take up fluids to be used as
wound dressings. For that, Groth and co-workers could successfully fabricate
detachable free-standing films made of ALG/Chi that were assembled on
glass slides, and various cross-linking methods were studied to improve the
mechanical properties of the films while maintaining their biocompatibility
for use in wound dressings.”” Furthermore, due to the high capacity of
loading offered by those free-standing films and their applicability for
wound healing and burns; where large skin areas might be prone to bacterial
infections, systemic sepsis or even severe septicemia leading to death,"*®'%°
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several studies focused on loading the films with antibacterial agents.
Shen et al. used PLL/HA free-standing films which were then loaded with
silver nanoparticles that allowed enhancing the mechanical properties of the
film in addition to owning antibacterial properties.'*’

13.5.4 Stabilization and Controlled Release of Biogenic
Drugs

Several methods including liposomes, capsules, micelles and polymero-
somes were developed due to the need to effectively deliver biogenic drugs
while protecting them from degradation (Figure 13.7).”' This proves the
continuous need for effective systems to control the delivery of bioactive
molecules and drugs. Macdonald et al. used a tetralayer system composed
of poly(B-aminoester)/chondroitin sulfate/BMP-2/chondroitin sulfate. This
multilayer system proved a capability of microgram-scale release of BMP-2
which was bioactive over several weeks and could direct the host tissue re-
sponse to create bone from native progenitor cells, both in vitro and in vivo
when intramuscular implants were coated with this film."*! Preserving the
bioactivity of growth factors highlights a very important feature offered by
LbL when loading bioactive agents. This proof of concept was extended by
Guillot et al. for in vivo studies in rat models where they used a PLL/HA
multilayer system loaded with BMP-2 to coat titanium'** and tricalcium
phosphate/hydroxyapatite macroporous granules.'*> There, the loaded
BMP-2 exhibited osteoconductive and osteoinductive properties. Another
work was presented by Groth and co-workers using oxidized heparin/CHI
and oxidized CS/CHI multilayers loaded with BMP-2 where the released
BMP-2 was bioactive to enhance the differentiation of C2C12 myoblasts into
osteoblasts.'** Moreover, the use of multilayers as reservoirs was not re-
stricted to BMP-2 only. Several other growth factors were studied in that
regard such as FGF-2 and also VEGF. Hammond and co-workers incorpor-
ated FGF-2 in synthetic hydrolytically degradable multilayers, where the GF
was kept bioactive and could promote the proliferation of MC3T3 pre-
osteoblast cells.'** Combining two GFs is another interesting strategy that
was used by Shah et al. to help accelerate joint implant integration and re-
duce recovery time and failure rates. A combination of rhBMP-2 with rhVEGF
was used in degradable [poly(B-amino ester)/polyanion/growth factor/
polyanion] multilayers; which were tested both in vitro and in vivo using an
ectopic rat model where the density of formed de novo bone was 33% higher
than when only rhBMP-2 was introduced to the multilayers."** Furthermore,
it should be mentioned that LbL coatings have been used to get capsules
with tunable permeability’*>™*” in order to deliver various drugs to the
surrounding environment or even intracellularly,'*®'*® which is a promising
tool for further applications such as cancer treatments where che-
motherapies can be delivered using such drug carriers to the target cells
without harming the surrounding cells.
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13.5.5 Encapsulation of Cells for Cell Therapies and
Engineering Tissues

Bioencapsulation strategies have been employed to treat many diseases such
as bone and cartilage defects, cancer and diabetes.'” In this approach, a
biocompatible, semi-permeable matrix allowing the exchange of oxygen,
nutrients and cell metabolite by-products is used to entrap viable cells. Here,
LbL technique has been used in various ways to achieve cell encapsulation
either in a direct or indirect way. Taking advantage of the negative charge of
cells, fabrication of multilayers on the surface of cells can be used to en-
capsulate cells or to produce cell aggregates in a direct manner. Whereas
multilayer coatings done after cells are encapsulated inside a hydrogel are
considered the indirect way."”" Since immune rejection and other factors
might contribute to the failure of allogenic or xenogenic islet transplanta-
tion, Wilson et al. used ALG and PLL-g-PEG multilayers to coat the surface of
pancreatic islet cells for in vivo studies. The coated islets could maintain
viability and function and were able then to convert 47% of the mice re-
ceiving the coated islets from a diabetic to normal glycemic state.'** Fur-
thermore, some limitations are accompanied with indirect cell
encapsulation using a solid core matrix. These include low rate of nutrient
exchange, reduced cell growth and protein production.'>® Therefore, Mano
and co-workers developed a unique concept of liquefied capsules where the
core hydrogel used to encapsulate cells is liquefied after LbL deposition,
allowing freedom for the encapsulated cells to construct their 3D organiza-
tion, while permitting the exchange of nutrients. In their work, chitosan/
alginate multilayers were built on the core of alginate hydrogel spheres that
were used as cell encapsulation templates for the construction of the LbL.
The alginate core was then liquified by chelation of calcium ions using
ethylenediaminetetraacetic acid (EDTA).">* Another study from the same
group involved the use of Col I-functionalized PLLA microparticles as solid
cell adhesion sites for cells to be encapsulated where poly(i-lysine), alginate
and chitosan coatings were built up after which the EDTA was used to liquify
the alginate core. Adipose stem cells co-cultured with endothelial cells were
immobilized in the liquified capsules, which could drive self-regulated
osteogenesis even in the absence of differentiation factors.'>

In addition, encapsulation of single cells or making of multicellular ag-
gregates in liquefied capsules may represent the basis to generate complex
multicellular tissue-like structures consisting of more than one cell type
representing the complexity of human tissues and organs. Akashi and co-
workers coated single cells of different types with multilayers from gelatin
and fibronectin forming an ECM nanofilm on the cell membrane during the
encapsulation. The study involved coating of human induced pluripotent
stem cells (hiPSCs) that were co-cultured with cardiomyocyte and used the
adhesiveness of the coatings to assemble cells into 3D structures. This ECM
nanofilm improved cell-cell interactions by providing matrix components
for integrin ligation and cell-cell contact for signal transduction process that
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Table 13.2 Summary list of the polyelectrolytes used for functionalizing biomaterials by layer-by-layer assembly. Adapted/reproduced
from Gentile et al. (2015)."°

Polyelectrolyte

Properties

Applications

References

Heparin

Chondroitin
sulfate

Hyaluronic acid
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Natural polysaccharides

Highest sulfated GAG, binds to GFs,
antithrombotic, anticoagulant, anti-
inflammatory, anticancer

Major GAG of native cartilage, negatively
charged polyelectrolyte, biodegradable,
anti-inflammatory

The only non-sulfated GAG, a component
of ECM and soft connective tissues

Implant coating, antimicrobial coating,
intravascular stent, ultrafiltration membranes

Implant coating, intravascular stent,
multilayered capsules, cartilage and bone
repair

Implant coating, antimicrobial coating,
ligament regeneration, freestanding films

22, 166, 223-234

141, 165, 227,
235-239

22, 140, 240-243

Chitosan Positively charged polysaccharide, Implant coating, cell encapsulation, 99, 223,
antimicrobial activity, biodegradable intravascular stent, tissue regeneration 235-237, 240,
(ligament, nerve, cartilage), freestanding films, 244-251
antithrombogenic and antimicrobial coating,
nanoparticles
Alginate Emulsion stabilizer, cross-link in the Liquified capsules for cell encapsulation, 99, 154, 250, 252
presence of calcium forming a gel, shear- bioactive coating, nanoparticles, freestanding
thinning thickener in absence of calcium films
Proteins
Gelatin Protein produced by partial hydrolysis of Microcapsules, regeneration of ligament 243, 253, 254
collagen
Laminin A high molecular weight glycoprotein of the ~ Regeneration of nerves 246, 255
ECM and basement membrane
Albumin The most abundant blood plasma protein Coating of biomaterial surfaces, reduction of 232
undesirable nonspecific interactions of the
surface with blood plasma proteins
Elastin-like Biopolymers having similar structure to Biomimetic coatings, biomedical applications, 180, 181
polymers elastin drug delivery and tissue engineering
Collagen The main structural protein of the ECM, Bone and cartilage regeneration, intravascular 165, 225, 228,
low antigenicity, biocompatibility stent 229, 235, 241,
251, 256
Tz
g3
Zw
)
72 Table 13.2 (Continued)
g3
':i; é— Polyelectrolyte Properties Applications References
=2
j:hl" B Fibronectin A high molecular weight glycoprotein of the  Single cell coating, intravascular stent 156, 166, 257
ER ECM, cell-adhesion protein
T; & Silk fibroin The insoluble protein present in silk, self- Bioactive coating, controlled release application, 244, 258, 259
= 2 assembly biomaterial, biocompatible microcapsules
= ks
2 % Growth factors
g S Vascular Mediator of angiogenesis Stimulation of vascularization, intravascular 222, 223, 260
g2 endothelial stent
€3 growth factor
R E (VEGF)
Bone Therapeutic protein Bioactive coating, bone regeneration 124, 141
morphogenetic
protein 2
(BMP-2)
Fibroblasts Binds with various ECM polysaccharides Bioactive coatings, regeneration of bone, 122, 261
growth factor cartilage, skin and nerve
(FGF)
Transforming Soluble extracellular protein Cartilage and bone regeneration applications, 221
growth factor-f bioactive coatings
(TGF-B)
Polyaminoacids
Poly-i-glutamine Negatively charges polyelectrolyte, Tissue regeneration such as, nerves 178, 262
biodegradable
Poly-1-lysine Biocompatible polyelectrolyte, cell-adhesive Encapsulation of cells, bioactive coating, 140, 155, 177,
properties nanoparticles, nerve regeneration, 238, 252,
freestanding films 262-264
Poly-r-arginine Biocompatible, polyelectrolyte film formation ~ Microcapsules for drug delivery, bone 265, 266

regeneration, nanoparticles
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promote functionality of these bioartificial tissues. The increased cell
viability was reflected by the higher beating frequency of the “mini heart
issues” formed with ECM-coated cells compared to the non-coated ones."*°

Since LbL can be used to coat substrates with different geometries, not
only implants but also 3D porous scaffolds can be coated with LbL; it pro-
vides an alternative for cell growth platforms for tissue engineering appli-
cations. Sher et al. used a perfusion-assisted LbL strategy to coat paraffin wax
particles with CHI-ALG films which were then dissolved by dichloro-
methane, resulting in a porous and interconnected scaffold that contains the
PEM structure only. Human osteoblast-like cells could adhere and prolifer-
ate within 7 days on the developed porous scaffold.'”” Another interesting
approach in that regard is when using ECM components together with cells
as a building block of the multilayers that can be used as transplantable
constructs or angiogenesis models. Following this approach, Yoshida et al.
used layered polyelectrolyte/cell structures as blood vessel analogs.'”®
Therefore, such approaches with LbL are promising for the field of tissue
engineering where they can be adapted for the production of other tissues
such as the heart and pancreas. In conclusion on the above examples, the
wide range of polyelectrolytes of synthetic or biological origin, their inherent
bioactivity and other properties have opened avenues to a multitude of po-
tential biomedical applications of LbL, which are summarized in Table 13.2.

13.6 Conclusion

Understanding the native extracellular microenvironment of cells, including
the cell-ECM interactions can help to design material systems for medical
devices like implants that have the capability to guide cell fate in terms of
adhesion, proliferation and differentiation, thus, promoting regeneration
and replacement of damaged tissues and organs. LbL represents a versatile
and flexible tool by which several properties of coatings and 3D systems,
such as the kind of biomolecule, mechanical properties and topography can
be adjusted to mimic ECM properties to achieve control on interaction of
cells with the implant material or to design complex 3D structures made of
cells coated with ECM-like multilayers. Although the number of clinical
applications of LbL technique, especially using ECM-mimicking approaches,
is still limited; we consider it as a promising technique to be used for the
development of better conventional implants, tissue engineering and cell-
based therapies in the future.
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Chapter 2

Summary - Novel surface coatings using oxidized glycosaminoglycans as delivery

systems of bone morphogenetic protein 2 (BMP-2) for bone regeneration:

The aim of this paper was to study the effect of pH variation versus intrinsic cross-linking
on the activity and release of BMP-2 towards osteogenesis, as well as, on improving the
characteristics of multilayers regarding their stability and cell adhesive properties. The
glycosaminoglycans (GAGs) native heparin (H) and chondroitin sulfate (CS) were paired
with chitosan to create native multilayers systems. Chitosan was used as polycation due
to its biocompatibility, biodegradability, bacteriostatic effect, and low production costs.
Multilayers fabricated at pH 4 are thick with higher water content and are expected to
store more BMP-2 due to their thickness, while the pH 9 offers thinner layers, less water
content and thus, a stiffer surface which supports cell adhesion. Hence, one approach
used here; was native GAGs/chitosan multilayers based on pH variation (pH 4+9) at
which the first 4 bilayers are deposited at pH 4 while the second 4 bilayers are deposited
at pH 9. The other approach was based on the functionalization of the GAGs (H and CS)
with an aldehyde group via oxidation process to create intrinsically cross-linked
multilayers. The aldehyde group can then bind to the amino group on chitosan creating a
covalent imine bond (Schiff's base) which results in stiffer, more stable layers and help
control the release of the loaded BMP-2 and its presentation to the cells. The multilayers
were analyzed by different physical methods such as surface plasmon resonance,
ellipsometry, atomic force microscopy and water contact angle. C2C12 myoblasts were
used as a cell model not only for osteogenic differentiation studies but also to check if the
released BMP-2 has any effect on cell adhesion or not. Further, the cell viability test
demonstrated that cell growth was significantly higher on oxidized GAGs multilayers
compared to the native pH 4+9 multilayers indicating that the oxidation of GAGs did not
cause any cytotoxicity. The multilayers were further loaded with BMP-2 (5 ug mL1) and
the release was quantified using ELISA. The oxidized CS multilayers were releasing the
least amounts of BMP-2 i.e. delivering the loaded BMP-2 to cells in its bioactive state as
a matrix-bound BMP-2; while the majority of loaded BMP-2 from pH 4+9 multilayers was
delivered as released (soluble) BMP-2. Both multilayers’ approaches supported cell
adhesion. However, a significant increase in cell adhesion and spreading was detected

on all multilayers after loading BMP-2 which indicated a synergistic effect of BMP-2 on
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cell adhesion. The matrix-bound BMP-2 from oxidized CS multilayers enhanced an
osteogenic differentiation of C2C12 cells that was higher than oxidized H multilayers. On
the other hand, cells on pH 4+9 multilayers did not show any signs of osteogenic
differentiation since the loaded BMP-2 was delivered in a soluble released state. In this
study, the oxidation approach was significantly superior to the pH 4+9 approach in term
of enhancing the characteristics of multilayers as well as controlling the BMP-2 activity
and delivery to cells. Additionally, the results support the further use of oxidized CS

multilayers as growth factors reservoirs for tissue regeneration.

Reprinted with permission from Journal of Macromolecular Bioscience, Reema Anouz, Alexandros Repanas, Elisabeth
Schwarz, Thomas Groth (2018), Novel Surface Coatings Using Oxidized Glycosaminoglycans as Delivery Systems of Bone
Morphogenetic Protein 2 (BMP-2) for Bone Regeneration, Macromol. Biosci. 18 (11) 1800283

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, DOI: 10.1002/mabi.201800283



Chapter 2 — Effect of pH variation vs. intrinsic cross-linking on BMP-2 activity

FULL PAPER

Tissue Engineering

Novel Surface Coatings Using Oxidized

Macromolecular
Bioscience

www.mbs-journal.de

Glycosaminoglycans as Delivery Systems of Bone
Morphogenetic Protein 2 (BMP-2) for Bone Regeneration

Reema Anouz, Alexandros Repanas, Elisabeth Schwarz, and Thomas Groth*

Tissue engineering of bone requires the delivery of growth factors in a local-
ized, sustained manner. Here, chitosan is used as polycation, while heparin
and chondroitin sulfate are employed either as native or oxidized polyanions
for formation of multilayers by layer-by-layer technique. The use of oxidized
heparin and oxidized chondroitin sulfate permits additional stabilization by
cross-linking through imine bond formation between amino groups of polyca-
tions and aldehydes of oxidized glycosaminoglycans (0GAGs). Since these
multilayers are highly hydrophilic, adhesion of C2C12 myoblasts is improved
either by the use of a specific 4 + 9 pH regime with native glycosaminoglycans
or a terminal collagen | layer in case of 0GAGs. Adhesion and proliferation
studies with C2C12 myoblasts, seeded either on bone morphogenetic protein
(BMP-2) loaded or non-loaded multilayers, show that intrinsic cross-linking in
0GAG-based multilayers supports cell adhesion, spreading, proliferation, and
subsequent cell differentiation into osteoblasts. This is related to higher thick-
ness and roughness of multilayers made of 0GAGs compared to their native
counterparts studied by ellipsometry and atomic force microscopy. Taken
together, o-GAG multilayer systems provide stable surface coatings and are
useful as biocompatible reservoirs for sustained release of BMP-2, paving the
way for coating implants and scaffolds for repair and regeneration of bone.

polymers,* ceramics, and composites
have been used as implant material to
replace and regenerate bone tissue.!
Since the biomaterial's surface plays an
important role in determining the ini-
tial cell response, surface modification of
biomaterials through various techniques
has emerged as a strategy to enhance
the functionality and bioactivity of bone
implants.l Additionally, the local applica-
tion of growth factors (GFs), such as bone
morphogenetic protein BMP-2, plays an
important role in bone defect repair. How-
ever, the delivery of GFs in an effective
dosage is needed to induce bone regenera-
tion, although high doses given by bolus
injections can also be accompanied by
serious adverse clinical side effects.]

Cell adhesion, including osteoblasts
and mesenchymal stem cells (MSCs), on
bone implants is dependent on the pres-
ence of extracellular matrix (ECM) mol-
ecules that provide a structural support to

1. Introduction

Musculoskeletal disorders are a frequent health problem.!!]
Although bone exhibits good recovery and regeneration poten-
tial, impaired bone healing after traumata or tumor resections is
quite common./>3l Therefore, various synthetic or natural-based
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cells and also on chemical cues to guide

cell proliferation and differentiation.l

Cell adhesion to ECM proteins is medi-
ated by both non-integrin and integrin receptors.l”) Several
proteins present in the ECM, such as fibronectin, laminin, and
fibrillar collagen (e.g., Col I), mediate the attachment and cell
spreading to surfaces, which is related to signal transduction
involved in the regulation of gene expression for cell growth
and differentiation.1%11]

Glycosaminoglycans (GAGs) resemble further important
components of ECM, such as heparan sulfate, chondroitin sul-
fate (CS), hyaluronans, and others.”) GAGs do not only pro-
vide structural support related to mechanical properties and
hydration of tissues, but also interact specifically with ECM
proteins, cytokines, and cell receptors, which impacts cell
growth and differentiation.'”! Thus, GAGs can undergo inter-
actions with a plethora of proteins that possess heparin-binding
domains, including ECM proteins like fibronectin or laminin,
but also interact with GFs such as BMP-2."¥l Another glycan
of nonmammalian origin is chitosan (Chi) obtained by partial
deacetylation of the acetamido group in chitin, present in the
exoskeleton of arthropoda and crustacea.'*!5! Due to its known
biocompatibility, biodegradability, bacteriostatic effect, and low
production costs, Chi has been widely used for biomedical
applications.*®l

44

1800283 (1 0f 10) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Reprinted with permission from Journal of Macromolecular Bioscience, Reema Anouz, Alexandros Repanas, Elisabeth
Schwarz, Thomas Groth (2018), Novel Surface Coatings Using Oxidized Glycosaminoglycans as Delivery Systems of Bone
Morphogenetic Protein 2 (BMP-2) for Bone Regeneration, Macromol. Biosci. 18 (11) 1800283

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, DOI: 10.1002/mabi.201800283



Chapter 2 — Effect of pH variation vs. intrinsic cross-linking on BMP-2 activity

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

BMP-2 belongs to the transforming growth factor beta (TGF-
B) superfamily and promotes osteogenesis of MSCs, osteoblast
progenitor cell lines, as well as other nonosteogenic cell lines
such as C3H10T1/2 fibroblasts and C2C12 myoblasts into
osteoblasts.!718]

A physical technique to modify biomaterial surfaces is the
layer-by-layer (LbL) assembly of oppositely charged polyelec-
trolytes to make multilayer coatings on charged surfaces.%-21]
Intrinsic and surface properties of multilayers, such as thick-
ness, mechanical properties, surface charge, and wettability, can
be easily adjusted by varying the type and concentration of poly-
electrolytes, pH and ionic strength of solutions, temperature,
and other physical parameters.*?) Multilayers can control pro-
tein adsorption from surrounding solutions and can be used as
reservoirs for controlled release of GFs, that both affect cell fate
when used as implant coatings in biomedical applications.??]

GAGs like heparin (H) and CS can be used as polyanions,
while Chi and collagen I (Col I) resemble weak polycations that
can be used to generate ECM-like multilayers via LbL. It has
been shown that pH changes during complexation of H and
Chi lead to significant modifications in the cell adhesive prop-
erties. In particular, stepwise changes of pH from an acidic pH
4 to a basic pH 9 (pH 4 + 9) in H/Chi multilayer systems can
maintain a certain thickness of multilayers and improved cell
adhesion and growth significantly.?***l On the other hand,
the exchange of polycation Chi by Col I in multilayers with CS
resulted in a multilayer system greatly promoting osteogenic
differentiation of MSCs. An additional useful invention was the
use of oxidized GAGs, forming imine bonds between aldehyde
groups of oxidized GAG and amino groups of Col I, achieving
intrinsic cross-linking that increased multilayer stiffness and
stability.?l Notably, such multilayers made of different native
GAGs with Chi as polycation have also been used as reservoirs
for the uptake of BMP-2 to promote osteogenic differentiation
of various cell types, including C2C12 myoblasts. !¢l

Here, we studied multilayer systems based either on native
H or CS as polyanions made more cell adhesive by pH vari-
ation (pH 4 + 9) during multilayer formation, as shown previ-
ously,®! while also studying a second set based on oxidized
GAGs (0GAGs), using either oH or oCS as polyanions, where
cell adhesion was promoted by a terminal Col I layer.?*?’] Chi
was used as polycation in all cases. These multilayers were not
only compared regarding layer growth, thickness, topography,
and wetting properties, but also regarding their ability to support
cell adhesion, growth, and subsequent osteogenic differentiation
of C2C12 myoblasts through checking their ability to serve as
systems for controlled release of BMP-2. Results show that, par-
ticularly, multilayers made of oH and oCS with intrinsic cross-
linking had superior effects on osteogenic differentiation of cells.

2. Results

2.1. Measurements of Wetting Properties

Static water contact angle (WCA) studies were applied to char-
acterize the change of terminal layer composition and wetting
properties during polyelectrolyte multilayer (PEM) assembly,
after the deposition of each layer at a predetermined pH value,
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for all types of systems. Figure 1A shows the WCA values of
clean glass, poly(ethylene imine) (PEI) (first bonding layer),
polyanions (even number layers), and polycations (odd number
layers). In all systems, the polycation-based layers (Chi) had
higher WCA than the polyanion-based, revealing an alternating
trend. The multilayer CS-based systems exhibited higher WCA
with increasing layer number compared to H-based systems.
The differences in WCA between GAG and Chi layers were
lower in the 4 + 9 pH combination systems after the 10th layer.
On the other hand, in the oxidized systems, the WCA differ-
ences between GAG and Chi layers showed a different trend
for CS-based and H-based PEMs. More specifically, while in
the oH4Col system, WCA differences increased with increasing
layer number, in the 0CS4Col system they did not. In addition,
there was no major change in WCA trends when Col I was
used as the terminal layer in oxidized multilayer systems.

Multilayer growth with Chi as polycation and native CS or
native H as polyanions, as well as their oxidized derivatives
(oCS & oH), was investigated by surface plasmon resonance
(SPR) (Figure 1B). The measured angle shifts correspond to
increasing adsorbed mass. It was observed that both oxidized
GAGs led to linear layer growth, which was identical for both
oCS and oH as polyanions, while the use of native GAGs
showed higher angle shifts with H as polyanion. The pH shift
from 4 to 9 led to a decrease of the slope of angle shift for both
CS- and H-based multilayers.

2.2. Characterization of PEM Structural Properties
2.2.1. Multilayer Thickness and Swelling Degree

Ellipsometry was used in order to study the thickness of
PEMs, both in dry and hydrated states, in three different solu-
tions, namely deionized H,0, 1 mmol HCl, and phosphate
buffer saline (PBS, pH 7.4). Figure 2A depicts the calculated
layer thickness of the different PEM systems before and after
exposure to one of the aforementioned solutions. The overall
average thickness significantly increased after immersion in
H,0 for all systems (p < 0.001). The average thickness values
remained significantly increased compared to the dry state after
subsequent immersion in 1 mmol solution of HCI, while the
average thickness values dropped for all systems after final
immersion in PBS. The values remained significantly higher
compared to dry state films for all systems.

2.2.2. PEM Surface Topography and Roughness

The surface roughness and topography of clean Si wafers (with
a terminal layer of SiO,) and different PEM systems were
analyzed by atomic force microscopy (AFM) in dry state and
ambient laboratory conditions. Figure 2B shows that the topog-
raphy of final layers of all systems was highly dependent on
the pH conditions during assembly and the terminal layer. All
surfaces exhibited granular surface morphology. GAG choice in
the oxidized systems did not have a significant effect, neither
on the roughness (p > 0.05) nor on the topography. The main
reason is that, in those systems, the final 17th layer was Col
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Figure 1. A) Static WCA during multilayer formation up to 17 layers plotted
as a function of the layer number; 0CS4Col (black square), oH4Col (black
circle), CS4 + 9 (blue square), H4 + 9 (blue circle). pH value of chitosan
(Chi) solution was kept constant at 4.0. For CS4 + 9 and H4 + 9 samples,
the pH of GAG solution was 4.0 until 8th layer and 9.0 after 10th layer. Layer
1 was always PEI, even layers: polyanion, odd layers: polycation; 17th layer
was Chi (CS4 +9 and H4 + 9) or Col | (0CS4Col and oH4Col); (mean +SD).
B) Layer growth of PEM systems of oxidized and native polysaccharides
measured by surface plasmon resonance angle shifts, plotted as a func-
tion of the layer number; 0CS4Col (black square), oH4Col (black circle),
CS4 + 9 (blue square), H4 + 9 (blue circle). pH value of chitosan (Chi)
solution was kept constant at 4.0. For CS4 + 9 and H4 + 9 samples, the pH
of GAG solution was 4.0 until 8th layer and 9.0 after 10th layer. Layer 1 was
always PEI, even layers: polyanion, odd layers: polycation; 17th layer was
Chi (CS4 + 9 and H4 + 9) or Col | (0CS4Col and oH4Col); (mean + SD).

I and not Chi. In the case of PEMs with native GAGs, even
though the final layer is Chi in both systems, both roughness
(p < 0.001) and topography differ (Figure 2B).

2.3. Biocompatibility Studies with C2C12 Cells

Measuring cell metabolic activity by QBlue assay (Figure 3)
indicated that oH4Col and oCS4Col systems significantly

immersion, dark gray to HCl immersion, and black to PBS immersion);
n =9, (mean * SD); **(p < 0.01), ***(p < 0.001). B) Surface topography
and roughness (Ra = light grey, Rq = dark grey) of type | collagen (Col I)
terminated PEMs (0CS4Col and oH4Col) and chitosan (Chi) terminated
PEMs (CS4 + 9 and H4 + 9) visualized by atomic force microscopy (AFM);
n =10, (mean + SD); scale bar: 500 nm.

supported cell growth more than their native counterparts.
Lower fluorescence intensity of about 8500 was found for cells
on native multilayer systems (pH 4 + 9) compared to higher
fluorescence intensity for cells on 0GAGs systems. The highest
fluorescence intensity of about 17000 was measured for cells
on multilayers made of oCS. Cells on tissue culture polystyrene
(+ control), showed comparable fluorescence intensity (=16 000)
to the 0CS4Col system.

2.4. BMP-2 Release Study

Release studies (Figure 4) showed that all PEM systems did
release BMP-2 over 4 days, but to a different extent. H-based
systems released larger quantities than chondroitin-based mul-
tilayers. Interestingly, the oCS system released the least amount
of BMP-2 over time, making it a good candidate as long-term
BMP-2 reservoir.
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Figure 3. QBlue fluorescence intensity measurements of C2C12 cells
cultured in DMEM with 10% FBS, seeded on various LbL systems. Meas-
urements were done after 24, 48, and 72 h of incubation. Fluorescence
intensity (FI) was determined at 544 nm excitation and 590 nm emission
wavelength. Values represent means + standard deviations (SD), n = 8
replicates of each.

2.5. Cell Adhesion Studies

Immunohistochemical staining of C2C12 cells that was used
to study cell adhesion and spreading, through staining of
actin filaments, vinculin molecules in focal adhesion (FA),
and nuclei, showed more cell spreading on non-BMP-2 loaded
CS4 + 9 multilayers compared to the other non-BMP-2 loaded
PEM systems (Figure 5A, upper row). However, actin filaments
were circumferentially distributed. On the other hand, cells on
H4 + 9 were almost round and showed neither vinculin expres-
sion nor well visible actin organization. Cells seeded directly
on glass slides (control) did not possess vinculin-positive FA.
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Figure 4. Cumulative BMP-2 release, from the various LbL systems over
4 days, as percentage of the total loaded amount of BMP-2. Release study
was done using ELISA. Values represent means * standard deviations
(SD), n =10 replicates of each.
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Interestingly, cells on BMP-2 loaded multilayers (Figure 5A,
lower row) demonstrated strong organization of actin filaments,
which were longitudinally distributed (on all multilayers except
for H4 + 9), as well as positioning of vinculin at the end of the
actin filaments, which reflected an enhanced interaction of cells
with the substratum. The same immunofluorescence images
(IF) were used for quantification of cell area (Figure 5B,C), in
which a general increase in cell area was found on all BMP-2
loaded multilayers. The latter was significantly larger in case
of H4 + 9 and oH4Col multilayers. Interestingly, the positive
control (Ctrl) had almost no change in cell area in terms of
increased cell spreading when BMP-2 was present in the cul-
ture medium.

2.6. Osteogenic Differentiation of C2C12 Cells

C2C12 cells were seeded directly on top of BMP-2 loaded
multilayers, and alkaline phosphatase (ALP) assay was per-
formed. C2C12 cells seeded on plain glass with addition of
BMP-2 (5 pg mL™!) were used as positive control (Ctrl+BMP-2),
whereas as negative control (Ctrl without BMP-2) cells were
seeded on plain glass without any BMP-2 (Figure 6A). Aliz-
arin red-S staining assay was also performed to check for the
formation of mineralized matrix, as another measure of oste-
ogenic differentiation of cells (Figure 6B). The 0CS4Col mul-
tilayers with Col I as the terminal layer promoted the highest
ALP activity in C2C12 cells, which was significantly higher
than CS4 + 9 multilayers. oH4Col induced ALP activity com-
parable to 0CS4Col whereas ALP activity of cells induced by
H4 + 9 and CS4 + 9 systems was more comparable to the nega-
tive control. This was also obvious by alizarin red-S staining
as shown in (Figure 6B). The formation of mineralized matrix
was well observed on cross-linked multilayers (i.e., on oH4Col
and 0CS4Col systems), while H4 + 9 and CS4 + 9 systems did
not show any mineralized matrix formation. Furthermore, the
formation of mineralized matrix was obvious in the positive
control (Ctrl+BMP-2).

3. Discussion

The current work demonstrated not only that multilayer coat-
ings made of biogenic polysaccharides can be used as reservoir
for release of GF-like BMP-2 that supports osteogenic dif-
ferentiation of cells, but that particularly multilayers made of
oxidized GAGs-like oCS have superior effects on osteogenic dif-
ferentiation of C2C12 cells.

Physical studies on multilayer surface properties showed
that all PEMs exhibited alternating WCA values during forma-
tion of multilayers (lower for GAGs layers and higher for Chi
layers) as found in previous investigations.?>?”) The use of H,
either native or oxidized, as polyanion caused lower WCAs
than CS, which is probably due to the higher content of sul-
fate groups in H.?®l The largest differences in WCA values
between alternating layers were also observed in the oH4Col
system, highlighting a dominance of either Chi or oH in the
outer layers, which also indicates a better separation and lesser
intermingling than in the CS-based multilayer systems.?82°)
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Control is probably related to the higher charge
density of H compared to CS, enabling
this system to bind more Chi.?8! PEM
thickness, both in dry and hydrated state,
was investigated. The type of GAG did not
affect the overall PEM thickness in both
dry and wet state for the oxidized systems
significantly, but H4 + 9 and CS4 + 9 sys-
tems exhibited significantly lower overall
thickness compared to oCS4Col and
oH4Col, which goes along with the results
of SPR studies (Figures 1 and 2). Three
different solutions were used for expo-
sure of multilayers to investigate how film

(B) without BMP-2 (C) with BMP-2

3000
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2000

*

Cell area ym®
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ok Qgg

thickness and stability were affected. The
choice of the solutions was based on the
different treatments the films underwent
during uploading of BMP-2 (1 mmol HCI)
or during cell experiments (washing with
PBS, culture medium). As expected, the
films thickness increased when dry mul-
tilayers were immersed in Milli-Q water
and 1 mmol HCI solutions (Figure 2A),
but no dramatic changes were observed,
particularly when HCI solution was used
as fluid.?! One the other hand, after

T

Figure 5. Adhesion of C2C12 cells seeded on native and various cross-linked PEM films, after 24 h
of incubation. A) Confocal laser scanning microscopy (CLSM) images show C2C12 cells after 24 h
on various native and cross-linked PEM films. The cells were stained for vinculin (green) present in
focal adhesions, filamentous actin (red), and nucleus (blue) on multilayers without BMP-2 (upper
row) and with BMP-2 loading (lower row). As a control, cells were seeded on plain glass slides
either without or with BMP-2 in the medium. Cells were suspended in DMEM 10% FBS and imaged
with CLSM 63x oil immersion objective; scale bar: 50 um. Measurement of cell area done using
image analyzing software: B) cells seeded on PEM with no uploading of BMP-2, C) with BMP-2

loaded to the multilayers.

On the other hand, lower WCA value differences were found
for both pH 4 + 9 systems after the 10th layer, confirming find-
ings from our previous studies.’) When studying the CS-based
systems, smaller differences in WCA values between CS and
Chi were observed, probably because of the lower charge den-
sity of CS compared to H, indicating more intermingling of
the polyelectrolytes.?®! Indeed, it was observed that CS-based
PEM possessed higher WCA angles of their terminal layers
compared to H-based PEM, which might affect cell adhesion.?’!
Multilayer formation was further studied by SPR through the
measurements of angle shifts corresponding to an increase
in adsorbed mass, with the obtained results being in accord-
ance with other studies regarding similar systems.[?$2%31 In all
PEMs, layer growth was linear; however, in the 4 + 9 systems,
it was decreased after switching to pH 9.0 for GAG deposition,
as found in our previous investigation, too.*?l The increase in
angle shifts was identical for PEM based on 0GAGs and higher
than their native counterpart, indicating that intrinsic cross-
linking capability makes a major contribution to multilayer for-
mation.[’l On the other hand, the increase in angle shift during
the pH 4 + 9 condition was higher for H-based PEM, which

T T T T T T T T T
] > G 3 Q » S 3
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o o

PBS immersion, the average thickness
decreased in all cases slightly, which was
described previously.?”) Thickness meas-
urements of hydrated PEMs showed that
0CS4Col and oH4Col system displayed a
significantly higher thickness (p < 0.001)
compared to that of 4 + 9 PEMs. This
indicates that the capability of swelling
was highest in oxidized systems, although
this was not expected due to their intrinsic
cross-linking  capability, which should
have hindered swelling to some extent.
AFM studies revealed no major differences in roughness of
the terminal multilayers, except that H4 + 9 possessed the
smoothest surface of lowest roughness and granularity com-
pared to the other PEMs.

Control of cell differentiation in tissue engineering applica-
tions is often based on the use of GF release and dependent
on a timely and spatially well-controlled delivery process.?*’]
On the other hand, also surface-induced effects by presenta-
tion of chemical cues to corresponding cell receptors are con-
tributing to cell differentiation.?*3%! We could show previously
that such multilayer systems made of 0GAGs and collagen I
promoted osteogenic differentiation of MSCs greatly, which
was also related to a moderate wettability of these surfaces
and enhanced cell spreading.?*3¢ Such improvement of cell
spreading was also achieved by the application of a simple pH
4 + 9 regime that made nonadhesive PEM systems composed
of H and Chi highly adhesive, which was also related to an
increase in WCA.®l Here, we extended our previous investi-
gations by the use of PEMs as reservoir for release of BMP-2
as osteogenic inducer of cell differentiation applicable also to
C2C12 myoblasts.['7-18]
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g 0.6 release due to the intrinsic cross-linking
3 1 where we could see the lowest released
G 0.4 % 3 amounts of BMP-2. Hence such multi-
o 1 —t— layer systems based on oxidized CS seem
< 0.2+ to have a potential to serve as reservoirs
for long-term release of GFs.

(B)

Figure 6. A) Measurements of ALP activity in C2C12 cells seeded directly on top of BMP-2 loaded
multilayer systems fabricated in 24-well plate, determined via absorbance measurements at
405 nm after 4 days’ incubation time, using plate reader. Measurements are normalized to the
total protein amount (BCA values). B) Bright-field images (10x) of C2C12 cells seeded on various
native and cross-linked PEM for 14 days and stained with alizarin red-S solution to investigate the

formation of mineralized matrix; scale bar: 100 um.

Indeed, first studies were carried out culturing C2C12 myo-
blasts in the presence of 10% serum on the different multilayer
systems to learn about their biocompatibility. We found that
H-based multilayers either made of native or oxidized H pro-
vided support of cell growth to a lesser extent than CS, which
is probably related to the higher negative charge density and
wettability as indicated by contact angle measurements of this
GAG that are known to reduce cell adhesion and growth.”]
On the other hand, longer duration of cell culture showed also
that cells grew more on multilayers made of the oxidized forms
of GAGs, which might be related to a higher E modulus by
intrinsic cross-linking, as shown in a previous work from us
and others, and also the adhesion promoting effect of the ter-
minal collagen I layer.?*38! Overall, these studies provided evi-
dence for the biocompatibility of both systems based on either
H or CS.

BMP-2 has a H-binding domain, which consists of positively
charged amino acids that can interact with negatively charged
sulfated GAGs through electrostatic and other interactions.*!

Cell adhesion and spreading are strong
modulators of gene expression and cell
differentiation.?l Stronger spreading of
cells has been found to be related to oste-
ogenic differentiation of stem and other
cells,*¥ also being important for activation
of GFs receptors.*!l Hence, cell adhesion
and spreading was studied qualitatively
and quantitatively through the immuno-
histochemical staining of C2C12 myo-
blasts for actin cytoskeleton, vinculin in
focal adhesions, and cell nuclei. Here,
it was found first that CS4 + 9 PEM sup-
ported cell adhesion more than other
non-BMP-2 loaded systems, which is
probably related to its moderate wettability
(WCA = 62°) and well in line with our pre-
vious studies.*”l This improved adhesion
of C2C12 cells on CS4 + 9 multilayers was
also evident by the clear formation of the
actin filaments and vinculin expression in
focal adhesions. On the other hand, cell
adhesion was less on multilayer systems
with lower WCA and that was evident by
round cells accompanied by absence of
actin polymerization and vinculin assembly in focal adhesions.
Moderate WCA, around 60°, has been related to the promotion
of cell adhesion, while more wettable substrata are suppres-
sive.l*3] Interestingly, the significant increase in cell adhesion and
spreading was pronounced on all multilayer systems loaded with
BMP-2, indicating a synergistic effect of BMP-2, surface proper-
ties, and composition of PEM on cell adhesion. This increase in
cell adhesion was characterized by more cell polarization, expres-
sion of logitudinal actin filaments and vinculin molecules in focal
adhesion sites. This has been reported and observed previously
by others working with different multilayer systems and cross-
linking mechanisms.*/ BMP-2, known to induce osteogenesis,
has two signaling pathways: canonical signaling through binding
of BMP-2 to type I and type II serine/threonine kinase receptors
followed by several Smad activation pathways, and non-canonical
which involves Smad-independent signaling and cross-talk with
other pathways.[*! Further, upon binding of BMP-2 to its recep-
tors, an adhesive phenotype is initiated through f3 integrin clus-
tering and reorganization of the cytoskeleton via filopodia and

Ctrl + BMP-2

Ctrl w/o BMP-2
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stress fibers. The 33 integrin stimulation via BMP-2 is thought
to be necessary for the Smad signaling initiation in addition
to the adhesion and migration, and it is the first event of 3
integrin-BMPR cross-talk that also results in a transient phe-
notype of cells before converting them from myoblasts to osteo-
blasts.l*®) Another study suggested a possible crosstalk between
BMP-2 and integrin-dependent pathways, in which BMP-2
promotes the formation of focal adhesions and stress fibers by
increasing o5 and 1 integrin expression.[*!l Stronger formation
of vinculin-positive focal adhesion plaques containing integrins
and formation of actin stress fibers were clearly observed, when
multilayers were uploaded with BMP-2 (Figure 5A), which was
also supported by quantification of cell area (Figure 5B,C). It is
also worth mentioning that the BMP-2 promoting effect on cell
adhesion and spreading was noticeably higher in case of bound
(loaded) BMP-2 on all multilayers than the BMP-2 added to the
solution (dissolved BMP-2) in case of control (plain glass).

The osteogenic differentiation of C2C12 cell was studied to
assess the bioactivity and ability of uploaded BMP-2 to differen-
tiate C2C12 cells into osteoblasts. Osteoblasts start synthesizing
their ECM which consists mainly of Col 1 followed by ALP
production and later-stage ECM calcification occurs.*’] In our
study, ALP activity (Figure 6A) was measured as an early indi-
cator of osteogenesis, while alizarin red-S staining was applied
to check the formation of mineralized matrix at later stages of
osteogenic differentiation. ALP activity was highest in 0CS4Col
and oH4Col systems and nearly comparable to the positive con-
trol, where BMP-2 was added to cells plated on tissue culture
polystyrene (i.e., as dissolved BMP-2), indicating the potential of
these multilayer systems to present BMP-2 in an active manner
and thus supporting subsequent osteogenesis. This also high-
lights the important reservoir role of the ECM, in human body,
for storing and presenting GFs rather than keeping them in
a soluble state.l*¥! Although, H can stimulate BMP-2 activity
through binding it and protecting it from degradation,*”) some
studies have shown that H may also inhibit osteogenic activity
by sequestering BMP-2 and mediating BMP-2 internaliza-
tion, ) which might be the reason behind lesser formation of
mineralized matrix on oH4Col compared to 0oCS4Col. Despite
that H4 + 9 and oH4Col possessed a similar release profile, by
comparing the oxidized systems (0CS4Col and oH4Col) to their
native pH dependent systems (CS4 + 9 and H4 + 9, respec-
tively), more ALP and more formation of mineralized matrix
were observed for C2C12 cells cultured on oxidized GAG sys-
tems. One reason could be related to the presence of more
viable cells on 0GAGs systems (as demonstrated from QBlue
data, Figure 3) and also to the presence of a terminal Col I layer
in the oGAGs systems, creating a better microenvironment for
the cells regarding osteogenic differentiation.*® Furthermore,
ligation of 02f1 and 1 integrins, that is, collagen receptor
signaling, is required for ALP induction as it increases ALP
mRNA triggered by BMP-2.*7] Moreover, Col is important in
starting and increasing mineralization.’%) However, despite the
fact that both oH4Col and 0oCS4Col have a terminal collagen
layer, we could see that 0CS4Col, which released less BMP-2,
enhanced osteogenic differentiation of cells and formation of
mineralized matrix significantly more than oH4Col system,
indicating that intrinsic properties of multilayers and not
only the terminal collagen layer affected BMP-2 activity and
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subsequent osteogenic differentiation of C2C12 cells. All
together, these findings underline the efficacy and the suc-
cessfulness of the multilayers made of oxidized GAGs like
chondroitin sulfate and heparin with intrinsic cross-linking to
form a biocompatible surface coating that can store and deliver
BMP-2 for osteogenic differentiation of cells.

4, Conclusion

The oxidized GAG multilayers with the terminal layer of Col I
showed more sustained release of BMP-2 and supported C2C12
cell differentiation more than the native systems, which showed
the advantage of intrinsic cross-linking, making these systems
more efficient for bioactive presentation of BMP-2 and creating
a microenvironment that promotes osteogenic differentiation.
To the best of our knowledge, there are currently no published
in-depth studies on the combination of multilayer systems
made of oxidized GAGs as a tool for achieving in situ cross-
linking in multilayers instead of chemical cross-linkers (widely
used in the majority of other studies) for bone regeneration. In
particular, it should be noted that very low quantities of BMP-2
release, as shown by ELISA, have large effects on cell differ-
entiation, which may also pave the way for safer application of
GFs, like BMP-2, in clinical set-ups. Hence, in this study, we
tried to address the significance of considering LbL systems as
bone tissue engineering candidates, with the potential to apply
these systems on 3D scaffolds that may open new pathways in
regenerative therapies and could be promising toward finding
novel solutions for treating large bone defects.

5. Experimental Section

Materials: Round glass (@15 mm), glass object holders, and
polystyrene well-plates were obtained from Karl Hecht GmbH & Co
(Sondheim, Germany). Chondroitin sulfate, sodium periodate (NalQO,),
poly(ethylene imine) (PEl), paraformaldehyde (PFA), and Triton X-100
were purchased from Sigma-Aldrich Chemie GmbH (Steinheim,
Germany). Heparin and glutaraldehyde were provided by AppliChem
(Darmstadt, Germany). Native Chi was obtained from HMC Heppe
Medical Chitosan GmbH (Halle, Germany). Collagen | was from
Sichuan Mingrang Bio-Tech (Sichuan, China). The black 96-well plates
and cell culture flasks were purchased from Greiner Bio-one GmbH &
Co.KG (Frickenhausen, Germany). Dulbecco’s Modified Eagle’s Medium
(DMEM) (phenol red), fetal bovine serum (FBS), and trypsin/EDTA
solution were provided by Biochrom (Berlin, Germany). Penicillin/
streptomycin (pen/strep) was from Lonza (Walkersville, MD, USA).
Sodium chloride (NaCl), hydrogen peroxide 35% (H,0;), bovine serum
albumin (BSA), 4-nitrophenylphosphate disodium salt hexahydrate
(p-NPP) and alizarin red-S were provided by Carl Roth GmbH & Co.
KG (Karlsruhe, Germany). Dialysis bags (Spectra/Por membrane, M,,
cutoff = 3500) were purchased from Spectrum Labs (CA, USA). Schiff’s
reagent was from Merck KGaA (Darmstadt, Germany).

Synthesis of oGAGs: H and CS were used as native glycosaminoglycans
(nGAGs) in all experiments. Oxidation of nGAG was done according
to our previously published work.?% Briefly, 1 g of native H (nH
M, = 8-15 kDa) and native CS (nCS M,, = 75 kDa) were dissolved
in 200 mL of ultrapure water and allowed to react with NalO, at a
molar ratio of 2:1 and 4:1, at room temperature (RT) under stirring
and protection from light for 6 h and 3 h, respectively. Purification of
the reacted GAGs was done using dialysis membrane against distilled
water for 3 days at RT. The final products were obtained by freeze-drying
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(ALPHA 1-2 LDplus, Christ, Osterode am Harz, Germany) and stored at
4 °C. The quantity of aldehyde groups present in 0GAGs was determined
photometrically using Schiff's test and has been described previously.l*']
Oxidation degrees of 5.71% and 6.33% were obtained for oH and oCS,
respectively.

Preparation of Substrata: For ellipsometry and AFM, as well as WCA
and several cell experiments, Si wafers (Silicon Materials, Kaufering,
Germany) and round glass cover slips, respectively, were prepared
following the “RCA-1" cleaning protocol.®? For SPR studies, fresh
Au-coated glass sensors (glass squares, 16 x 16 X 1 mm, 50 nm Au,
Ssens BV, Enschede, The Netherlands) were prepared as previously
described.??]

Formation of Polyelectrolyte Multilayers (PEM): When appropriate,
silicon wafers, Au-coated glass sensors, polystyrene well-plates, or
glass cover slips (15 mm) were used as substrata. All polyelectrolytes
were dissolved in deionized water containing 0.15 mol L™' NaCl at a
concentration of 2 mg mL™". Chi solution containing 0.05 mol L™ acetic
acid was solubilized at 50 °C for 3 h. Col | was prepared in deionized
water containing 0.15 mol L™' NaCl and 0.2 mol L™ acetic acid at a
concentration of 2 mg mL™, centrifuged for 10 min to remove insoluble
precipitates, and a working solution of 0.5 mg mL™" was prepared by
diluting the stock solution in 0.2 mol L™ acetic acid supplied with
0.15 mol L™' NaCL2% All polyelectrolyte and washing solutions were
filtered through a 0.2 um pore size membrane (Whatman). All multilayer
formation procedures were carried out at RT under gentle shaking
(Heidolph, Polymax 1040, at 30 rpm). PEI and polycations (Chi, Col I)
were prepared at pH 4 while polyanions (nH and nCS) were prepared at
pH 4 and pH 9 for the different LbL systems. oH and oCS were prepared
at pH 4 only.

First, PEl was adsorbed on the substrates as the primary layer for 30
and 7 min for glass and well-plates, respectively. Thereafter, for systems
relying on pH variation (H4 + 9 and CS4 + 9), alternating layers of H
pH 4 (H4) or CS pH 4 (CS4) and Chi were used in the first eight layers.
Then H9 or CS9 were used for the following eight layers, each deposited
for 15 and 4 min on glass and well-plates, respectively. For oGAGs
systems, alternative layers of oH or oCS and Chi were used, and Chi
was replaced by Col | only in the terminating layer. The deposition step
was repeated until reaching total number of 17 layers. Each step was
followed by three washing steps, each for 2.5 min. The washing solution
was 0.15 mol L™ NaCl pH 4 or pH 9 with respect to the different LbL
systems.

Measurement of Multilayer Growth: The layer growth and multilayer
formation were investigated via SPR (IBIS Technologies B.V., Enschede,
The Netherlands) as previously described.? Chi and CS, oCS, H, or
oH (each at a concentration of 2 mg mL™ in 0.15 mol L™' NaCl) were
injected in turns into the flow cell for 15 min. Interval washing steps
(2 x 2.5 min cycles) after adsorption of each layer were employed
using NaCl (0.15 mol L™, at appropriate pH) to remove any unbound
molecules. The average of the 10 angle shift values (m°) at the end of
each washing step was used for plotting the layer growth.

Water Contact Angle Measurements: In order to determine the
wettability of the multilayer surfaces, static Water Contact Angle
Measurements (WCA) measurements were conducted using an
OCA15+ device (DataPhysics, Filderstadt, Germany) as previously
described.l The experiments were conducted in duplicates with five
droplets per sample using a flow rate of 0.5 uL s7'. The software of
OCA15+ device for each droplet recorded at least 10 independent
measurements.

Characterization of PEM Thickness and Swelling: Spectroscopic
ellipsometry was used to determine the average thickness of the samples
(M-2000V, ).A. Woollam Company, Lincoln, NE, USA). Cleaned Si wafers
were used as reference substrate with SiO, layer thickness at 2.5 nm. In
order to extract the optical constants of the PEMs, a Cauchy model was
used as previously described.**3*55] In order to study the thickness of
the samples under wet conditions, a special cell was used. The latter
was filled with Milli-Q H,0, 1T mmol HCl, or PBS in order to sufficiently
wet the surface of the samples, and both the optical constants and the
thickness were measured as before.
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Measurement of PEM Surface Roughness: PEM surface topography
and roughness were investigated using AFM (Nano-R, Pacific
Nanotechnology, Santa Clara, CA). Si wafers (10 x 10 mm?), either
cleaned or PEM coated, were probed under ambient (air) laboratory
conditions of temperature and humidity in close contact mode, as
previously described.””) For topography pictures, scans of 5 x 5 um?
were recorded at 512 x 512 pixel resolution. For the determination of the
average roughness Ra and the mean square root roughness Rq (RMS),
scans of 3 X 3 um? were recorded at 512 x 512 pixel resolution. Two
different Si-coated wafers were used for each condition, and pictures
were taken in five individual locations in every sample. Ra and Rq were
determined using the topography analysis software “Gwyddion 2.49
64-bit”.

Uploading of Recombinant Human Bone Morphogenetic Protein 2
(rhBMP-2) to Multilayers for Cell and Release Studies: rhBMP-2 which was
recombinantly produced in Escherichia coli (E. coli) cells®® was loaded
to the layers one day prior to cell seeding overnight at 4 °C. For all
experiments, a concentration of 5 ug mL™" in 1 mmol HCl was prepared
from the stock solution (50 ug mL™) and loaded to the multilayers. After
incubation, BMP-2 was aspirated and the samples were washed quickly
with 0.15 mol L™' NaCl at pH 7.4 for further cell experiments.

BMP-2 Release Studies via ELISA: PEMs were fabricated in 96-well
plates, and BMP-2 was adsorbed at 5 tig mL™" in 1 mmol HCI (50 uL
each well) overnight at 4 °C. Samples were collected over 4 days, each
time followed by a washing step with PBS and adding new PBS. Using an
ELISA kit from PeproTech (Hamburg, Germany), the released amounts
of BMP-2 were calculated.

Culture of C2C12 (Mouse Myoblast Cell Line) Cells: Cryopreserved
C2C12 cells were thawed and grown in DMEM medium supplemented
with 10% v/v FBS and 1% pen/strep at 37 °C in a humidified 5%
C0O,/95% air atmosphere using a NuAire DH Autoflow incubator
(NuAire Corp., Plymouth, Minnesota, USA). At =80% confluency, the
cells were washed with PBS at pH 7.4 and detached from the flask using
0.05% trypsin/0.02% EDTA solution for 3—-5 min at 37 °C. Thereafter,
trypsinization was stopped using DMEM (10% FBS). Cells were collected
in a 12-mL tube and centrifuged at 250 g for 5 min. The supernatant was
aspirated and the cells pellet was re-suspended in 1 mL of DMEM 10%
FBS. A dilution of 1:100 was prepared, and cells were counted manually
using a Neubauer counting chamber.

Studies on Viability and Adhesion of C2C12 Cells: QBlue cell viability
assay kit was employed according to the manufacturer’s instructions
(BioChain, Newark, USA). PEMs were prepared in 96-well plates (no
BMP-2 loaded) and cells were seeded on top (200000 cell mL™) in
DMEM 10% FBS and incubated at 37 °C/5% CO,. QBlue assay was
performed after 24, 48, and 72 h of incubation for the first, second, and
third well plate, respectively. Fluorescence measurements were taken
in a black 96-well plate at 544 nm excitation and 590 nm emission
wavelength using a plate reader (FLUOstar Optima, BMG LabTech,
Offenburg, Germany). QBlue solution (10%) without cells represented
the blank value. Statistical analysis of all quantitative cell data was
performed using OriginPRO 8G (OriginLab Corporation, Northampton,
USA). For the adhesion study, glass cover slips were used for LbL
coating, placed in 24-well plates. Afterward, 1 mL of DMEM (10% FBS)—
C2C12 cell suspension (50000 cells mL™") was added to each sample
and incubated at 37 °C for 24 h. Plain glass slides supplied with and
without 5 tg mL~' BMP-2 were used as cell-adhesive surface and served
as positive and negative control, respectively. After 24 h of incubation,
the cells were fixed with 4% w/v paraformaldehyde for 15 min, then
rinsed twice with PBS. Cells were permeabilized with 0.1% Triton X-100
in PBS v/v for another 10 min. After further washing with PBS, the
nonspecific binding sites were blocked by incubation of samples in 1%
w/v BSA in PBS for 1 h. Cells were stained for vinculin in focal adhesion
plaques using a primary mouse antibody vinculin (7F9) (1:50, Santa
Cruz Biotechnology) and a secondary CY2-conjugated goat anti-mouse
antibody (1:100, Dianova); for actin cytoskeleton and cell nuclei using
BODIPY-Phalloidin (1:50, Invitrogen) and TO-PRO-3 (1:400, Invitrogen),
respectively, for 30 min each. All reagents were diluted in 1% w/v BSA
in PBS. The samples were then washed with PBS twice, briefly dipped
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into ultrapure water, mounted with Mowiol (Calbiochem, Darmstadt,
Germany), and examined using a confocal laser scanning microscope
(CLSM, LSM 710, Carl Zeiss, Oberkochen, Germany) with 10x, 20X, and
63x oil immersion objective lenses. Images were processed with the
ZEN 2011 software (Carl Zeiss). Later, images were analyzed by Image).

Differentiation Studies (ALP Assay and Alizarin red-S Staining): For ALP
assay, PEM were prepared in 24-well plates, loaded with BMP-2, and
cells (125000 cell mL™") in DMEM (2% FBS) were seeded on top and
incubated for 4 days at 37 °C/5% CO,. The cells were washed once with
PBS, and cell lysis was done using 1% Triton X-100 for 30 min under
slow shaking. Then 100 uL of cell lysate was incubated with 1 mg mL™
p-NPP in a 96-well plate and incubated for 30, 60, and 90 min at 37 °C
for ALP assay, and measurements were done using a plate reader
(FLUOstar OPTIMA, BMG LABTECH) at 405 nm wavelength. Pierce
BCA Protein Assay Kit from Thermo scientific (Rockford, IL, USA) was
employed according to manufacturer’s instructions in order to normalize
the obtained ALP values to the total protein amounts. For alizarin red-S
staining, cells were seeded on BMP-2 loaded multilayers made on glass
substrates, at a density of 50000 cell mL™" in DMEM 10% FBS+1% pen/
strep and incubated for 14 days at 37 °C/5% CO2. Alizarin red-S staining
was performed as reported previously.*”] Bright-field images were taken
using 10x lens via Leica DM IL microscope (Germany).

Statistical Analysis: All statistical computations were performed
with Origin 8G software. Mean, standard deviation, and analysis of
significance (ANOVA) (indicated as *) were calculated and indicated in
the respective figures. A value of p < 0.05 was considered as significantly
different. Further, box-whisker diagrams are shown where appropriate.
The box indicates the 25th and 75th percentiles, the median (dash), and
mean value (black square), respectively, whereas the 95-5% confidence
interval is represented by the whiskers.
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Chapter 3

Summary - Intrinsically cross-linked ECM-like multilayers for BMP-2 delivery promote

osteogenic differentiation of cells:

In the previous publication; oxidized chondroitin sulfate (oCS)/chitosan multilayers
exhibited the most promising results in terms of BMP-2 delivery, cell adhesion and
osteogenesis. Therefore, the aim of this paper was to further investigate the effect of
intrinsically cross-linked oCS-based multilayers, with varying molecular composition, on
BMP-2 activity. Collagen | (Col I) was used as polycation instead of chitosan due to its
importance in promoting cell adhesion as well as being a major protein in bone tissue,
thus, creating a biomimetic microenvironment. BMP-2 loading concentration was
increased (10 pg mL?t) to check if there would be any increase in the osteogenic
differentiation rate. The multilayers used were composed of either; oxidized chondroitin
sulfate (0CS100), native chondroitin sulfate (nCS) or a 50:50 mixture of both oxidized
and native (0CS50), together with Col I as polycation. The 50:50 mixture was introduced
to check the effect of varying the molecular composition on multilayers’ characteristics,
cellular behavior and BMP-2 activity. Studies of physiochemical characteristics of the
multilayers demonstrated that; oCS50 multilayers had the softest layers, highest water
content and the thickest layers in term of swelling, while 0CS100 had the stiffest surface
and highest roughness with intermediate wetting properties. Both oCS100 and oCS50
multilayers supported the natural fibrilization of Col I, had the thickest Col | fibers and
could preserve them even at acidic conditions compared to nCS multilayers. Moreover,
0CS100 multilayers adsorbed the highest amount of BMP-2 during loading and it
released the least amount over time, indicating its capability of storing BMP-2 for longer
periods and presenting it to the cells in a matrix-bound manner rather than as soluble
released BMP-2. On the contrary, nCS multilayers released the highest amount of BMP-
2 while oCS50 multilayers showed an intermediate release profile. Cell adhesion studies,
performed using C2C12 myoblasts, showed an enhanced cell adhesion and spreading
on both BMP-2 loaded and non-loaded oCS100 multilayers while oCS50 multilayers, due
to their high water content were not supportive in that regard. Further, BMP-2
internalization was the highest on oCS100 multilayers and the cells cultured on oCS100
multilayers expressed more osteogenic markers, showed higher ALP levels and staining

and more staining of mineralized matrix compared to nCS and oCS50 multilayers.
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It has been found that osteogenesis is not only about how much BMP-2 is getting
released but rather how much BMP-2 the multilayers can store to present it to the cell in
its active state as matrix-bound. Here, the intrinsic cross-linking of multilayers proved its
efficiency in enhancing multilayers’ characteristics, preserving the natural fibrilization of
Col I and controlling the delivery of BMP-2 to cells and hence, guiding cell differentiation.
Overall, these multilayers with intrinsic cross-linking can be further used as biomimetic
coatings for implants to deliver bioactive growth factors to the site of defects for various

tissue regeneration applications.
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Intrinsically Cross-Linked ECM-Like Multilayers for BMP-2
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Surface coatings prepared by layer-by-layer technique permit loading of
growth factors (GFs) and their spatially controlled release. Here, native
chondroitin sulfate (nCS), oxidized CS (0CS100), or mixture of both (0CS50)
are combined with collagen I (Col I) to fabricate polyelectrolyte multilayers
(PEMs) that exhibit structural, mechanical, and biochemical cues like the
natural extracellular-matrix. The use of oCS enables intrinsic cross-linking

of PEM that offers higher stability, stiffness, and better control of bone
morphogenetic protein-2 (BMP-2) release compared to nCS. 0CS100 PEMs
have enhanced stiffness, promote Col | fibrillization, and present BMP-2 in a
matrix-bound manner. oCS50 PEMs show intermediate effects on osteogen-
esis, soft surface, high water content but also moderately slow BMP-2 release
profile. C2C12 myoblasts used for osteogenesis studies show that oCS PEMs
are more stable and superior to nCS PEMs in supporting cell adhesion and
spreading as well as in presenting BMP-2 to the cells. oCS PEMs are trig-
gering more osteogenesis as proved by the quantitative real-time polymerase
chain reaction, immune and histochemical staining. These findings show
that intrinsic cross-linking in oCS/Col | multilayers provides a successful tool
to control GFs delivery and subsequent cell differentiation which opens new
opportunities in regenerative therapies of bone and other tissues.

faced challenges in orthopedic surgeries.
Such defects, which occur after fractures
or tumor resections, do not heal on their
own and often require surgical interven-
tion.!l Since the gold standard method
using bone autografts or allografts to
regenerate bone still has its drawbacks
and limitations, tissue engineering has
emerged as an alternative approach.?
Further, biomaterials used for tissue
engineering approaches are mostly of
synthetic origin.®’l Therefore, lacking bio-
chemical cues that are usually present in
the extracellular matrix (ECM). In native
tissues, cells reside in the ECM which
is a microenvironment filling the space
among cells and varies from one tissue
type to another providing each tissue
with unique characteristics and plays
many important key roles in cell adhe-
sion, migration, proliferation, and differ-
entiation through presentation of crucial
biochemical and biomechanical cues.!

1. Introduction

Unlike the usual nature of bone tissue, which is capable to
regenerate by itself, large bone defects are one of the most

Glycosaminoglycans (GAGs) and fibrous
proteins (e.g., collagen I) are major com-
ponents of the ECM.P! Collagen I (Col I) does not only provide
topographical cues and mechanical strength for tissues but
also exhibits many biological functions such as mediating cell
attachment and spreading.®l GAGs such as chondroitin sulfate
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(CS) and hyaluronic acid (HA) play many important roles in
cell growth and differentiation when interacting with cytokines,
proteins, and cell receptors.”) Hence, the ECM plays a role as a
reservoir for storage and release of growth factors (GFs) such as
bone morphogenetic protein-2 (BMP-2),'8! which induces the
differentiation of mesenchymal stem cells (MSCs) and nonoste-
ogenic cell lines such as C2C12 myoblasts into osteoblasts.!!
Therefore, scaffolds and biomaterials that mimic the ECM con-
stitute a very promising strategy to induce tissue regeneration
due to the unique properties of the ECM. Efforts to tailor the
biocompatibility and to introduce biochemical cues to synthetic
biomaterials have been made through physical, chemical, and
biological surface modification techniques that were employed
to modify biomaterials’ surfaces due to their importance in
creating the very first response when implanted in the body."”!
Layer-by-layer (LbL) is a physical modification technique that
relies on alternative adsorption of oppositely charged polyelec-
trolytes to produce thin polyelectrolytes multilayers (PEMs)!!
that vary in their thickness, surface charge, wettability, viscoe-
lasticity, and topography by varying the assembly conditions,
medium characteristics, and the polyelectrolytes used.'>"l In
bone repair field, metals, ceramics, and polymers are used as
implant materials. Since, multilayers can be deposited by LbL
on any kind of substrate, it is an attractive surface modification
technique for implantable devices; particularly when bioactive
coatings mimicking composition of bone matrix and delivery
of bioactive molecules are desired.™ Due to its versatility, sim-
plicity, low cost, and the use of water as a solvent, LbL enables
the insertion of sensitive biomolecules like proteins and GFs
and release them in a sustained manner over-time while pre-
serving their bioactivity.3) Using ECM biomolecules as poly-
electrolytes in LbL is one of the strategies used to mimic the
ECM properties for tissue regeneration. In that regard, GAGs
and Col I are suitable candidates representing polyanion and
polycation, respectively, which permits their use as building
blocks for PEMs to create a biomimetic environment offering
specific interactions with cell receptors and GFs.!”) Moreover,
chemical cross-linking has been widely used to improve the
stability of multilayers.'>"V] However, it causes changes in the
physiochemical properties of the multilayers™! and leads to
cytotoxicity.””) In a previous work, it was found that function-
alization of GAGs with aldehyde groups through oxidation
allows their immobilization on amino functionalized surface at
which the bioactivity of the oxidized GAGs was not altered.?’]
This functionalization method made the oxidized GAGs useful
candidates to be used for generation of bioactive surface coat-
ings. Further, Zhao et al. employed the latter functionalization
method to fabricate multilayers with intrinsic cross-linking
(covalent bond) between the aldehyde groups on the oxidized
GAGs and the amino groups of Col I. An enhanced stability,
Col 1 fibrillization, and cell adhesion were the characteristics
of the intrinsically cross-linked multilayers compared to native
GAGs multilayers.?!! Hence, we thought of using the same
cross-linking method not only to enhance the multilayers prop-
erties but also to study it as a tool to control BMP-2 release
and presentation to cells in order to achieve osteogenic dif-
ferentiation of cells using multilayers exhibiting both physical
and biochemical cues like the natural ECM. It is also worth
mentioning that the cytotoxicity of this intrinsic cross-linking

Adv. Mater. Interfaces 2023, 2201596 2201596 (2 of 17)
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method of PEM using different cell types was already studied
previously and revealed no toxic effect.®2!2l Thus, cytotoxicity
measurements will not be performed again in this study.

Since Col I is a major protein in bone tissuel?’ that has a
significant impact on osteogenesis, it was used in this study as
a polycation. Here, we studied multilayers composed of either
oxidized chondroitin sulfate (0CS100), native chondroitin sul-
fate (nCS), or a 50:50 mixture of both (0CS50) together with
Col I as polycation. The 50:50 mixture was introduced in this
study to see the effect of the molecular composition on mul-
tilayers’ characteristics and cellular behavior. The efficiency of
the intrinsic cross-linking in controlling BMP-2 release and
presentation was studied, in addition to physiochemical prop-
erties of the multilayers as well as the biological studies using
C2C12 cells. C2C12 cells were chosen due to their potency to
differentiate into either myotubes or osteoblasts. They have
been used previously by other groups for studying BMP-2
signaling because of the presence of BMP receptor on C2C12
cells.”l Therefore, C2C12 cells are responsive to both soluble!’]
and matrix-bound BMP-21° with alkaline phosphatase (ALP)
and Osterix expression being measurable after 3 days, while
MSCs need at least 1 week to have detectable expression.!¢l
Results show that oCS/Col I multilayers are superior in many
aspects, particularly in controlling BMP-2 release, presentation,
and osteogenic differentiation of C2C12, compared to nCS/Col
I multilayers. Figure 1 illustrates the various multilayers used
in this study and the occurring molecular interactions.

2. Results

2.1. Characterization of PEMs Properties
2.1.1. Multilayers Formation and Thickness

The multilayers formation of the various systems was con-
trolled in a real-time measurement via quartz crystal micro-
balance with dissipation monitoring (QCM-D) as shown in
Figure 2A-D. In general, it was shown that the frequency was
decreasing after each layer for all PEMs, indicating that mass
is added during deposition. However, the oCS50 PEMs exhib-
ited higher decrease in frequency compared to the nCS and
0CS100 PEMs. A rapid decrease in frequency from the base line
was observed after the adsorption of the cationic poly(ethylene
imine) (PEI). This also corresponded to a rapid increase in the
energy dissipation in the layer, as shown in Figure 2B. It was
possible to obtain information about the viscoelastic properties
of the PEMs in term of change in dissipation. The increase in
the energy dissipated through the multilayers formation was
the highest for oCS50 PEMs followed by 0oCS100 and the lowest
energy dissipation was observed for nCS, indicating that oCS50
PEMs have the softest layers. The PEM thickness was calcu-
lated using two types of equations: Sauerbrey equation, which
is usually used with rigid, evenly distributed layers, and the
Voigt model, which takes into consideration the contribution
of the viscoelasticity to the sensed mass.”’! The latter is most
probably more reliable to calculate the thickness in our study,
since the change in energy dissipation is quite high and the
analyzed PEMs are assumed to be viscoelastic layers.

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 1. lllustration of the multilayers used in this study. Total of 17 layers. nCS is nCS/Col | multilayers, 0CS50 is 0CS50/Col | multilayers, and 0CS100
is 0CS100/Col | multilayers with oCS having oxidation degree of 2.77%. nCS depends mainly on ion pairing while 0oCS50 relies mainly on covalent
binding and to a smaller extent on ion pairing, resulting in free negatively charged groups that lead to electrostatic repulsion, attraction of more water,

and swelling. 0CS100 is depending only on covalent binding.

The detected change in resonance frequency as a function
of multilayers’ build-up has been converted to the Sauerbrey
adsorbed amount, as shown in Figure 2D. Further, by assuming
that the density of the layer, viscosity of the bulk liquid, and fixed
density layer are 1000 kg m™, 1 mPas, and 1400 kg m~, respec-
tively,?’] it was possible to estimate the thickness as a function of
the number of layers during the build-up of the PEMs as shown in
Figure 2C. Value of =155, 140, and 128 nm for the final thickness
was obtained for 0CS50, 0CS100, and nCS PEMs, respectively.

2.1.2. Wettability and Dry Thickness Measurements
As shown in Figure 3, all PEM systems showed moderate water

contact angle (WCA) values around 50°, indicating that all

Adv. Mater. Interfaces 2023, 2201596 2201596 (3 of 17)

PEMs are moderately hydrophilic compared to the plain glass
(control) that showed WCA below 35°. Further, after measuring
the dry thickness via ellipsometry, significantly thicker multi-
layers were obtained for 0CS100 PEMs (=32 nm) and oCS50
(=31 nm) in comparison to nCS PEMs (=24 nm).

2.1.3. Topography, Stiffness, and Roughness of PEMs

The surface topography, stiffness, and roughness of clean Si
wafers and all PEMs were analyzed by atomic force micros-
copy (AFM) in wet state and under ambient laboratory condi-
tions. Figure 4A shows that the topography of final layers of
all PEM systems was characterized by the presence of Col I
fibers. The fibrillization of Col I was supported on all BMP-2

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. Film growth monitored in situ by QCM-D for 0CS100, 0CS50, and nCS multilayers. PEMs of oxidized chondroitin sulfate (0CS100), native
chondroitin sulfate (nCS), or a mixture of both (0CS50) were prepared with Col | as polycation. A) Change in frequency shifts. B) Change in dissipa-
tion. C) Representation of viscoelastic thickness calculated in (nm) using voigt-based model. D) Representation of the attached mass calculated using
Sauerbrey equation. The 1st layer is PEI, even numbers refer to native or oxidized CS and odd numbers refer to Col I. n = 2.
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nonloaded multilayers with slight differences. oCS100 and  PEMs were more resistant and stable than nCS PEMs which

0oCS50 PEMs had significantly thicker Col I fibers than nCS
PEMs (Figure 4B). On nonloaded samples (BMP-2-), oCS100
PEMs were showing the highest stiffness and roughness while

were prone to complete loss of Col I fibers after BMP-2 loading.
This Col I loss on nCS PEMs could have led to some rearrange-
ment making the silicone substrate more prominent, which

op &

0CS50 PEMs had the softest surface. A noticeable decrease in
Col I fibers’ thickness was observed after BMP-2 loading on all
BMP-2-loaded PEMs. This decrease was reflected in a decrease
in Young's modulus as well. However, 0oCS100 and oCS50

was reflected in a false positive increase in Young’s modulus
of nCS PEMs (Figure 4C). Further, the roughness of nonloaded
PEMs was the highest for oCS100 PEMs, lesser for oCS50,
and the least for nCS PEMs. The dissolution of Col I fibers

A i B
= = = 2 D Ory Thickness
80 40 . I et
60 _ltl—. 'g 30 4
= 50 8 251
< €
g 40 S 20
£
30 > 154
=}
204 10 4
10 4 5
- 0
Plain Glass nCs oCS50 0CS100 nCS oCS50 0oCs100

Figure 3. A) Static WCA measurements after multilayers formation up to 17 layers. Multilayers of oxidized chondroitin sulfate (0CS100), native chon-
droitin sulfate (nCS), or a mixture of both (0CS50) were prepared with Col | as polycation. Results are presented as means + SD of four measurements
taken from each sample for each multilayers system. B) Measurements of dry thickness taken by ellipsometry after formation of 17 layers of the various
multilayers. Results represent means + SD. n = 4. (*) data are significantly different.
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Figure 4. A) Surface topography of type | collagen (Col I) terminated multilayers (17th layer) visualized by atomic force microscopy (AFM). Multilayers of
oxidized chondroitin sulfate (0CS100), native chondroitin sulfate (nCS), or a mixture of both (0CS50) were prepared with Col | as polycation. (Scale bar:
500 nm.) (*) data are significantly different. B) Quantification of Col | fibers diameter on the various multilayers using FSegment program. The program
traces all fibers and measures the width of each fiber every 5 pixel (equals 48.5 nm). All measuring points per sample were then cumulated and analyzed.
BMP+ refers to BMP-2 loaded multilayers and BMP- refers to BMP-2 nonloaded multilayers. C) Young's modulus (elasticity) measurements by AFM.
The Young's modulus E for each pixel was determined. All data are significant to each other except # (p < 0.05 Kruskal-Wallis-ANOVA, Dunn post hoc,
n =131.072). D) Surface roughness measurements of BMP-2 nonloaded multilayers. E) Surface roughness measurements of BMP-2 loaded multilayers.
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affected the surface roughness, hence, a decrease in rough- the most on 0CS100 PEMs followed by oCS50 while the least
ness was observed after loading BMP-2 to all types of PEMs  was on nCS PEMs. However, a significant decrease of adsorbed
(Figure 4D,E). BMP-2 was noticed after 7 days of incubation in Dulbecco’s

modified Eagle’'s medium (DMEM) for all PEMs. Further,

regarding BMP-2 release, all PEMs were releasing the loaded
2.2. BMP-2 Adsorption and Release Studies BMP-2 over time in a sustained release manner. However,

0CS100 PEMs with intrinsic cross-linking were able to store
From the confocal laser scanning microscopy (CLSM) images  and present the majority of the loaded BMP-2 to the cells in a
and the quantification of BMP-2 adsorbed by the multilayers’  matrix-bound manner through releasing the least amounts over
surfaces (Figure 5A,B), it was concluded that BMP-2 adsorbed  time (47 ng mL™ on day 7) compared to 0CS50 and nCS PEMs;
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Figure 5. Multilayers of oxidized chondroitin sulfate (0CS100), native chondroitin sulfate (nCS), or a mixture of both (0CS50) were prepared with Col |
as polycation. Neg Ctrl is plain glass and no BMP-2 was added. A) CLSM images of BMP-2 adsorbed at the various multilayers surfaces, after 24 h (the
first row) and 7 days (the second row) of incubation in DMEM. (Scale bar: 20 um.) B) Semiquantification of BMP-2 adsorbed on multilayers surface by
quantifying the fluorescence intensity in CLSM images. The mean intensity was extracted by Image) 1.53c. (*) refers to significant difference, p < 0.05.
C) Cumulative BMP-2 release from the various multilayers measured by ELISA over 7 days after loading BMP-2 (10 ug mL™) for overnight. Results are
means + SD. n = 6 replicates of each multilayers system.
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as illustrated in Figure 5C. Released GFs have short life-timel?8l

while matrix-bound is the effective form of GFs presentation
to cells, as shown in previous studies by the group of Picart.l?]
Further, since the initial differentiation of C2C12 cells into func-
tional osteoblasts is detectable during the first 3-7 days, char-
acterized by upregulation of ALP,?) BMP-2 release was only
measured for 7 days. Despite that all PEMs were having a sim-
ilar first release value (between 20 and 29 ng mL™), nCS PEMs,
which lack intrinsic cross-linking and are mainly dependent
on ion pairing, could not retain the loaded BMP-2 but rather
released it much faster to the solution (97 ng mL™ on day 7).
However, oCS50 PEMs, partially depending on ion pairing and
more on covalent binding, could balance this high release to
a more moderate behavior (=70 ng mL™ on day 7). Moreover,
after checking the BMP-2 release kinetics fitting from the multi-
layers, it was concluded that the BMP-2 release in this study fits
to the Higuchi model (see the Supporting Information). This
means that the release was diffusion dependent and was not
relying on the degradation of the matrix or the multilayers.*%]
Therefore, the type of binding inside the multilayers is mainly
affecting and controlling the BMP-2 release and presentation.

2.3. BMP-2 Internalization Study

BMP-2 was internalized into the cells on all PEMs in general
(Figure 6). However, more staining of BMP-2 molecules was
observed on oCS PEMs than on nCS PEMs indicating more
internalization on intrinsically cross-linked PEMs (0CS100,
0CS50) due to the presentation of BMP-2 to cells in a matrix-
bound manner. Further, lesser BMP-2 internalization was
observed on pos Ctrl where BMP-2 is present to the cells in a
soluble state and not as matrix-bound like in the oCS PEMs,
indicating much slower internalization of soluble BMP-2.
Similar results were for nCS PEMs which were offering
most of the BMP-2 in a released (soluble) state. The neg Ctrl

Pos Ctrl

Neg Ctrl

Permeablized
24h
Merged

BMP-2

INTERFACE

0,

www.advmatintee
containing no BMP-2 showed no staining of BMP-2. On all
PEMs, the internalization of BMP-2 in permeabilized cells
after 24 h was clear in the form of dots (green) representing
BMP-2 molecules.

2.4. C2C12 Cell Adhesion Study

To explore whether the loaded BMP-2 has any effect on cell
adhesion, two sets of samples were used, original (nonloaded)
and BMP-2-loaded multilayers, as shown in Figure 7. All
original PEMs supported cell adhesion in general with small
variances regarding the number of C2C12 cells (Figure 7A).
However, on original PEMs (nonloaded), cell spreading was
higher on intrinsically cross-linked PEMs (i.e., on 0CS100 and
0CS50 PEMs) than on nCS PEMs and pos Ctrl, characterized by
more spread and elongated cells with significantly longer actin
filaments (red) which could be seen from the CLSM images as
well as from the quantification of cell area and actin filaments
length per cell. Nevertheless, no organization of vinculin mol-
ecules (green) in focal adhesions (FAs) could be detected there.

Interestingly, after BMP-2 loading, a general increase in cell
adhesion and spreading was observed on all BMP-2-loaded
PEMs, including the pos Ctrl, indicating a promoting effect of
BMP-2 on cell adhesion and spreading. This enhancement was
characterized by more spread elongated cells showing more
alignment of longitudinal actin filaments (red) and organization
of vinculin (green) in FA plaques, as illustrated in the CLSM
images (Figure 7E, 2nd and 3rd row). Further, the increase of
total length of actin filaments on loaded PEMs was significant
for all PEMs compared to nonloaded ones (Figure 7D). None-
theless, 0CS100 PEMs were still superior to 0CS50 and nCS
PEMs even after loading BMP-2. This was proven not only by
showing the longest total actin filaments (Figure 7D) but also
by the pronounced organization of the most vinculin in FA
(Figure 7C) compared to oCS50 and nCS PEMs.

nCS oCS50 oCS100
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Figure 6. CLSM images show BMP-2 internalization into permeabilized C2C12 cells after 24 h of incubation on BMP-2-loaded PEM. PEMs of oxidized
chondroitin sulfate (0CS100), native chondroitin sulfate (nCS), or a mixture of both (0CS50) were prepared with Col | as polycation. The samples were
stained for BMP-2 (green) being internalized into the cells, filamentous actin (red), and nucleus (blue). As controls, cells were seeded on plain glass
slides either without (neg Ctrl) or with BMP-2 (pos Ctrl) in the medium. Cells were imaged with CLSM 63x oil immersion objective (scale bar: 20 um).
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Figure 7. Adhesion of C2C12 cells seeded on native and various cross-linked multilayers, after 24 h of incubation. PEMs of oxidized chondroitin sul-
fate (0CS100), native chondroitin sulfate (nCS), or a mixture of both (0CS50) were prepared with Col | as polycation. A) Quantification of cell count,
B) and cell area obtained using Image]. C) Quantification of vinculin in FA plaques. Calculated FA plaques were related to the individual cell area and
detected with a custom cell profiler pipeline. n > 15, *p <0.05 ANOVA, post-Tukey. D) Actin filament length quantification on both BMP-2-loaded and
nonloaded multilayers. All actin fibers were detected by phalloidin. Filament sensor 0.1.7 was used to detect all fibers in each cell. n >15, *p <0.05
ANOVA, post-Tukey. (*) data are significantly different. E) CLSM images show C2C12 cells adhesion after 24 h incubation on various native and cross-
linked multilayers. The cells were stained for vinculin (green) present in FAs, filamentous actin (red), and nucleus (blue) on multilayers without BMP-2
(upper row) and with BMP-2 loading (lower row). As a control, cells were seeded on plain glass slides either without (nonloaded) or with BMP-2 (BMP-2
loaded) in the medium. Cells were imaged with CLSM 63x oil immersion objective (scale bar: 20 um).
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2.5. Quantitative and Qualitative Osteogenic
Differentiation Studies

To understand whether it is the released BMP-2 or the matrix-
bound BMP-2 that is bioactive and able to trigger osteogenesis,
quantitative real-time polymerase chain reaction (qRT-PCR)
was performed to evaluate the expression of specific osteogenic
markers (Figure 8). ALP was significantly upregulated in C2C12
cells grown on 0CS100 PEMs (=4.5-fold increase) and oCS50
PEMs (=3.5-fold increase) compared to the weak increase (<1.5)
in gene expression on nCS PEMs. One exception was for pos Ctrl,
where the high concentration (10 ug mL™) of soluble BMP-2 in
the medium triggered very high expression of ALP gene (=11-fold
increase). Further, Col I was also found to be strongly expressed
in cells grown on 0CS100 PEMs (=3.5-fold increase) followed by
0CS50 PEMs with 2.5-fold increase in Col I gene expression,
while reduced expression was measured for cells on nCS PEMs
(=0.5-fold). Interestingly, the soluble BMP-2 in pos Ctrl could not
trigger high Col I gene expression. Furthermore, the osteogenic
marker Runx2 was upregulated in cells grown on all PEMs in
general, with being more pronounced in cells on nCS PEMs
and on pos Ctrl with =2.5-fold and twofold increase, respectively,
and less on 0CS100 (=1.5-fold increase) and oCS50 PEMs (=1.25-
fold increase). Similar finding goes for Osterix which was sig-
nificantly more upregulated in cells cultured on nCS PEMs and
pos Ctrl than on 0CS100 and oCS50 PEMs. Noggin which acts
as a BMP-2 antagonist’®!l was downregulated in cells grown on
0CS100 and oCS50 PEMs (=0.5-fold increase) and upregulated
in cells on nCS PEMs and pos Ctrl. It is worth mentioning that
a balanced BMP-2/ Noggin level is very important in regulating
osteogenesis.’!l The more Noggin is expressed, the less osteo-
genesis occurs. However, since the expression of genes does not
guarantee their translation into proteins,®? further osteogenic
markers on the protein or ECM level were screened.

In Figure 94, it is worth noticing that significantly high ALP
activity was observed in cells grown on 0CS100 and oCS50
PEMs and not on nCS or pos Ctrl which confirms the PCR data
of ALP and Col I expression. These findings were also reflected
in the ALP staining and alizarin red staining of the mineral-
ized matrix (Figure 9B) at which the most ALP staining (purple
color) was observed for cells on 0CS100 and 0oCS50 PEMs while
very little ALP staining (purple) was observed for nCS PEMs
and even for pos Ctrl. The same was noted for alizarin red. Big
dark red oily spots, representing the mineralized matrix, were
observed on 0CS100 and 0oCS50 PEMs compared to the absence
of this positive staining on nCS PEMs. Moreover, in the
immune staining of Col I and Runx2 (Figure 9C), oCS100 and
0CS50 PEMs were also superior to nCS PEMs at which more
Col I and Runx2 staining existed on 0CS100 and 0oCS50 PEMs,
as visualized in the single channels of Col I (green) and Runx2
(red), while very faint staining is observed on nCS PEMs.

3. Discussion
3.1. Physical Studies on Multilayers Formation and Properties
The multilayers build-up was investigated by QCM-D, which

provides information on the total adsorbed mass (containing
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water) and permits the study of the viscoelastic properties of the
multilayers. In all PEMs, more deposition of Col I than of the
polyanion was observed, which is probably related to the higher
molecular weight of Col 1. AD increased after addition of Col I
followed by a decrease after addition of polyanion, indicating
stiffening of PEM after CS adsorption. This is due to the diffu-
sion of CS into the underlying layers of Col I leading to compac-
tion and displacement of water. A similar effect was observed
by others for heparin/poly(L-lysine) (PLL) and heparin/chitosan
PEMs.334 When an additional Col I layer is adsorbed and the
system takes up water, the multilayers swell and become softer
again.’sl The PEM assembly was performed at pH 4 at which
Col T acquires a net positive charge since its isoelectric point
is about 5.5¢ while CS is considered a polyanion with a pK,
value of 2.5.17] Therefore, our assumption is that the formation
of nCS PEMs was mainly depending on ion pairing*® between
positively charged Col I and negatively charged CS whereas
in oCS PEMs an additional covalent pairing mechanism was
involved, which is the imine bond formation between the alde-
hyde groups in oCS and the amino groups of Col 12!/ There-
fore, in 0CS50 PEMs, it is suggested that the polymer binding
was mainly depending on the covalent pairing mechanism
between oCS and Col I while most of other negatively charged
groups on nCS and oCS are remaining free, causing electro-
static repulsion that leads to more swelling and attraction of
water. The latter could be the reason behind the higher dissipa-
tion and viscoelastic thickness calculated for oCS50 PEMs. This
was also proven when comparing the viscoelastic thickness to
the dry thickness measured by ellipsometry. Here, oCS50 PEMs
had a comparable dry thickness to 0CS100 PEMs when water
was excluded.

Surface properties of PEMs were studied with WCA and
AFM measurements. This is related to the fact that both wet-
ting properties and topography have an effect on cell adhe-
sion and fate.*) Biophysical cues such as topographical and
mechanical features of ECM result in profound effects on
cellular morphology and function, through mechanotrans-
duction mechanisms." Cells possess the ability to recog-
nize and respond to the nano- and microscale organization
of molecular signals in their ECM.*l On nanostructured sur-
faces, cells tend to spread more on the smallest nanostruc-
tures accompanied by increased expression of FA while less
spreading occurs on macrostructures.’®) Here in our study,
the Col I fibers with the various densities and diameters repre-
sent both the chemical and topographical cues. The observed
moderate wettability of all studied PEMs is favorable for cell
adhesion.*”l While CS is known to be highly hydrophilic, Col
I is more hydrophobic as a pure film (WCA ~ 110°).3] Thus,
the reason behind these WCA values could be the high mass
contribution of Col I in all studied multilayers. A similar WCA
was observed by Zhao et al. for CS-based PEMs compared
to HA-based PEMs showing lower WCA for the latter due to
lesser Col content.[?122]

Col as ECM molecule plays an important role in cell adhe-
sion, spreading, and differentiation.* The soft nature of
0CS50 PEMs detected by QCM-D with higher dissipation was
confirmed by AFM measurements, which revealed that 0CS50
PEMs have the lowest elastic modulus. The intrinsic cross-
linking of 0CS100 PEMs together with the observed density and

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 8. Relative expression of mRNA of osteogenic markers (ALP, Col I, Runx2, Osterix, and Nogging) after 14 days of C2C12 incubation on the various
native and cross-linked multilayers. PEMs of oxidized chondroitin sulfate (0CS100), native chondroitin sulfate (nCS), or a mixture of both (0CS50) were
prepared with Col | as polycation. qRT-PCR analyses were performed as described in the Experimental Section. Data represent mean + SD values, n =6,
p <0.05 and Scheffe post hoc test. (*) data are significantly different. (#) all data are significantly different except. (###) all data are significantly different.

thickness of Col I fibers contributed to its high elastic modulus  fibrillization results from two successive processes. One is hap-
and roughness compared to nCS PEMs. Further, Col I is self-  pening during the lag period (nucleation) and the other occur-
assembling to form fibrils both in vivo and in vitro.*®) Col I  ring during the growth phase where nuclei grow into fibrils.0l

Adv. Mater. Interfaces 2023, 2201596 2201596 (10 of 17) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

Reprinted with permission from Journal of Advanced Materials Interfaces, Reema Anouz, Tamaradobra Selekere, Adrian
Hautmann, Catharina Husteden, Matthias Menzel, Christian Woelk, Christian E. H. Schmelzer, Thomas Groth (2023),
Intrinsically Cross-Linked ECM-Like Multilayers for BMP-2 Delivery Promote Osteogenic Differentiation of Cells,
Adv.Mat.Inter. 2201596, © Advanced Materials Interfaces published by Wiley-VCH GmbH, DOI: 10.1002/admi.202201596

sdny) suonIpuoy) pue suua| Ay 998 “£202/10/42) U0 AIRIQIT QUITUQ) KJ1AN *SIENSIIAIU( 1IN UILBIN-YE] AQ 96§ [0ZZ0Z TWPE/Z001"01/10p/w0d"Kaj1aAIeqriaunjuoy/:sdiy woiy papeojumod °0 ‘0S€L9617

op &

25U917 SUOWWIOY) 2A1EAI) [qEaNidde Y1 4G PAWIIACS AIE ST VO 25N J0 SN 10y AIRIGIT UIUQ) KAJIAL UO



Chapter 3 — Effect of oxidized chondroitin sulfate on BMP-2 activity 66

ADVANCED ADVANCED
MATERIALS
SCIENCE NEWS MATERIAL

0,

www.advancedsciencenews.com

en Access,

www.advmatinterfaces.de

0.9

[ ALP/ug

0//-sd1y wozy papeojum

0.84 fididid

0.74
0.6
0.54
0.44
0.34
0.24

0.1

ALP activity per protein amount

0.0

neg Ctrl pos Ctrl nCs oCS50 oCs100

Z
g
<
3

1A “SIENSIDATUL)

e
g
3
5
B
=
S

0T

98 €

Merged

g
g
2
g
3
g
]

Col |

Runx2

Nuclei

S[21E VO 1251 Jo saju oy AIeiqr au

Figure 9. PEMs of oxidized chondroitin sulfate (0CS100), native chondroitin sulfate (nCS), or a mixture of both (0CS50) were prepared with Col | as
polycation. A) Measurements of ALP activity in C2C12 cells seeded directly on top of BMP-2-loaded multilayers fabricated in 24-well plate, determined
via absorbance measurements at 405 nm after 7 days’ incubation time, using a plate reader. Measurements are normalized to the total protein amount
(BCA values). ### indicates that all data are significantly different to each other. B) Bright-field images (10x) of C2C12 cells seeded on various native
and cross-linked multilayers and stained after 7 days for ALP, and after 14 days with alizarin red-S solution to investigate the formation of mineralized
matrix (scale bar: 100 pm). C) CLSM images show C2C12 cells after 14 days incubation on BMP-2-loaded multilayers. The cells were stained for Col |
(green), Runx2 (red), and nucleus (blue). As a control, cells were seeded on plain glass slides either without (neg Ctrl) or with BMP-2 (pos Ctrl) in the
medium. Cells were imaged with CLSM 63x oil immersion objective (scale bar: 20 pm).

Adv. Mater. Interfaces 2023, 2201596 2201596 (M 0f17) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

25u017] suowwoy) 2anea) d[qearidde oy Aq p:

Reprinted with permission from Journal of Advanced Materials Interfaces, Reema Anouz, Tamaradobra Selekere, Adrian
Hautmann, Catharina Husteden, Matthias Menzel, Christian Woelk, Christian E. H. Schmelzer, Thomas Groth (2023),
Intrinsically Cross-Linked ECM-Like Multilayers for BMP-2 Delivery Promote Osteogenic Differentiation of Cells,
Adv.Mat.Inter. 2201596, © Advanced Materials Interfaces published by Wiley-VCH GmbH, DOI: 10.1002/admi.202201596



Chapter 3 — Effect of oxidized chondroitin sulfate on BMP-2 activity

ADVANCED
SCIENCE NEWS

ADVANCED
MAT

www.advancedsciencenews.com

Col I fibrillogenesis is affected by several factors such as ionic
strength, pH, temperature, and the presence of GAGs.[/l It was
found that a pH value less than 5.5 enhances the formation of
globular Col I structures while a pH value above 5.5 promotes
fibrillogenesis.”*8) However, since the fibrillogenesis occurred
in our study even at pH 4, CS seems to play a remarkable role
in regulating this process through facilitating the organization
of mature Col I fibrils by enhancing Col I concentration.*!
While nCS PEMs rely mainly on ion pairing, it has been sug-
gested that strong electrostatic interaction between the used
polyanion and Col I can produce a high number of nucleation
sites, which in turn results in a long and retarded lag phase that
results in fibers with smaller diameter.’*5! On the other hand,
in oCS50 PEMs, the electrostatic repulsion and steric hin-
drance resulting from the free charged groups in the mixture
of nCS and oCS lead to less induction of nucleation making
Col I more available. This higher availability of Col I permits
then more lateral aggregation of it and shorter lag phase ending
up with fibers of larger diameters.*>% Furthermore, the Col I
fibrils were prone to either complete or partial dissolution after
loading BMP-2, which is due to the acidic pH at which Col I
has a net positive charge and is present in a soluble state.*l
However, 0oCS100 and oCS50 PEMs could save the fibrillar
structure of Col I to a certain degree which could be related
to the successful crosslinking of Col I in those PEMs. Further,
this partial dissolution of Col I fibers led to a decrease in elastic
modulus and roughness on all PEMs. One exception was the
nCS PEMs, which showed an increase in elastic modulus after
BMP-2 loading. We relate this to the function of the AFM can-
tilever, which interacts with the surface, hence, it could have
given a false positive result after the dissolution of Col I fibers
and started rather sensing the silicon substrate instead.

3.2. Biological Studies

BMP-2 was expected to be bound to CS in all multilayers via
its heparin binding domain, at which positively charged amino
acids bind to negatively charged groups on GAGs.? Indeed,
intrinsic cross-linking of oCS PEMs not only increased seques-
tering of BMP-2 compared to nCS PEMs as visualized by
antibody staining of bound BMP-2, but also resulted in lesser
BMP-2 release over time. Since the release of BMP-2 was fitting
to the Higuchi model,?" the release seems to be depending on
the cross-linking density related to the mechanism of binding.
In nCS PEMs, the multilayers formation (at pH 4) is based on
ion pairing®®l and the BMP-2 can be easily entrapped inside
the multilayers. When the pH is increased to physiological
value (pH 74), Col I will be less charged with reduction of ion
pairing*® which leads to faster release of BMP-2. The faster the
release is, the more BMP-2 in a soluble state exists (similar to
pos Ctrl). Hence, less matrix-bound BMP-2 remains in the mul-
tilayers to be presented to the cells, which led to less BMP-2
internalization in cells on nCS PEMs. Further, the imine bonds
in oCS PEMs can be partly hydrolyzed at acidic pH permitting
uptake of BMP-2 during loading (pH 4) while these bonds are
formed and are more stable at neutral and basic pH.? There-
fore, the loaded BMP-2 is entrapped when the imine bonds are
formed. This resulted in the very little release of BMP-2 from
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0CS100 PEMs and here it is worth pointing out that this very
little release indicates that the majority of the loaded BMP-2
is still stored and available to cells in a matrix-bound manner,
which is the effective way of GF presentation to the cells that
is similar to what happens in the native ECM.'! The avail-
ability of BMP-2 as matrix-bound in 0CS100 PEMs allowed its
presentation in a spatial/temporal manner to the cells at their
ventral side which resulted in more BMP-2 internalization.
However, it has been found that BMP-2 signaling can be inde-
pendent of BMP-2 internalization where signaling can still take
place at the plasma membrane even in the absence of BMP-2
internalization."®>* Moreover, the swelling and the aqueous
nature of 0oCS50 PEMs indicated previously by AFM and QCM
data, resulted in more diffusion of BMP-2 compared to 0CS100
PEMs, i.e., more soluble BMP-2. This highlights the strong
contribution of the intrinsic cross-linking in 0CS100 PEMs in
increasing the stability of the multilayers under physiological
conditions,?! and controlling BMP-2 release and presentation.®!
Cell adhesion is considered as a prerequisite for a variety of
cellular function including cell growth and differentiation.
C2C12 cells adhered generally on all nonloaded PEMs due to
their moderate wettability, observed by WCA that is usually pre-
ferred by cells (WCA 40°-70°),15% and the presence of Col 1.122I
Moreover, Col I fibrils are known to promote the adhesion of a
variety of cells via integrin-mediated interaction,”””) where 0231
is the main functioning integrin receptor for Col I fibrils.>®l
Thus, on nonloaded PEMs, the thick Col I fibers present on
oCS PEMs contributed to significant more cell spreading than
on nCS PEMs, as shown by quantification of cell area. In addi-
tion, on BMP-2 nonloaded multilayers, cell attachment on con-
trol surfaces was the lowest which indicates that there is no
intrinsic toxicity of multilayers particularly when using oxidized
CS. Necrotic of apoptotic cells have a rather round shapel®”
which was not seen there. Furthermore, more elongated cells
and more cell spreading characterized by expression of longi-
tudinal actin filaments and vinculin molecules in FA sites were
observed on all BMP-2-loaded samples indicating a promoting
effect of BMP-2 on cell adhesion. A crosstalk between BMP-2
and integrin-dependent signaling pathways which promotes
the formation of FA and stress fibers, was observed in other
studies.’ Additionally, the mechanical properties of the ECM
or the substrata are strong modulators of cellular behavior. !
On stiff surfaces, the cells exert stress by expansion of their
FA and increase recruitment of vinculin.®!! This results in an
extended and spread shape of cells together with alteration of
stress fibers,®” which goes on well with our findings regarding
0CS100 PEMs (both loaded and nonloaded). Vinculin plays a
role in strengthening adhesion by increasing the local mem-
brane stiffness, modulating by that bond stressing in the con-
tact area.®¥l On the other hand, cell adhesion and spreading
are suppressed on soft substrata because of suppressing sign-
aling via integrins regarding mechanotransduction.®” Since
0oCS50 PEMs are the softest and most water containing, less
vinculin organization was observed compared to 0CS100 and
even nCS PEMs. Such effect of PEM stiffness on FA and actin
organization of C2C12 cells was already shown previously by
others using PLL/HA PEM and ethyl-3-(3-dimethylamino-
propyl) carbodiimide (EDC) for cross-linking!"®l which fits to
our findings here. In this study, it was made clear that not only
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the topography matters but also the stiffness and the molecular
composition together affect the behavior of cells.

The bioactivity of PEMs including the effect of BMP-2 on
osteogenic differentiation of C2C12 myoblasts was investigated
by qRT-PCR via studying the expression of early osteogenic
markers ALP and Col 1. These markers were highly upregu-
lated in cells grown on both oCS PEMs compared to the ones
on nCS PEMs and pos Ctrl. Ligation of collagen integrin recep-
tors 231 and 1 integrins in general is required for ALP induc-
tion as it increases ALP mRNA triggered by BMP-2.1 Hence,
the presence of thick Col I fibers and the more cell adhesion
and spreading could be the reason triggering more osteogen-
esis in cells grown on 0CS100 and oCS50 PEMs compared to
nCS PEMs. In addition, the ALP gene expression levels from
the qQRT-PCR were closely related to ALP staining and activity
except for the positive control. The reason for the lack of ALP
gene translation could be phosphorylation, proteolysis of core
components of the translation machinery, or specific factors
such as RNA-binding proteins and miRNA.? Moreover, it has
been reported that the activity but not the expression of Runx2
is enhanced with osteoblast differentiation in some hMSCs, !
which could, on one side, explain the reason behind the lower
expression of Runx2 in cells grown on oCS PEMs compared to
nCS PEMs and pos Ctrl. On the other side, post-transcriptional
regulation by miRNAs may affect the expression of Runx2 and
Osterix,””l which could explain the lower level of Osterix expres-
sion in cells grown on oCS PEMs compared to nCS. Further-
more, Noggin is a specific antagonist of BMPs that was found
to be expressed by osteoblasts to regulate the extracellular expo-
sure to BMP as part of the negative feedback mechanism that
prevents the interaction of BMP with its receptor. Therefore,
achieving a balance between BMPs and Noggin plays a critical
role in regulating osteogenesis.*/ On pos Ctrl and nCS PEMs,
cells are exposed to high amounts of soluble BMP-2, triggering
by that the expression of osteogenic gene markers together
with high Noggin expression. By contrast, matrix-bound BMP-2
presented to cells from oCS PEMs triggered higher expression
of osteogenic genes but reduced Noggin. Therefore, this bal-
anced BMP-2/Noggin ratio in oCS PEMs is expected to enable
complete osteogenesis in comparison to the unbalanced ratio
in pos Ctrl. Osteoblasts start synthesizing their ECM which
consists mainly of Col I followed by ALP production and later-
stage ECM calcification occurs.l%! Hence, Col I expression and
secretion is important for starting and increasing the minerali-
zation process.|%%8] Referring back to the qRT-PCR data, Col I
and ALP expression were highly upregulated in cells grown on
oCS PEMs while it was almost like the neg Ctrl on nCS PEMs.
Thus, more mineralization is expected to occur on oCS PEMs.
The latter was proven when looking at Alizarin red staining of
the mineralized matrix that was more pronounced in cells cul-
tured on oCS than on nCS PEMs. The findings of qRT-PCR go
well with the results detected from CLSM images of immune-
staining where more Col I and Runx2 staining were detectable
for cells on oCS compared to nCS PEMs and pos Ctrl. Alto-
gether, this confirms that the osteogenic markers expressed in
cells grown on oCS PEMs were efficiently translated into pro-
teins and were accompanied with real osteoblast development
while this was absent on nCS and pos Ctrl despite offering the
soluble BMP-2 in larger amounts.
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4. Conclusion and Outlook

The oCS PEMs with intrinsic cross-linking are superior to nCS
PEMs in supporting cell adhesion, spreading, and triggering
osteogenesis through storage and presentation of the loaded
BMP-2 to the cells in a matrix-bound manner rather than
releasing it in a soluble state. The intrinsic cross-linking sup-
ports the presence of an ECM-like microenvironment through
enhancing the stiffness and stability of PEMs and preserving
the structure of Col I fibers that represent an ECM-like topo-
graphical and chemical cue. The key to achieve the targeted cell
differentiation is not only about the quantities of GF released
but requires rather a combination between the availability
of matrix-bound GF and a slow release profile. Moreover, the
moderate releasing profile and the soft nature of 0CS50 PEMs
could allow their use for articular cartilage regeneration using
the growth and differentiation factor-5 (GDF-5) that supports
cell differentiation into chondrocytes. Overall, these multilayers
with intrinsic cross-linking can be further used as coatings for
implants to deliver GFs to the site of defects for bone regenera-
tion application and other tissue defects.

5. Experimental Section

Materials: Cell culture flasks and polystyrene well-plates were
purchased from Greiner Bio-one GmbH & Co.KG (Frickenhausen,
Germany). Round glass (@12 mm) were purchased from VWR (Germany)
and glass object holders were provided by Karl Hecht GmbH & Co
(Sondheim, Germany). Glutaraldehyde was obtained from AppliChem
(Darmstadt, Germany). Collagen | was obtained from Sichuan Mingrang
Bio-Tech (Sichuan, China). Chondroitin sulfate (CS), PEI, Triton X-100,
and sodium periodate (NalO4) were provided by Sigma-Aldrich Chemie
GCmbH  (Steinheim, Germany). Trypsin/ethylenediaminetetraacetic
acid (EDTA) solution and fetal bovine serum (FBS) were provided
by Biochrom (Berlin, Germany). Penicillin/ streptomycin (pen/strep)
was from Lonza (Walkersville, MD, USA). Sodium chloride (NaCl),
bovine serum albumin (BSA), 4-nitrophenylphosphate disodium salt
hexahydrate (p-NPP), hydrogen peroxide 35% (H,0,), and alizarin red-S
were provided by Carl Roth GmbH & Co. KG (Karlsruhe, Germany).
Schiffs reagent was from Merck KGaA (Darmstadt, Germany).
DMEM (phenol red) and paraformaldehyde 4% (PFA) were provided
by Roth (Germany). Dialysis bags (Spectra/Por membrane, M,
cutoff = 3500) were provided by Spectrum Labs (CA, USA). 5-Brom-4-
chlor-3-idolylphosphate-p-toluidinsalt (BCIP) was purchased from Roth,
Germany. While, p-Nitro blue tetrazolium chloride (NBT) was purchased
from Applichem, Germany. AMP buffer was provided by Roth, Germany.
2-phospho-L-ascorbic acid trisodium salt was from Sigma-Aldrich,
Germany and SB-glycerol phosphate was from Alfa Aesar, Germany.
Mowiol was obtained from Calbiochem (Darmstadt, Germany).

Synthesis of oCS: Native CS (nCS) was used as a polyanion and as
a native glycosaminoglycan (nGAG) in all experiments. According to
previously published protocol, oxidized CS (oCS) was synthesized.!l
In short, to get 100% theoretical oxidation degree, 1 g of nCS (nCS
M,, = 75 kDa) was dissolved in (200 mL) of ultrapure water and left
to react with 0.5 g of NalO, for 3 h at room temperature (RT) under
stirring and protection from light. Dialysis against distilled water using
membrane of 3.5 kDa cut-off was used for 3 days at RT to purify the
reacted CS and the final product was obtained by freeze-drying (ALPHA
1-2 LDplus, Christ, Osterode am Harz, Germany) and stored at
4 °C for further use. A photometric detection method known as
“Schiff's test” was used, as described previously,®® to quantify the
aldehyde groups present in oCS. Oxidation degree of 2.77% was
obtained for oCS.
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Preparation of Substrata: Glass coverslips, silicon wafers, polystyrene
well plates, and quartz chip Au were used when appropriate as
substrate surface in the preparation of PEMs systems. Si wafers (Silicon
Materials, Kaufering, Germany) with a size of 10 x 10 mm? were used
for ellipsometry, while round glass coverslips (812 mm) were used as
substrata for WCA and cell experiments. Both glass and silicon were
cleaned using RCA-1 cleaning method which aimed to removing organic
contaminants, thin oxide layer, and ionic contamination.”” Quartz chip
Au purchased from 3T Analytik (Germany) were used for QCM-D studies
and were cleaned with 70% ethanol and ultrapure water and dried with
a stream of nitrogen before use. Ethanol 70% was used for 15 min to
sterile glass before the formation of multilayers.

Preparation of Solutions and Formation of PEMs: The multilayers were
built up by dip coating method on the previously mentioned substrata
which were selected appropriately depending on the experiment to be
done. PEI was dissolved in 0.15 mol L™ sodium chloride (NaCl) solution
at a concentration of 2 mg mL™. Native chondroitin sulfate (nCS),
oxidized chondroitin sulfate (0CS100), and oxidized/native chondroitin
sulfate mixture (0CS50) were used as polyanions. 0CS100 and nCS were
dissolved in 0.15 mol L™ NaCl solution at a concentration of 2 mg mL™.
0CS50 solution was obtained by mixing oCS100 and nCS in a 1:1 ratio
to get a mixture which contained 50% oCS and 50% nCS. Collagen |
(Col 1) was used as a polycation and was dissolved at a concentration
of 2 mg mL™ in a 0.15 mol L™' NaCl solution containing 0.2 mol L™
acetic acid and stirred at 4 °C overnight followed by centrifugation for
10 min at max speed to eliminate insoluble precipitates. A final working
concentration of 0.5 mg mL™" working solution was obtained by diluting
the stock solution in 0.15 m sodium chloride and 0.2 mol L™ acetic
acid solution.? 0.15 mol L™' NaCl was used as a washing solution. All
polyelectrolytes were adjusted to pH 4 with exception to PEI with pH
7.4. A 0.2 um pore size membrane filter (Whatman) was used to filter all
polyelectrolytes and washing solution before use.

PEI was used as the first binding layer to obtain a net positive charge
and was adsorbed for 30 min on the substrates. Then, for the various
systems, alternating layers of polyanions (nCS, 0CS100, or 0CS50) and
polycation (Col 1) were used until reaching a total number of 17 layers
with Col | being the terminating layer. Polyanions and polycation were
alternatively incubated for 15 min followed by 2 x 4 min washing steps
using 0.15 mol L™ NaCl solution. All multilayers formation procedures
were carried out at RT under gentle shaking (Heidolph, Polymax 1040,
at 30 rpm).

Measurement of Multilayers Growth: The layer growth and
multilayers formation were investigated via QCM-D monitoring,
as previously described.®® A qCell T temperature-controlled quartz
crystal microbalance from 3T analytik (Tuttlingen, Germany) was
used for QCM-D measurements. The principle of QCM-D was based
on the sensitivity of the quartz sensor to the mass and properties of
materials deposited on the surface. During the deposition of materials
on the sensor or when an alternating voltage was applied, there was a
change in resonant frequency and damping (dissipation). The change
in frequency and damping was captured by the device in real-time.!l
Multilayers were built up in the QCM-D flow cell by injecting alternating
polyanion/polycation solutions and this was monitored in real-time
using quartz chip Au as the substrate surface. The change in frequency
and evaluation of layer thickness were carried out using the qCell T
device and qGraph software.

WCA Measurements: After the formation of multilayers on glass
coverslips, they were stored in a desiccator before carrying out WCA
measurements. The wettability properties of multilayer surfaces were
determined by static WCA measurements using an OCA15+ device
(Dataphysics, Filderstadt, Germany), as previously described.’? The
sessile drop method was implemented using five droplets of 3 uL
ultrapure water for each sample. The software of OCA15+ device
recorded for each droplet at least ten independent measurements.
Measurements were fitted with the ellipse-fitting method and mean and
standard deviations for all measurements were calculated.

Characterization of PEMs Dry Thickness: The thickness of PEMs built
up on cleaned Si wafers was determined using an M-2000 V scanning

Adv. Mater. Interfaces 2023, 2201596 2201596 (14 of 17)

ERIALS
INTERFACES
www.advmatinterm

ellipsometer (J.A Woollam Co. Inc., Lincoln, NE, USA) with an angle of
incidence of 70°. The thickness of formed multilayers was determined
by fitting the experimental data to an additional Cauchy layer and a
refractive index of 1.36 was used to calculate layer thickness. Finally
experimental data obtained were analyzed with the device' software
(WVase32).

Measurement of PEMs Surface Topography and Elastic Modulus:
Topographical imaging as well as measuring local elasticity of the
multilayers (deposited on silicon substrates) was performed using
AFM (nanowizard IV, |PK-Instruments, Berlin, Germany) in quantitative
imaging mode (QI). Here, a silicon cantilever (FMR, Nanosensors) in
a standard liquid cell (JPK-Instruments) containing 0.15 mol L™ NaCl
was employed. JPK Data Processing V5.0.85 and (Gwyddion V2.49)
software were used for postprocessing, calculation of elasticity, and
analyzing roughness parameters. To measure the diameter of the Col |
fibers present on the surface, the program FSegment was used.”* While
this program was originally developed for actin fiber detection, its line
tracing algorithm was also successfully used to detect the Col | fibers
found on top of the samples. All settings were kept equal for all samples.
The program traced all fibers and measured the width of each fiber every
5 pixel (equals 48.5 nm). All measuring points per sample were then
cumulated and analyzed.

Uploading of Recombinant Human Bone Morphogenetic Protein 2
(rhBMP-2) to Multilayers for Cell and Release Studies: After the formation
of multilayers, rhBMP-2, produced in a heterologous host of Escherichia
coli (E. coli) according to Hillger et al.,”l was loaded onto the multilayers.
A concentration of 10 pg mL™' rhBMP-2 was used for all experiments and
was obtained by diluting the stock solution (50 pg mL™) with 1 mmol
HCI. 200 pL rhBMP-2 was added to each PEM sample and incubated at
4 °C overnight 1 day prior to cell seeding/enzyme-linked immunosorbent
assay (ELISA) samples collecting. After incubation, rhBMP-2 was
aspirated and layers were washed quickly with 0.15 mol L™' NaCl solution
pH 7.4. For positive controls in cell experiments, 10 ug mL™" rhBMP-2
was added directly to the medium and the stock solution was diluted
using DMEM cell culture medium instead of 1 mmol HCI.

BMP-2 Release Studies via ELISA: 10 ig mL™' BMP-2 in 1 mmol HCI
(50 pL each well) was loaded for overnight at 4 °C to the PEMs which
were fabricated in a 96-well plate. Samples were collected over 7 days,
each time followed by adding new fresh phosphate-buffered saline (PBS,
pH 7.4). An ELISA kit from PeproTech (Hamburg, Germany) was used to
check the released amounts of BMP-2. A series of BMP-2 concentrations
was used to obtain a standard curve which was used later to calculate
the released amounts from the PEMs according to the absorbance
values measured at 405 nm.

BMP-2 Staining on Multilayers for Semiquantification: Multilayers were
fabricated on glass cover slips and loaded with BMP-2 as mentioned
previously. After loading, the samples were incubated in DMEM + 10%
FBS (the same medium used for cell experiments) at 37 °C. After 24 h
(the first set) and 7 days (the second set), samples were washed with
PBS and fixation was done for 15 min using 4% PFA and further 1%
BSA was used as a blocking agent with two washing steps with PBS in
between. Then, the staining of BMP-2 was done using a primary BMP-2
mouse monoclonal antibody (1:50, Invitrogen) and a secondary CY2-
conjugated goat anti-mouse antibody (1:100, Jackson Immuno Research
Laboratory, Inc.) for 30 min incubation each, and 3x5 washing times
with PBS after each staining step. The samples were then mounted on
cover slips with Mowiol (Calbiochem, Darmstadt, Germany) and placed
on an object holder. After storage for overnight at 4 °C, samples were
visualized with a CLSM (LSM 710, Carl Zeiss, Oberkochen, Germany).
The samples were fixed completely flat on the sample holder of the
CLSM. Pictures were taken using a 20x objective, open pinhole, and low
laser energy to avoid bleaching and gather as much signal as possible.
For each measurement, an area of 2125 x 2125 um was evaluated by
using the tiles add-in of Zen 2008 to take a matrix of 5 X 5 individual
pictures. The focus was set where the highest mean intensity was
reached. Under- and overexposure was avoided carefully. All settings
were kept constant during measurements. Finally, the mean intensity of
the 8 bit image was extracted by Image) 1.53c.
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C2C12 (Mouse Myoblast Cell Line) Cell Culture: Cryopreserved C2C12
cells were thawed in a water bath at 37 °C and cultured in DMEM
(phenol red) supplied with 10% FBS and 1% penicillin/streptomycin
(pen/strep) in a F75 culture flask and incubated in a humidified 5%
C0O,/95% air atmosphere in a NUAIRE DH autoflow air-jacketed
incubator (NuAire Corp., Plymouth, USA). When cells were about 80%
confluence, cells were washed with PBS pH 7.4 and detached from the
flask using 0.25% trypsin/EDTA for 3 min at 37 °C, then trypsin action
was blocked using DMEM medium containing 10% FBS + 1% pen/strep.
Cells were collected in a 15 mL falcon tube and centrifuged at 250 g for
5 min, the supernatant was collected and pellet was re-suspended in
1 mL (DMEM + 10% FBS + 1% pen/strep). A 1:100 dilution was made
and cells were counted using the Neubauer counting chamber and
seeded as needed.

C2C12 Cell Adhesion Studies: C2C12 cells were seeded on the various
PEM made on glass cover slips and loaded with BMP-2 as mentioned
previously. Two sets of samples were used here; BMP-2-loaded ones
and non-BMP-2-loaded ones using positive and negative controls
samples as defined above. The density of C2C12 used for each samples
was 50 000 cells mL™ in DMEM medium supplemented with 10% FBS.
After incubating for 24 h at 37 °C, the same fixation, permeabilization,
and blocking steps mentioned above, were employed. For the immune
staining, cells were stained with ToPro3 (1:500, Invitrogen) for nucleus,
Bodipy-Phalloidin (1:50, Invitrogen) for actin filaments and a primary
mouse antibody against vinculin (1:50, Santa Cruz Biotechnology) which
was followed by incubation with a CY2-conjugated goat anti-mouse
antibody (1:100, Jackson Immuno research Laboratory, Inc.). Samples
were incubated with each staining agent/antibody for 30 min in the
dark at RT. After each staining step, 3 X 5 min rinsing steps with PBS
were performed. Samples were mounted on cover slips with Mowiol as
described before. Images were visualized using CLSM with 10x, 20x, and
63x oil immersion objective lenses. Images were analyzed with ZEN 2011
software (Carl Zeiss) and later with Image] (1.53c) for cell count and area.
For actin length quantification, at least 15 pictures per condition were
taken. Contrast of pictures was enhanced with the “Enhance Contrast”
function of Image) 1.53c. Additionally, all cells touching the image borders
as well as dead cell fragments were removed from each picture manually
with Image). Afterward, the program filament sensor 0.1.7 developed by
Eltzner et al.’*l was used to detect the actin fibers automatically. The
settings were kept the same for all samples of the experiment.

The detection of FA was carried out with a custom cell profiler pipeline
using Cell Profiler 2.2. The individual cells were segmented with the help
of TwoPro3 staining, which was associated with the nuclei and phalloidin
staining, which was used to quantify the cytoplasm area. This was done
by an automatic thresholding of both areas, a subsequent deduction of
the nucleus area from the cytoplasm area, and a parent—child association
of the cytoplasm of each cell. FA plaques were made visible by a primary
vinculin antibody and subsequent cy2 secondary antibody. To increase
the contrast, an enhance feature texture function was used and the FA
plaques were detected by thresholding in the individual cell cytoplasm
areas. All settings were kept constant over all samples.

BMP-2 Internalization: Multilayers were fabricated on glass cover
slips and loaded with BMP-2 as mentioned previously. After overnight
incubation, BMP-2 was aspirated and PEMs were washed quickly with
NaCl pH 7.4. C2C12 cells were seeded on the various multilayers at a
density of 50 000 cells mL™" in (DMEM + 10% FBS) for 24 h at 37 °C.
Positive and negative controls were cells seeded directly on glass, with
adding the 10 pg mL™ BMP-2 directly to the medium and without
adding any BMP-2, respectively. After 24 h, the medium was removed
and cells were washed quickly with PBS followed by a fixation step using
PFA 4% for 15 min. After that, the samples were divided into two sets:
permeabilized and nonpermeabilized. The cell permeabilization was
performed using 0.1% triton for 10 min. Thereafter, 1% BSA solution was
used as blocking agent for both sets of samples for 1 h. Two washing
times using PBS were employed after each step. Afterward, incubation
with each antibody for 30 min took place, starting with a primary
BMP-2 mouse monoclonal antibody (1:50, Invitrogen), a secondary
CY2-conjugated goat anti-mouse antibody (1:100, Jackson Immuno
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Research Laboratory, Inc.), Bodipy-Phalloidin (1:50, Invitrogen) for actin
filaments and ToPro3 (1:1000, Invitrogen) for the nucleus staining. 3x5
washing times with PBS after each incubation step was performed.
Stained samples were mounted on cover slips with Mowiol and placed
on an object holder and stored at 4 °C for the next day. Using a CLSM,
samples were visualized with 63x oil immersion objective lens. Images
were processed with the ZEN 2011 software (Carl Zeiss).

Osteogenic Cell Differentiation Studies: ALP Assay: C2C12 cells were
seeded at a density of 50 000 cells mL™" in (DMEM + 10% FBS + 1%
Pen/strep) on PEMs fabricated directly in a 24-well plate and loaded with
BMP-2 as mentioned before. Positive/negative controls were cells seeded
directly on well plate with and without BMP-2 addition, respectively, as
mentioned previously. After 7 days of incubation, cells were washed with
PBS and cell lysis was performed using 1% Triton X-100 for 30 min under
slow shaking. Afterward, 1 mg mL™" p-NPP was incubated with 50 uL of
cell lysate in a 96-well plate for 30 min at 37 °C and the absorbance was
measured using a plate reader (FLUOstar OPTIMA, BMG LABTECH) at
405 nm wavelength. The alkaline phosphatase values were normalized to
the total protein content that was measured using a Pierce BCA Protein
Assay Kit from Thermo scientific (Rockford, IL, USA).

ALP Staining: The same cell seeding procedure used for ALP assay was
used here. After 7 days of incubation, cells were washed with PBS and fixed
using 2.5% glutaraldehyde solution for 10 min followed by a washing step
with AMP buffer. ALP staining mixture included: 25 mg mL™" NBT and
25 mg mL™" BCIP that were prepared in 709 and 100% dimethylformamide,
respectively. For every 5 mL AMP buffer, 33 uL NBT and 16 puL BCIP were
added to form the ALP staining reagents mixture. After fixation, cells were
incubated with the staining reagents mixture in the dark for 1 h at RT. The
reaction was then stopped with 20 x 10 m EDTA and images were taken
using a bright-field NIKON microscope 10x lens and analyzed using NIS
element imaging software version 5.10.00.

Alizarin Red Staining: Alizarin red staining was done to determine the
deposition of mineralized matrix after 14 days following the same cell
seeding procedure and BMP-2 loading, on PEMs made on glass. 1 g of
alizarin red was dissolved in 50 mL ultrapure water and pH was adjusted
to 4.1-4.3 with 0.5% NH3 and filtered before use. Cells were rinsed once
with PBS and fixed with 4% PFA for 15 min then rinsed twice with water.
1 mL of alizarin red was used to stain the fixed cells and incubated in the
dark for 45 min at RT. After the incubation period, the stained cells were
rinsed twice with ultrapure water and 1 mL PBS was added. Bright-field
mages were taken using NIKON microscope with 10x lens and analyzed
with NIS element imaging software version 5.10.00.

Immune Staining for Osteogenic Differentiation: PEMs made on glass
were loaded with BMP-2 and C2C12 cells were seeded, fixed, permeabilized,
blocked, and immune-stained as mentioned in the cell adhesion studies
paragraph. For osteogenic differentiation, cells were incubated for 14
days and were stained with ToPro3 for the nucleus, a primary mouse
antibody against collagen | (Col | A2) (1:50, Santa Cruz) followed by a CY2-
conjugated goat anti-mouse antibody (1:100, Jackson Immuno research
Laboratory, Inc.) and a primary rabbit antibody against Runx-related
transcription factor 2 (Runx2) (1:50, Biorbyt) followed by a CY3-conjugated
goat anti-rabbit antibody (1:100, Jackson Immuno research Laboratory,
Inc.). Images were visualized using CLSM with 63x oil immersion objective
lens and later were analyzed with ZEN 2011 software (Carl Zeiss).

Extraction of RNA and qRT-PCR: C2C12 cells were seeded at a density
of 50000 cell mL™) on the various multilayers surfaces that were
fabricated in a 24-well plate. After incubation of cells in DMEM medium
supplemented with 2% FBS and 1% Pen/Strep for 14 days, RNA was
extracted from the cultured C2C12 cells according to the manufacturer's
protocol using the Aurum Total RNA Mini Kit from BioRad (Hercules,
CA, USA). The first strand of cDNA was synthesized in 20 pL reactions
using an iScript Advanced cDNA Synthesis Kit for RT-qPCR according
to manufacturer’s procedure (Biorad, Hercules, CA, USA). Quantitative
Real-Time PCR was carried out under standard enzyme and cycling state
on a CFX Connect Real-Time PCR Detection system (Biorad, Hercules,
CA, USA). Primer sets were confirmed by PrimePCR Probe Assays for the
transcription factors (ALP, COL1A1, Runx2, SP7, and Nog), mentioned in
Table 1. RPLPO housekeeping gene was used in this analysis. Data were
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Table 1. Primers of osteogenic transcription factors and housekeeping
gene used for qRT-PCR.

Symbol Transcription factor/Name Assay ID

ALP Alkaline phosphatase qMmuCIP0028321
COLIA1 Collagen type 1alpha 1 qMmuCEP0052648
Runx2 Run-related transcription factor 2 qMmuCEP0057696
SP7 Osterix qMmuCEP0042201
Nog Noggin qMmuCEP0058332

Housekeeping gene RPLPO 60S acidic ribosomal protein PO qMmuCEP0042968

analyzed using the BioRad CFX Manager Software 3.0 (Hercules, CA,
USA). qRT-PCR was carried out under the following conditions: 95 °C for
30 s, then 39 cycles at 95 °C for 15 s and 60 °C for 30 s. The relative gene
expression levels were calculated and normalized to the housekeeping
gene RPLPO by the DDCt method (2-AACt).

Statistics: Statistical calculations were carried out with Origin 8
software. Mean, standard deviation, analysis of significance (analysis
of variance (ANOVA)), Kruskal-Wallis, and Dunn post hoc were
calculated and described in the respective figures. A value of p < 0.05
was considered to be significantly different and was indicated by (*). On
the other hand, (#) was used to indicate that all data were significantly
different except the indicated ones. (###) meant that all data were
significantly different to each other. Further, box-whisker diagrams
were shown where appropriate. The box indicated the 25th and 75th
percentiles, the median (line), and the mean value (square).
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Chapter 4

Summary - Effect of microenvironment on adhesion and differentiation of murine

C3H10T1/2 cells cultured on multilayers containing collagen | and glycosaminoglycans:

Since the interactions of C3H10T1/2 cells with polyelectrolyte multilayers have not been
studied yet, this study offered a chance to explore that and to test if those cells could be
used instead of mesenchymal stem cells for further studies. This study was not focused
on growth factors release and presentation but was rather dedicated to comparing the
effect of the multilayers’ composition only (native versus oxidized) on C3H10T1/2 cells in
the presence of either basal (BM), osteogenic (OM) or chondrogenic (CM) medium. The
native glycosaminoglycans (GAGs) chondroitin sulfate (CS), hyaluronic acid (HA) and
their oxidized versions were combined with collagen | (Col I) to fabricate the various
native and intrinsically cross-linked (oxidized) GAGs multilayers. The physiochemical
characterization of the multilayers showed that the intrinsically cross-linked GAGs
multilayers had more mass adsorption during the multilayer formation process compared
to the native ones. Further, the oxidized GAGs multilayers had stiffer surfaces compared
to the natives which exhibited softer surfaces with a higher water content. The ability of
multilayers to promote the natural Col | fibrilization was studied via Labelling the Col | in
situ with FITC, which concluded that CS-based multilayers (both native and oxidized)
promoted longer Col | fibers compared to HA-based multilayers that had short fibrils and
aggregates. Testing the direct interaction of C3H10T1/2 cells with the multilayers was
achieved by culturing the cells on the multilayers in the absence of serum to prevent any
interaction with other proteins. In that regard, cells seeded on CS-based multilayers were
larger and more spread and elongated compared to cells on HA-based multilayers.
Moreover, the differentiation studies concluded that; in the presence of BM, the
differentiation of C3H10T1/2 cells was completely relying on the molecular composition
of multilayers at which osteogenesis was more triggered on CS-based multilayers while
chondrogenesis was more enhanced on HA-based ones. Thus, the type of GAG can be
used for controlling the lineage specification of cells. OM and CM had inhibitory effects
on C3H10T1/2 cells in term of differentiation towards osteogenesis and chondrogenesis,
respectively. The OM and the soluble BMP-2 (100 ng mL) showed significant induction
effect on cells towards adipogenesis, especially on oxidized GAGs multilayers.

Therefore, the choice of cell model is as important as controlling the matrix composition.

Reprinted with permission from Journal of Tissue Engineering, Mingyan Zhao, Reema Anouz, Thomas Groth (2020), Effect of
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Effect of microenvironment on adhesion
and differentiation of murine C3HI0TI1/2
cells cultured on multilayers containing
collagen | and glycosaminoglycans

Mingyan Zhao''”, Reema Anouz? and Thomas Groth?**

Abstract

Polyelectrolyte multilayer coating is a promising tool to control cellular behavior. Murine C3HI0TI/2 embryonic
fibroblasts share many features with mesenchymal stem cells, which are good candidates for use in regenerative
medicine. However, the interactions of C3HIOT /2 cells with polyelectrolyte multilayers have not been studied yet.
Hence, the effect of molecular composition of biomimetic multilayers, by pairing collagen | (Col I) with either hyaluronic
acid or chondroitin sulfate, based primarily on ion pairing and on additional intrinsic cross-linking was studied regarding
the adhesion and differentiation of C3HI0T /2 cells. It was found that the adhesion and osteogenic differentiation of
C3HI0T1/2 cells were more pronounced on chondroitin sulfate-based multilayers when cultured in the absence of
osteogenic supplements, which corresponded to the significant larger amounts of Col | fibrils in these multilayers. By
contrast, the staining of cartilage-specific matrixes was more intensive when cells were cultured on hyaluronic acid-based
multilayers. Moreover, it is of note that a limited osteogenic and chondrogenic differentiation were detected when cells
were cultured in osteogenic or chondrogenic medium. Specifically, cells were largely differentiated into an adipogenic
lineage when cultured in osteogenic medium or 100ngmL™" bone morphogenic protein 2, and it was more evident
on the oxidized glycosaminoglycans-based multilayers, which corresponded also to the higher stiffness of cross-linked
multilayers. Overall, polyelectrolyte multilayer composition and stiffness can be used to direct cell-matrix interactions,
and hence the fate of C3HIOT /2 cells. However, these cells have a higher adipogenic potential than osteogenic or
chondrogenic potential.

Keywords
Biomimetic multilayers, glycosaminoglycans, collagen |, intrinsic cross-linking, C3HI0T I/2 cells, cell adhesion and
differentiation
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Introduction

In vivo, cells reside in an extracellular matrix (ECM)-
based microenvironment consisting of fibril-forming
proteins, such as collagens, laminin, and fibronectin,'
making the insoluble protein component of the ECM and
polysaccharide-based on glycosaminoglycans (GAGs) in
particular hyaluronan and proteoglycans, which contain
other GAGs such as chondroitin sulfate (CS), heparan
sulfate, and others.” In addition, various cytokines as
soluble protein components are contained in the ECM or
bound to the cell surface by support from sulfated GAGs.?
The ECM proteins can interact with cells via integrin
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adhesion receptors,” which are involved in cell signaling
transduction, and thus influencing cell adhesion, growth,
and differentiation.’ Moreover, interaction of proteogly-
cans having GAGs side-chains of heparin and CS, but
also fibronectin with growth factors (GFs) including
bone morphogenic proteins (BMPs) provides the basis
for GF-related signal transduction processes, t00.>¢
Hence, the ECM acts not only as a structural support of
cells, but provides chemical and mechanical cues
involved in the regulation of cellular responses.®’

Biomaterials for use as scaffolds in tissue engineering
should meet important characteristics, such as bioactivity
and biodegradability. Many synthetic materials such as
polylactic or polyglycolic acids have been widely used
because of their good mechanical properties, low cost, and
biodegradability.® However, those synthetic materials have
poor bioactive properties, because they lack the necessary
cues to guide cellular behavior in a desired manner.’
Furthermore, the bio-integration, which is the interaction
between an implant and the host tissue, occurs always at
the interface or surface of the implant materials.'’
Therefore, despite the importance of bulk properties of a
biomaterial, the surface properties arise to play a critical
role in the process.!" Hence, several physiochemical sur-
face modification methods have been established to alter
the surface properties of biomaterials in a desired manner.
While physical and chemical treatments of implant materi-
als often modulate biocompatibility to improve engrafting
or reduce adverse effects, biomimetic modifications aim at
reestablishing an ECM-like microenvironment for tissue
cells'? to resemble the mechanical and chemical cues
required to control cell behavior and tissue regeneration. '?

Among a variety of methods for surface modification,
layer-by-layer (LbL) assembly of polyelectrolytes has
emerged as a very simple, cost-efficient, and versatile
strategy in fabricating biogenic thin films and for the
immobilization of bioactive molecules such as growth fac-
tors on biomaterial surfaces.'*'® Matrix components such
as fibrillar glycoproteins (e.g. collagens, fibronectins,
laminins) and GAGs such as CS, heparin, and HA have
gained an increasing interest for making of bioactive sur-
face coatings and three-dimensional (3D) systems,'>!7:!8
implementing that as a step toward mimicking the native
ECM. However, some of these polysaccharide and pro-
tein-based multilayer systems have been found to be rela-
tively unstable under physiological conditions' that may
require subsequent or concurrent cross-linking to improve
their stability. To enhance stability of multilayers from bio-
genic polyelectrolytes, we introduced recently intrinsic
cross-linking by formation of imine bonds between alde-
hydes of oxidized GAGs with pendant amino groups of
proteins resulting in improved stability.?’

Mesenchymal stem cells (MSCs) represent a multipo-
tent type of cells, which lineages result in all kinds of con-
nective tissues. Hence, they have been considered for

regenerative therapies of musculoskeletal diseases and
traumata.’' Indeed, programming of MSCs differentiation
has been done by tailoring physical and chemical cues
expressed by man-made material surfaces including appli-
cation of ECM components®> and growth factors.?®
However, proliferative capacity of MSCs is limited to a
few passages’ and studies of fundamental effects of sur-
face modifications may be hampered by use of several pas-
sages and donors. However, cell lines derived from
multipotent mesenchymal cells such as the C3H10T1/2
cell line established in 1973 from C3H mouse embryos of
14- to 17-day-old mice? that share many features of
MSCs, may be an alternative source of cells for studies on
development of biomimetic surfaces for tissue engineering
of bone, cartilage, and other types of connective tissues. In
fact, C3H10T1/2 cells are able to develop into different
cell lineages under specific cell culture induction media
including osteoblasts,?® chondrocytes,”” and also adipo-
cytes.?® For example, bone morphogenic protein 4 (BMP-
4) has been found to promote the adipogenic differentiation
of C3H10T1/2 cells*® while a high cell density micro-mass
culture with a specific medium (supplemental with a
purified mixture of osteoinductive proteins, ascorbic acid,
and [B-glycerophosphate) regulates commitment to the
chondrogenic lineage.”” In addition, previous studies
found that BMP-2 was capable of triggering commitment
of multipotent C3H10T1/2 cells to adipocyte* and osteo-
cyte?® lineages. Moreover, others observed that these cells
respond to chemical and mechanical cues differentiating
into osteoblasts, chondrocytes, and tenoblasts.’* Hence,
they seem to represent a suitable model to study the effect
of biomimetic surface modifications on differentiation of
multipotent cells.

So far, the effect of composition of biomimetic multi-
layers that resemble matrix composition of connective tis-
sues such as bone and cartilage using collagen and either
CS or HA on differentiation of C3H10T1/2 cells has not
been studied yet. In addition, no studies exist that investi-
gate the effect of intrinsic cross-linking of multilayers on
adhesion, growth, and differentiation of C3H10T1/2 cells.
Hence, in the present work, biomimetic multilayers pre-
pared by pairing collagen I (Col I) with HA or CS in either
native or oxidized form were used as substrate for studying
adhesion, growth, and multipotent differentiation of
C3H10T1/2 cells to learn about the effect of ECM-like
microenvironment of differentiation of multipotent cells
into mesenchymal tissues.

Materials and methods

Materials

Glass coverslips (Roth, Germany) of size @12mm and
@15 mm were treated with 0.5 M sodium hydroxide (Roth)
dissolved in 96% ethanol (Roth) to clean the surfaces for
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2h at room temperature. Subsequently, the samples were
thoroughly washed with ultrapure water and dried under
nitrogen flow. Silicon wafers (Silicon materials, Germany)
were cut to a size of (10 X 10) mm? and (37 X 17) mm? and
cleaned with a solution of hydrogen peroxide (35%, Roth),
ammonium hydroxide (25%, Roth), and ultrapure water
(1:1:5, v/v/v) at 75°C for 15min.?' Thereafter, the wafers
were thoroughly rinsed with ultrapure water and dried with
nitrogen. New gold-coated quartz sensors (QT
Quarztechnik GmbH, Germany) for quartz crystal micro-
balance (QCM) measurements were cleaned with ethanol
p.a. (99.8%, Roth), and extensively rinsed with ultrapure
water. After drying with nitrogen, the sensors were kept in
2 mM mercaptoundecanoic acid (MUDA, 95%, Sigma,
Germany) diluted in ethanol p.a. at room temperature to
obtain a negatively charged surface overnight owing to the
formation of carboxylate-terminated monolayer.*

Native hyaluronic acid (nHA MW ~ 1.3 MDa) was pro-
vided by Innovent (Jena, Germany) while native chondroi-
tin sulfate (nCS, MW~25kDa) was purchased from
Sigma. Polyelectrolyte solutions were prepared as follows:
poly (ethylene imine) (PEI, MW~750kDa, Sigma,
Germany) was dissolved in a 0.15 M sodium chloride
(NaCl, Roth) solution at a concentration of SmgmL™" and
adjusted to a pH value of 7.4. The native and oxidized
GAGs (nGAGs and 0GAGs) were used as polyanions and
were dissolved under stirring in a 0.15 M sodium chloride
to obtain a final concentration of 0.5mgmL™". Collagen I
(Col I) from porcine skin (polycation, MW ~100kDa,
Sichuan Mingrang Bio-Tech, China) was used as

polycation and was dissolved in 0.2 M acetic acid (Roth) at
a concentration of 2mgmL ™" at 4°C. After dissolution, the
Col I solution was centrifuged at 9000g for 10min and
then diluted to a final concentration of 0.5mgmL™" using
0.2M acetic acid supplied with NaCl (final concentration
to 0.15 M NaCl). The pH value of the polyelectrolyte solu-
tions was adjusted to pH 4.0.

Polyelectrolyte multilayer assembly

Cleaned glass coverslips or silicon wafers were used as
substrate for deposition of polyelectrolyte multilayers. A
first anchoring layer of PEI was formed on the substrate to
obtain a surface with positive charge, which was then fol-
lowed by adsorption of nGAGs (nCS, nHA) or o0GAGs
(oCS, oHA) as the anionic layer and then Col I as the cati-
onic layer. Polyelectrolyte multilayers were fabricated by
immersing the glass coverslips in polyanions for 15min
while in polycation for 20min followed by three times
rinsing with a solution of NaCl (0.15 M, pH 4.0) for 5 min.
By alternating adsorption of Col I and nGAGs or 0GAGs,
multilayers with eight total layers (eighth) on top of the
PEI layer were fabricated. The four different systems (Col
I terminated, see Figure 1) were designated as: nHA-Col I,
oHA—Col I, nCS—Col I, and oCS—Col L.

Physicochemical characterization of multilayers

The layer growth was monitored in situ using surface plas-
mon resonance (SPR, iSPR from IBIS Technologies,
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Hengelo, The Netherlands), which is based on the detec-
tion of changes in the refractive index (RI) caused by the
adsorption of molecules at the gold-liquid interface of the
sensor. The resulting change in the SPR angle shift (m°) is
proportional to the mass (I'g,,) of adsorbed molecules on
the surface given as®

122 m° ~ 1 ng mm™' (1)

The measurements were performed in situ in the flow
cell of the device using gold sensors treated with MUDA
(see above). Shifts in resonance angles from 10 regions of
interest (ROI) defined on the sensor surface were recorded
using the IBIS SPR software. To obtain a stable baseline,
0.15M NaCl (pH 4.0) was injected into the flow cells.
Then, the polyelectrolyte solution was brought to the sen-
sor surface for 15min followed by 15min rinsing with
0.15 M NaCl solution (pH 4.0). Afterwards, polyelectro-
lyte solutions of nGAGs or oGAGs and Col I were
adsorbed up to eight layers with incubation times of 15 min
for nGAGs and 0GAGs, while 20min for Col 1. Each
adsorption step was followed by a rinsing step described
above to remove unbound or loosely bound material.

QCM measurements were conducted using a LiquiLab
21 (ifak e.V., Germany) with MUDA-modified gold sen-
sors mounted in the flow cells of the device to monitor the
damping shift after each single adsorption step. The damp-
ing shift reflects the mechanical properties of multilayers
with higher values for softer adsorbed mass.**3> The flow
regime (3 uLs ') and time periods for pumping the differ-
ent polyelectrolyte and washing solutions from reservoirs
were programmed with the device.

The presence and organization of Col I in multilayers
was characterized after in situ labelling with fluorescein
isothiocyanate (FITC, Sigma)*® using a confocal laser
scanning microscope (CLSM 710, Carl Zeiss Micro-
Imaging GmbH, Germany). Briefly, the multilayer-coated
glass slides were placed in 24-well plates (Greiner,
Germany). Then, 500puL of 0.6mg mL' FITC (Sigma)
dissolved in pure dimethyl sulfoxide (DMSO, Sigma)
solution was added to each well, followed by incubation at
room temperature for 10 h. Then, samples were washed
extensively with 0.15 M NaCl to remove any residual
FITC. After a final short washing with water, samples
were mounted with Mowiol (Merck, Germany) and exam-
ined with CLSM.

Cell culture

C3HI10T1/2 embryonic fibroblasts (Clone 8) were pur-
chased from ATCC (CCL-226, LGC Standards GmbH
Wesel, Germany) and grown in Dulbecco’s modified
Eagle’s medium (DMEM, Biochrom AG, Germany) sup-
plemented with 10% fetal bovine serum (FBS, Biochrom
AG) and 1% antibiotic-antimycotic solution (AAS,

Promocell, Germany) at 37°C in a humidified 5% CO,/95%
air atmosphere. Prior to reaching confluence, the cells
were harvested from the culture flasks by treatment with
0.25% trypsin/0.02% EDTA (Biochrom AG) followed by
subsequent centrifugation and re-suspending in DMEM at
a concentration of 20,000 cells mL ™.

Short-term interaction of C3H 10T /2 cells with
multilayers

Cell adhesion and spreading. Adhesion of C3H10T1/2 cells
was studied on glass coverslips coated with multilayer
coatings of polyanion (nHA, oHA, nCS, oCS) and Col L.
The serum-free C3H10T1/2 cell suspensions (1X10*
cells), were prepared as mentioned above, and seeded on
samples and incubated for 4h. After incubation, the cells
were stained with crystal violet (Roth; 0.5% (w/v)) in
methanol (Roth) at room temperature for 30 min, and then
carefully washed with water and dried in air. Images were
taken in transmission mode with an Axiovert 100 (Carl
Zeiss Microlmaging GmbH, Germany) equipped with a
charge-coupled device (CCD) camera (Sony, MC-3254,
AVT-Horn, Germany). Cell count, cell area, and aspect
ratio were calculated from five images per sample using
image processing software “ImageJ 1.410, NIH.”

Focal adhesion complex formation and organization of cellular
integrins. The C3H10T1/2 cell suspensions (1 X 10* cells)
were prepared and placed on samples and incubated for
24h. After incubation, the cells attached to the multilayers
were fixed with 4% paraformaldehyde solution (Roth) for
10 min followed by rinsing with phosphate-buffered saline
(PBS). Thereafter, the cells were permeabilized with 0.1%
Triton X-100 in PBS (v/v; Sigma) for another 10 min and
washed again with PBS. The samples were further blocked
by incubation with 1% (w/v) bovine serum albumin (BSA,
Merck) at room temperature for 1 h. To study the formation
of focal adhesions (FA) and distribution of integrins, the
samples were stained by incubation with a rabbit poly-
clonal antibody against a2 (1:100, Santa Cruz, USA) and
a mouse monoclonal antibody against vinculin (1:100,
sigma), or incubated with a mouse monoclonal antibody
against CD44 (1:100, Dianova, Germany) at room tem-
perature for 30 min. After rinsing with PBS, the samples
were treated with a goat Cy2-conjugated anti-mouse or
goat Cy3-conjugated anti-rabbit secondary antibody
(1:100, Dianova) for another 30min. In addition, actin
cytoskeleton was labeled by incubating the samples with
BODIPY-phalloidin (1:50, Invitrogen, Germany) at room
temperature for 30 min. The samples were then rinsed
again with PBS and mounted with Mowiol. Subsequently,
the samples were examined using CLSM and images were
processed with the ZEN2011 software (Carl Zeiss). The
vinculin level in cells was quantified using Imagel as
described in our previous work."”
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Growth of C3HI0T1/2 cells

A total 500 uL (2 X 10* cells mL™") C3H10T1/2 cells sus-
pended in DMEM with 10% FBS were seeded either on
multilayers or plain glass coverslips and cultured for 1, 2,
and 3 days. Growth of cells was monitored using a phase
contrast microscopy equipped with a CCD camera (Leica,
Germany). Images were taken at the different days of cul-
ture. The quantity of cells was measured the same day with
a Qblue fluorescence assay (BioChain, USA), which quan-
tifies the amount of metabolic active cells. On the measur-
ing day, the old medium was carefully removed and the
samples were washed with sterile PBS once. Then, 400 uL
of phenol red free DMEM supplemented with 40 ulL of
Qblue assay reagent was added to each well. After 2h of
incubation at 37°C, 100 uL of supernatant of each well was
transferred to a black 96-well plate, and fluorescence
intensity (excitation wavelength 544 nm, emission wave-
length 590nm) was measured using a plate reader (BMG
LABTECH, Fluostar OPTIMA, Germany).

Cell differentiation

Multi-lineages  differentiation induction. For differentiation
experiments, | mL C3H10T1/2 cells were plated on plain or
multilayer-coated glass coverslips at a density of 2.5 X 10*
cells mL ', After the cells reached almost confluence, dif-
ferentiation was induced with 100ngmL ™' BMP-2; or with
osteogenic media (OM) consisting of basal medium (BM,
10% FBS and 1% penicillin—streptomycin-containing
DMEM) supplemented with 10nM dexamethasone (Sigma),
20 mM B-glycerophosphate (Alfa Aesar, USA), 50uM
L-ascorbic acid (Sigma), and 50ngmL™' BMP-2 (Speed
Biosystem, USA); or with chondrogenic media (CM) con-
sisting of BM supplemented with 0.1 uM dexamethasone,
50pugmL™! L-ascorbic acid, 40ugmL™! L-proline, and 1%
ITS (Sigma). The medium was changed every 3 days until
end-point assay. Images were taken using a phase contrast
microscopy during the different days of induction.

Alkaline phosphatase activity detection. At day 10 of induc-
tion with BM or OM, alkaline phosphatase activity (ALP)
was measured to evaluate the osteoblastic differentiation
of C3H10T1/2 cells. Cell lysates were obtained by treat-
ment with 0.2% (v/v) Triton X-100 (Sigma) in PBS at 4°C
for 20 min, and then incubated with 2 mM p-nitrophenyl
phosphate (pNPP, Sigma) in 1 M diethanolamine at pH 9.8
in the dark at 37°C for 30 min. The absorbance at 405 nm
was measured with a plate reader. The total protein content
of the lysates was evaluated by BCA assay (Pierce, USA).
The ALP activity was calculated by normalization to the
protein content of the lysates.

Cytochemical staining
ALP staining. At day 24 of induction with BM or OM,
ALP staining was performed. The samples were washed

once with PBS and fixed with 5% glutaraldehyde for
15min. After washing twice with distilled water, a mix
solution of BCIP (0.17mgmL"", Applichem, Germany)
and NBT (0.33mgmL"!, Applichem) in 0.375 M AMP
buffer was added into each well, and left for 1 h in the dark
at room temperature. The reaction was stopped by washing
with 20 mM EDTA (Biochrom AG), and then thoroughly
washed with distilled water to remove the excess dye.
Images were taken in transmission mode with an Axiovert
100 equipped with a CCD camera.

Alizarin red and Sudan black staining. Alizarin red stain-
ing was performed to observe the calcium phosphate depo-
sition of C3H10T1/2 cells. At day 24 of induction with BM
or OM, the samples were washed once with PBS and fixed
with 4% paraformaldehyde for 15min. Thereafter, stain-
ing with Alizarin red (2%, pH 4.2, Roth) was performed
for 45min in the dark, and the excess dye was removed
by rinsing twice with distilled water. Images were taken in
transmission mode with an Axiovert 100 equipped with a
CCD camera.

Sudan black staining was further performed to counter-
stain adipocyte-containing osteogenic cultures whose min-
eralized matrix has been stained with Alizarin red.’’
Briefly, the Alizarin red staining samples were incubated
with 1.2% (w/v) Sudan black solution for 30min in the
dark followed by extensive washing with distilled water.
Finally, images were taken in transmission mode with an
Axiovert 100 equipped with a CCD camera.

Alcian blue staining. At day 24 of chondrogenic induc-
tion, the samples were fixed as described above and incu-
bated with 0.5% (w/v) Alcian blue (Roth) in 3% acetic acid
for 1h in the dark to detect the secretion of GAGs and
mucopolysaccharides by C3H10T1/2 cells. The excess dye
was removed by washing with distilled water and images
were taken with an Axiovert 100 equipped with a CCD
camera.

Oil red staining. Oil red staining was performed to inves-
tigate the presence of lipid vacuoles in C3H10T1/2 cells.
Briefly, at day 14 of induction with 100ngmL ' BMP-2,
the samples were fixed as described above and stained
with 0.5% (w/v) Oil red (Roth) for 30min in the dark.
Then, the excess dye was removed by thoroughly washing
with distilled water and images were taken in transmission
mode with an Axiovert 100 equipped with a CCD camera.

Statistics

All the data are provided as mean values = standard devia-
tions (SDs) from at least three independent experiments.
Statistical analysis was performed using Origin with anal-
ysis of variance (ANOVA) test (one way) followed by post
hoc Tukey testing. The number of samples has been indi-
cated in the respective figures and tables captions.
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Figure 2. Surface plasmon resonance (SPR) measurements of
the layer-by-layer assembly of polyelectrolyte multilayers up
to eight layers. Multilayer mass I" calculated from angle shifts
are mean * SD values of three independent experiments, the
initial layer is poly (ethylene imine) (PEl), odd numbers refer to
native or oxidized glycosaminoglycans (nGAG or oGAG), even
numbers refer to collagen | (Col I).

Statistical significance was considered for p <0.05 and is
indicated by asterisks.

Results and discussion

Physicochemical characterization of
polyelectrolyte multilayers

The multilayer growth was performed under pH 4 condi-
tion as in some of our previous work.'® Considering the
isoelectric point (p/) of Col I of around 5.5, it should pos-
sess a net positive charge at this pH condition. By contrast,
both CS and HA represent polyanions at pH 4, because of
the pKa values of about 2-2.5 for CS*® and 2.9 for HA.*
Hence, the formation of nGAGs and Col I multilayers at
pH 4 should be predominantly dependent on ion pairing.
The multilayer growth, based on ion pairing for nGAGs—
Col I systems and additional cross-linking via the forma-
tion of Schiff’s base in 0GAGs—Col I systems, was
monitored using the surface-sensitive SPR technique. The
accumulated layer mass of adsorbed polyelectrolytes with
increasing layer number was calculated according to equa-
tion (1). The results are depicted in Figure 2. In general,
the trend in layer growth was similar for polyelectrolyte
multilayers based on the same GAG, either nHA—Col I and
oHA-Col I, or nCS—Col I and oCS—Col I. However, slight
differences were found in the growth regimes of HA-based
multilayers when compared to CS-based multilayers.

For nHA-Col 1 and oHA-Col I systems, a linear
increase in adsorbed mass was found up to three (nHA) or
five adsorbed layers (oHA) on top of the PEI priming
layer. After that, adsorption reached a plateau indicating

Figure 3. Quartz crystal microbalance (QCM) measurements
of damping shift with each polyelectrolyte adsorption steps.
The odd numbers refer to native (nGAGs) or oxidized
glycosaminoglycans (0GAGs) and even numbers refer to
collagen | (Col I). Four bilayers of native hyaluronic acid (nHA),
oxidized hyaluronic acid (oHA), native chondroitin sulfate
(nCS), or oxidized chondroitin sulfate (oCS) were prepared
with collagen | (Col |) as terminal layer.

that mass adsorption reached an equilibrium. It was visible
that multilayer mass of oHA—Col I system was signifi-
cantly higher due to additional chemical cross-linking.

The multilayer growth of the nCS—Col I and oCS—Col I
systems here was roughly linear; this trend was in agree-
ment with a previous report for other polyelectrolytes.*’
Again, a higher mass increase was observed for the multi-
layer system when fabricated with oCS. Furthermore, here
the SPR curves revealed a much larger amount of Col I
(even numbers) in comparison to nCS and oCS deposition
(odd numbers), which was in contrast to HA-based sys-
tems, probably due to the higher charge density of CS
compared to HA, which enabled the CS-based systems to
bind more Col 1. Indeed, the fibrillization of Col I was
strongly influenced by the type of GAG as studied by
CLSM (see Figure 4). Similar findings were shown in pre-
vious work comparing heparin to CS-based multilayers
regarding the layer growth and polycation adsorption.*!
Furthermore, the increase in angle shifts was higher for
multilayers based on 0GAGs compared to their natives,
indicating that the intrinsic cross-linking capability makes
a major contribution to multilayer formation.*!

QCM measurements were performed to evaluate
mechanical properties of polyelectrolyte multilayers on
the sensor surface after each adsorption step. According to
the damping shift, assumptions on the mechanical proper-
ties of multilayers can be drawn because the higher the
damping shift, the softer is the substratum.’* As shown in
Figure 3, the damping shift values for nGAGs and 0GAGs
multilayer systems varied significantly after each layer
adsorption, indicating different mechanical properties of
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(b)

Figure 4. Overall morphology of in situ FITC-labeled collagen | (FITC-Col I) terminated polyelectrolyte multilayers viewed with
confocal laser scanning microscopy (CLSM) at (a) lower (scale 20 um) and (b) higher (scale 2 um) magnification. Four bilayers of
native hyaluronic acid (nHA), oxidized hyaluronic acid (oHA), native chondroitin sulfate (nCS), or oxidized chondroitin sulfate (oCS)

were prepared with Col | as polycation.

the polyelectrolyte multilayers. Softer multilayers were
obtained when nGAGs were used, as indicated by the pro-
nounced higher damping shifts for both nHA and nCS.
Conversely, multilayers made of 0GAGs were more rigid
because dampening shifts were much lower. Overall, the
results demonstrate that the cross-linking significantly
affects mechanical features of multilayers, giving rise to
stiffer substrata.

To learn more about the ability of GAGs to support
fibrillization of Col I in multilayers, the protein was labeled
in situ by FITC and multilayers were viewed with CLSM
(see Figure 4). Although Col I aggregates were present in
all multilayer systems, a prominent fibrous structure was
found mostly in CS-based multilayers (both nCS and
0oCS), showing a tendency to form a network-like struc-
ture. Conversely, rather sparse and short fibrils were
observed in both nHA and oHA-based multilayers where
Col I seemed to form rather discrete aggregates than fib-
ers. Col I fibrillogenesis is known to be affected not only
by several environmental parameters such as collagen con-
centration”? and pH value,® but also by the presence of
GAGs such as CS and other naturally derived polyanions.**
Generally, a pH value above 5.5 normally supports fibrillo-
genesis of Col I, while at pH value below 5.5 Col I forms
more globular structures.** Nevertheless, the presence of
GAGs, particularly CS, seems to support Col I fibril for-
mation as happened even at pH 4. Furthermore, the con-
centration of Col I also affects strongly fibril formation as
found previously.* Presumably CS binds to Col I mole-
cules and promotes the organization of mature fibrils by
increasing Col I concentration, as it was observed in the

presence of 4,6-disulfated disaccharides structures, previ-
ously.* In line with this, here, fibril formation in both nCS
and oCS-based multilayers was observed, when more Col
I was adsorbed.

Adhesion of C3HI0T1/2 cells

C3HI10T1/2 cells were seeded on the test samples in the
absence of serum to allow a direct cell-surface interaction
avoiding the interference with other proteins. The quanti-
tative data of cell adhesion and morphology visualized by
crystal violet staining and image analysis are shown in
Figure 5 and Table 1. It was observed that cells show a
superior spreading on the multilayer-coated surfaces, com-
pared to cells on plain glass coverslips, which were used
here as additional control to assure normal adhesion of
cells. Furthermore, the cells were larger and more elon-
gated on CS-based multilayers in general, and more spe-
cifically on oCS-based multilayers when compared to
HA-based systems, where cell spreading was significantly
lower than on CS-based multilayers. Indeed, significantly
more cells adhered on the CS-based multilayer systems
(where Col I was dominating) when compared to HA-based
systems, while no obvious differences were observed for
multilayer systems based on the same GAG type (e.g. nHA
and oHA, or nCS and oCS; see Table 1).

Adhesion and spreading of cells are considered as pro-
moters of gene expression and subsequent cell differentia-
tion.* To learn more about the organization of C3H10T1/2
cells adhesive machinery, the formation of FA was visual-
ized by staining of vinculin (green, see Figure 6(a)) and the
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Figure 5. Transmitted light microscopic images of crystal violet staining C3HI0T1/2 cells adherent on different test surfaces for 4h.
The cells were seeded in serum-free medium. The four types of polyelectrolyte multilayers are the same as described in Figure 4.

Table I.

Quantification of cell count, area, and aspect ratio of C3HI0T /2 cells seeded on the various multilayers and glass as

a control. Results are mean = SD values of three independent experiments. The four types of polyelectrolyte multilayers are the
same as described in Figure 4.

Samples Cell count (mm™2) Cell area (um?) Aspect ratio (a.u.)
Glass 36.7+9.6 31279+ 16024 0.73+0.12
nHA-Col | 413*+63 4875.5+2232.0 0.56 +0.14
oHA-Col | 426+7.1 5292.0 +2952.4 0.53+0.16
nCS-Col | 56.1 6.2 5840.8 = 2838.1 0.57+0.14
oCS-Col | 54.7+6.2 6025.5 34126 0.51 =0.15

nHA: native hyaluronic acid; Col I: collagen I; oHA: oxidative hyaluronic acid; nCS: native chondroitin sulfate; oCS: oxidative chondroitin sulfate.
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Figure 6. Confocal laser scanning micrographs (CLSM) of C3HI0T /2 cells on different test surfaces. (a) Staining of vinculin, o2,
actin (red), and CD44 of C3HI0T /2 cells after 24 h of incubation on different polyelectrolyte multilayers; (b) fluorescence signals
of vinculin in focal adhesions quantified by Image] and corrected total cell fluorescence was calculated by fluorescence signal with

elimination of background signal. The four types of polyelectrolyte multilayers are the same as described in Figure 4.

development of actin cytoskeleton (red, see Figure 6(a))
after 24 h of incubation. Cells cultured on plain glass cov-
erslips displayed short length of vinculin-positive streaks
(Figure 6(a)), which were weak in comparison to the cell
plated on the multilayers. Though a pronounced cell
spreading was observed on all multilayer-coated surfaces,
the overall appearance of FA plaques was different. The FA
plaques formed on HA-based multilayers were lesser and

weaker, which were mainly present at the cell periphery.
Conversely, more elongated FA plaques were found on
CS-based multilayers and distributed all over the ventral
cell side, which is again well in line with the presence of
higher quantity and more fibrillar Col I since collagen pro-
motes cell adhesion via integrin-mediated mechanism.*¢
Furthermore, the FA plaques were much more pronounced
when cells adhered on oCS—Col I (Figure 6(a)). Particularly,
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Figure 7. Phase contrast images (a; 100X magnification) and (b) proliferation of long-term C3HI0T /2 cells cultured on plain
glass and Col I-terminated multilayers prepared with nHA, oHA, nCS, or oCS as polyanion for 24, 48, and 72 h. Proliferation of
C3HI0T /2 cells was assessed by the Qblue assay for determination of metabolically active cells. Results are mean == SD values of

three independent experiments.

the quantitative analysis of vinculin-positive FA showed
higher quantities in cells grown on CS—Col I compared to
HA—Col I (Figure 6(b)). In addition, more vinculin was
pronounced on oCS—Col I compared to the native system
nCS—Col I, which is related to the stiffness resulting from
intrinsic cross-linking occurring in 0GAGs systems, as
found by QCM studies (as shown in Figure 6(b)).

Since integrins play a pivotal role in connecting ECM
proteins with the cell cytoskeleton and signaling com-
plexes, we further studied the expression and organization
of a2 that is regarded as a main collagen receptor*’ and
CD44 that is known as a main HA receptor.*® As shown in
Figure 6(a), a2 was more expressed and organized in
C3HI10T1/2 cells adhering on CS multilayer surfaces
(either nCS—Col I or oCS—Col I), while on HA-based sur-
faces, a weaker expression of o2 with a tendency for peri-
nuclear accumulation was observed (see Figure 6(a) as
well). In addition, no large difference was found on the
multilayer-coated samples with respect to the expression
of CD44, where Col I was used as the terminating layer
(Figure 6(a)). However, the expression of a2 and CD44
were always weaker in cells placed on the plain glass cov-
erslips, due to the lack of integrin receptor sites.

Opverall, the adhesion, spreading, and o2 integrin organ-
ization of C3H10T1/2 cells were increased on CS-based
multilayers, which can be explained with the composition
of these multilayer systems. First, more Col I was assem-
bled in the CS-based multilayers and formed a well-inter-
connected fibrillar structure, resembling the natural Col I

environment. Col I fibrils have been found to promote the
adhesion of a variety of cells via a2 integrin-mediated
interaction,*® which explains also the apparently higher
organization of this integrin on CS-based multilayer sur-
faces. Conversely, apparently lower expression of integrin
a2 was found on HA-based multilayers where GAG was
dominant as shown also in our previous work leading to the
formation of lower quantity of Col I fibrils. In addition, the
increased hydrophilicity of HA-based coatings®® may also
lead to the reduced adhesion and spreading of C3H10T1/2
cells, as cells prefer to adhere on surfaces with moderate
wettability.*’ It is of note that both spreading and organiza-
tion of cell adhesion complexes was more pronounced on
oCS surfaces when compared to nCS-based multilayers.
The additional covalent cross-linking in 0GAGs-based sys-
tems increased the multilayer stiffness (proven by QCM
study), thus, effects on adhesion and spreading of cells can
be expected.’® Nevertheless, the lack of such obvious dif-
ference between nHA and oHA multilayers may be due to
the higher hydrophilicity of these systems that reduces
spreading, and thus overriding the effect of different stiff-
ness of native and oxidized HA-based systems.

Growth of C3H10T1/2 cells on multilayers

To see the effect of multilayers during longer culture of
cells, proliferation studies were done with C3H10T1/2
cells for 24, 48, and 72 h. Figure 7(a) shows the morphol-
ogy and growth of cells during the culture period on plain
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glass and Col I-terminated multilayers. As can be seen in
Figure 7(a), cells were able to grow on all substrata and
cell number increased over time from 24 (left lane) to 72
(right lane) hours, while the cell number was always lower
on the plain glass. It was also obvious that cell spreading
was improved on CS-based multilayers and combined
with a higher cell number as well.

Quantitative data on cell proliferation were obtained
with Qblue assay, which determines the metabolic activity
of cells. Results in Figure 7(b) show a coincidence with that
of adhesion studies and found the quantity of metabolically
active cells on plain glass coverslips was lower than that of
multilayer-coated surfaces. In addition, improved cell pro-
liferation was detected on CS-based multilayers in com-
parison to surfaces containing HA, during the first 48 h of
incubation. This suggests that surfaces containing higher
amounts of Col I fibrils mimic the ECM and thus, support
initial cell attachment and growth. However, no obvious
differences in amount of metabolically active cells were
found between both types of GAG-based multilayers after
48h incubation. It is assumed that the ability of cells to
secrete matrix proteins such as fibronectin may contribute
to the lower differences.’' Furthermore, no significant dif-
ferences in cell growth were observed between native and
0oGAGs multilayers, which also indicate that the intrinsic
cross-linking ability due to presence of aldehyde groups in
0GAGs systems did not have any toxic or other adverse
effects on cell proliferation.

Multi-lineages differentiation of C3HI0T1/2
cells

Osteogenic differentiation investigation. To see the effect of
multilayers on osteogenic differentiation of C3H10T1/2
cells, change of cell morphology was recorded after
24 days of incubation. As can be seen in Figure 8(a), no big
difference could be found between the cells cultured in
BM, while aggregated vacuoles-like structures resembling
probably lipid droplets were observed under OM condi-
tions, especially on the multilayer-coated surfaces.

To evaluate the osteogenic differentiation of C3H10T1/2
cells on the various surfaces, ALP activity was normalized
to protein content and investigated at day 10 of post-differ-
entiation (Figure 8(b)). The ALP activity of C3H10T1/2
cells cultured in BM or OM was always lower on the plain
glass as compared to the multilayer-coated surfaces. In
addition, a higher activity of ALP was found on CS-based
multilayers when cells were cultured in BM, though no
significant difference was observed. Moreover, it is of note
that cells in BM showed significantly higher ALP activity
compared to OM, indicating an inhibitory effect of osteo-
genic supplements on driving osteogenic differentiation of
C3H10T1/2 cells (Figure 8(b)). The staining of ALP
(Figure 8(c)) was always weaker in cells growing on the
plain glass, which is well in line with the quantitative

study. Though no intensive staining of ALP could be found
on all the samples (either in BM or OM), a slightly stronger
staining was observed on CS-based multilayers when cells
were cultured in BM that could be related to the higher
expression of a2 integrin observed on CS multilayers. The
collagen receptors signaling via a2f1 and B1 integrins is
required for ALP induction process.™

Furthermore, at a later stage of osteogenesis, ECM cal-
cification occurs,’> hence, the deposition of calcium phos-
phate at day 24 post-differentiation was studied by Alizarin
red staining. Figure 8(d) shows that no significant staining
was observed when cells cultured in either BM or OM,
indicating the limited osteogenic differentiation potential
of C3HI0T1/2 cells under these conditions. Since pro-
nounced lipid vacuoles were detected in C3H10T1/2 cells
when cultured in OM (see in Figure 8(a)), we further stud-
ied the adipogenic differentiation of C3H10T1/2 cells by
Sudan black staining to counterstain adipocyte-containing
osteogenic cultures whose mineralized matrix has been
stained with Alizarin red.’” Indeed, significant staining
with Sudan black was observed when C3H10T1/2 cells
were cultured in OM (Figure 8(d)), where no positive
staining of Alizarin red was found. In addition, the staining
with Sudan black was more intensive on 0GAGs-based
surfaces. This finding provided a hint to a dominating adi-
pogenic compared to osteogenic differentiation of
C3H10T1/2 cells, when exposed to medium with osteo-
genic supplements, such as dexamethasone and BMP-2.
By contrast, no significant staining with Sudan black was
observed when C3H10T1/2 cells were cultured in BM
(Figure 8(d)) indicating that the adipogenesis occurred
because of an induction effect caused by the supplements
added in case of OM. Previous studies found that BMPs
such as BMP-2% and BMP-4** are capable of triggering
commitment of multipotent C3H10T1/2 cells to the adipo-
cyte lineage, which might explain the positive Sudan black
staining compared to the negative staining of mineralized
matrix that was observed. Furthermore, the synthetic glu-
cocorticoid dexamethasone has a regulatory effect on mes-
enchymal cells commitment to various cell lineages.** The
promoting effect of dexamethasone on adipogenesis has
been described by others.> In cells that are not committed
to osteogenic differentiation only, dexamethasone had a
stimulatory effect on adipogenesis.’® Therefore, we con-
cluded that both dexamethasone and BMP-2 supplements
in OM might trigger C3HI0T1/2 cells more toward
adipogenesis.

As the addition of BMP-2 might push C3H10T1/2 cells
more toward adipogenesis, we further investigated the
effect of BMP-2 alone (no OM or CM supplements) on
driving C3H10T1/2 cells differentiation. The cells were
cultured in 100ngmL "' BMP-2 and incubated for 14 days,
and then histochemical staining was carried out to view the
ECM deposition. As can be seen in Figure 9, no positive
staining of Alizarin red or Alcian blue was observed in
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Alcian blue staining

Figure 9. Histochemistry staining of C3HI0T /2 cells placed on various test samples with 100ngmL™' BMP-2 up to |4days. The
four types of polyelectrolyte multilayers are the same as described in Figure 4.

samples indicating no osteogenic or chondrogenic differ-
entiation of C3H10T1/2 cells. By contrast, with respect to
adipogenic markers, Oil red and Sudan black staining
revealed lipid vacuoles in cells, especially when they were
cultured on the multilayer-coated surfaces. This shows the
effect of BMP-2 in directing C3H10T1/2 cells commit-
ment to adipogenesis, as it has also been observed by oth-
ers, t0o.’” BMP-2 initiates this adipogenic commitment via
activating of downstream signaling intermediates of BMP
signaling pathway through increasing their expression and
phosphorylation.’” Moreover, the development of fat drop-
lets was more pronounced on the 0GAGs multilayers.

Chondrogenic differentiation investigation. To see the effect
of multilayers on chondrogenic differentiation of
C3HI10T1/2 cells, cell morphology was recorded after
24 days of incubation. No large differences could be found
between cells cultured in BM as shown in Figure 10(a).
However, in note contrast, only few cells adhered and
mostly presented a round-shaped morphology under CM
condition as it has been observed for MSCs in other
studies.*®

To further view the deposition of a cartilage-specific
matrix, C3HI0T1/2 cells were stained with Alcian blue at
day 24 post-differentiation (Figure 10(b)). A positive stain-
ing with Alcian blue was observed on multilayer-coated
surfaces when cells were cultured in BM. This staining
was more intensive on HA-based multilayers, especially
on nHA surfaces. In note contrast, no significant staining

could be detected when cells were grown in CM, most of
the cells seemed to detach or shrink on the multilayer-
coated surfaces, suggesting that chondrogenic supple-
ments, probably dexamethasone, impeded chondrogenic
differentiation of C3H10T1/2 cells. Treatment of tendon
stem cells with dexamethasone has been found to increase
the expression of PPARy gene, which is a specific marker
for adipogenesis of adult stem cells.’® Other studies also
showed that dexamethasone suppressed chondrocytes dif-
ferentiation when it was in combination with ITS by mod-
ulating the local environment,®” which could be the case
here since our chondrogenic medium was supplemented
with ITS together with dexamethasone.

Overall, the osteogenic differentiation of C3H10T1/2
cells was increased on CS-based multilayers, while the
chondrogenic differentiation was more pronounced on
HA-based systems, but only when cells were cultured in
BM. Conversely, C3H10T1/2 cells displayed a limited
differentiation potential toward osteogenic and chondro-
genic lineages when cultured in media with osteogenic or
chondrogenic supplements. C3HI0T1/2 cells differenti-
ated more into an adipogenic lineage, when cultured in
OM or with addition of 100ngmL ' BMP-2 to BM, and it
was more pronounced on 0GAGs multilayers. We assumed
that the differed differentiation potential of C3H10T1/2
cells in BM, toward osteogenic and chondrogenic line-
ages on multilayer-coated surfaces, was mostly dependent
on the molecular composition of the multilayers where the
observed effect on cells was only because of the intrinsic
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Figure 10. Phase contrast images (a) and Alcian blue staining (b) of C3HI0T /2 cells placed on various test samples supplied with
basal medium (BM) and chondrogenic medium (CM), respectively. Staining was performed at day 24 post-differentiation. The four
types of polyelectrolyte multilayers are the same as described in Figure 4.

properties of the multilayer surfaces without any external
addition. The larger quantity and fibrillar structure of Col
I, which is also a key component of bone, contributed to
more osteogenic differentiation of C3HI10T1/3 cells on
CS-based multilayers. This was also evidenced by
enhanced cell-material interactions, such as FA formation
and o2 integrin clustering, while interaction of cells with
Col I via 02 integrin has been shown to be important in
regulating osteogenic differentiation.®’ However, many
studies demonstrated the benefits of HA and CS on carti-
lage formation and bone regeneration, respectively.® It
was found that the type of GAG can be used for control-
ling the lineage specification of MSCs, whereby CS
enhanced the osteogenic differentiation of MSCs, and HA
promoted chondrogenic differentiation.®? In addition, the
differentiation of C3HI0T1/2 cells toward adipocytes
might be attributed to the presence of BMP-2,” and dexa-
methasone,*® which have been found to promote adipo-
genesis. Furthermore, the ALP activity of cells in OM
(Figure 8(b)) despite their adipogenic differentiation
behavior observed by histochemical staining (Figure
8(d)), does not contradict the overall findings. ALP has

been shown to be upregulated during osteogenic and adi-
pogenic differentiation. It cannot be considered as lineage
specific marker as it only proves the starting of differen-
tiation.®® Presumably, the most pronounced adipogenesis
observed on 0GAGs multilayers might be related to a dif-
ferent interaction of BMP-2 with oxidized multilayers,
where the activity of the growth factor is extremely
enhanced as shown in a previous study from our group.*!

Conclusion

It was shown that the adhesion and differentiation of
C3H10T1/2 cells were largely affected by the composition
of polyelectrolyte multilayers. The CS-based multilayers
rich in larger quantity and fibrillar structure of Col I have
a superior effect on promoting cell adhesion in terms of
increased FA formation and o2 integrin clustering, and
osteogenic differentiation, when cultured in BM without
any osteogenic supplements. It was also found that multi-
layers made of 0GAGs and Col I possessed a higher rigid-
ity resulting from intrinsic cross-linking, which affected
spreading of cells. By contrast, the chondrogenic
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differentiation of C3H10T1/2 cells was more pronounced
on HA-based polyelectrolyte multilayers. Furthermore, it
is of note that the CM and OM supplemented with BMP-2
and dexamethasone, impeded the chondrogenic and osteo-
genic differentiation of C3H10T1/2 cells. Conversely, the
BMP-2 and dexamethasone supplemented OM and BMP-2
alone directed adipogenic differentiation of C3H10T1/2
cells, which was more evident on 0GAGs multilayers.
These findings provided new insights to our understanding
not only the importance of controlling matrix composition
as an approach to manipulate cell fates but also the selec-
tion of C3H10T1/2 cells for differentiation investigations.
Cautions are needed when using C3H10T1/2 cells for oste-
ogenic and chondrogenic studies.
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Summary and future perspectives

This PhD thesis was aimed to develop stable biomimetic surface coatings with intrinsic
cross-linking property that enables controlling the activity and release of bone
morphogenetic protein-2 (BMP-2) in order to promote osteogenic differentiation of cells
for bone regeneration applications. The layer-by-layer technique (LbL) was applied to
fabricate the various multilayers surface coatings. The multilayers consisted of natural
biopolymers called glycosaminoglycans (GAGSs) that were used to mimic the composition
of the natural extracellular matrix (ECM) and provide the cells with the ECM-like chemical
cues. Hence, the GAGs heparin (H), chondroitin sulfate (CS) and hyaluronic acid (HA)
were combined with either chitosan (Chi) or collagen | (Col ) as polycations to fabricate
the native GAGs multilayers. The intrinsic cross-linking strategy was achieved by
functionalizing the GAGs with an aldehyde group, via oxidation process, which can then
bind to the amino groups on Chi or Col | and create a covalent imine bond (Schiff’s
base). This strategy was used to increase the multilayers’ stability and stiffness and to
control BMP-2 activity and release. The oxidized GAGs multilayers with intrinsic cross-
linking were based mainly on covalent binding while their native counterparts were based
mainly on ion pairing. The physiochemical characterization demonstrated that intrinsically
cross-linked multilayers (especially CS multilayers) had a higher polyelectrolyte
adsorption, thicker multilayers, stiffer surface and enabled the natural Col | fibrilization in
the form of thick long fibers which were preserved even in acidic environment. On the
other hand, the native GAGs multilayers had softer surfaces and could not preserve the
Col 1 fibers. Additionally, the intrinsic cross-linking in oxidized GAGs multilayers
contributed greatly the storage and activity of BMP-2. BMP-2 from oxidized CS
multilayers was delivered to cells as a matrix bound BMP-2 since only little amounts got
released. On the contrary, native GAGs multilayers delivered most of the loaded BMP-2
as soluble (released). Furthermore, it has been found that despite the very small
amounts of BMP-2 released from oxidized GAGs multilayers, more BMP-2 internalization
to cells has been detected indicating that BMP-2 delivery to cells is not about release but
rather about the BMP-2 stored in the multilayers and being presented to cells in an active
matrix-bound state. In addition, using a 50:50 mixture of native and oxidized CS enabled
having a new multilayers system with enhanced water content and efficient BMP-2

release profile which permits its use for further applications. Further, the stiff surface
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offered by intrinsically cross-linked multilayers together with the enhanced Col |
fibrilization, led to an enhanced cell adhesion and spreading on those multilayers
compared to their natives. The osteogenic differentiation studies concluded that; the
matrix-bound BMP-2 delivered from the oxidized GAGs multilayers was active and
succeeded in triggering osteogenesis which was proven by the detected higher alkaline
phosphatase activity and formation of the mineralized matrix as well as up-regulation of
osteogenic markers in cells cultured on BMP-2 loaded oxidized GAGs multilayers. On
the other hand, soluble released BMP-2 from native GAGs multilayers failed to trigger
the targeted osteogenesis. In general, the molecular composition of multilayers had an
effect on cells’ differentiation. For instance, in the absence of signaling molecules; CS-
based multilayers promoted osteogenesis while HA-based multilayers supported
chondrogenesis.

Based on these findings; the selected type of GAG can be used to control the
physiochemical characteristics of multilayers and to guide cell differentiation depending
on the application. The in situ intrinsic cross-linking approach can avoid the necessity to
use toxic chemical cross-linking agents. In addition to the ability of GAGs to bind growth
factors due to their heparin binding domain, the intrinsic cross-linking offers an extra
binding and control mechanism of growth factors release and delivery.

The oxidized GAGs multilayers can be further used for delivering more than one growth
factor such as BMP-2 together with the vascular endothelial growth factor (VEGF) which
promotes vascularization and ensure optimal results in terms of ostegenesis. In addition,
multilayers of the 50:50 mixture of native and oxidized CS can be loaded with the growth
and differentiation factor-5 (GDF-5) and be further used for cartilage regeneration
applications, thanks to their efficient release profile, matrix-bound growth factor delivery
and high water content. In addition, a surface coating with gradient property composing
of two types of multilayers; oCS100/Col | loaded with BMP-2 from one side and
0CS50/Col | loaded with GDF-5 from the opposite side, could be used for tendon/
ligament defect regeneration due to their complex gradient tissue structure that consists
of multiple GFs and cell types. Moreover, further work for investigating the exact
molecular mechanism behind controlling growth factor activity and delivery in intrinsically
cross-linked multilayers will offer better understanding and new insights. For example,
since the imine bond is partly hydrolyzed at acidic pH permitting uptake of BMP-2 during
loading (pH 4) and these bonds are formed at neutral and basic pH; release could be
studied at both acidic and neutral pH to see potential effect of imine bond formation on
binding and release of BMP-2. Additionally, In vivo preclinical studies would offer a great
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chance to the intrinsically cross-linked GAGs multilayers to explore their in vivo potential
and future applicability.

In conclusion, the presented intrinsically cross-linked GAGs multilayers can be used as
potential surface coatings for implants and tissue engineering scaffolds for effective
delivery of physiological quantities of growth factors; for save, economic and effective

medical materials to treat traumata and degenerative diseases of the skeletal system.
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