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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 I (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 

(oGAGs) 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, oGAGs 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 µg mL-1 and the adsorption / internalization study showed that 

higher BMP-2 adsorption and internalization were observed on oGAGs multilayers. BMP-

2 from oGAGs multilayers was released in very small amounts over-time, indicating that 

oGAGs 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 oGAGs multilayers compared to the 

native ones, indicating no cytotoxicity of oGAGs. In addition, an increasing number of 

adhering and spread cells were observed on oGAGs multilayers compared to the nGAGs 

multilayers. The osteogenic differentiation studies concluded that; cells cultured on 

oGAGs multilayers showed higher expression of mRNA 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. 
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Zusammenfassung 
 

Knochenbrüche, die nach längerer Zeit nicht heilen, werden als nicht heilende Frakturen 

bezeichnet. Zur Behandlung nicht heilender Knochenbrüche wird das 

Knochenmorphogenetisches Protein-2 (BMP-2) eingesetzt. Bolus-Injektionen von 

löslichem BMP-2 werden jedoch schnell aus dem Blut abgebaut und verlieren ihre 

Wirkung. Daher sind hohe Dosen erforderlich, die neben hohen Behandlungskosten zu 

Entzündungen, erhöhter Krebsinzidenz und ektoper Knochenbildung führen. In diesem 

Projekt sollen extrazelluläre matrixähnliche Oberflächenbeschichtungen mit intrinsischen 

Vernetzungseigenschaften hergestellt werden, die die Kontrolle und Abgabe von BMP-2 

an Zellen in seinem aktiven, matrixgebundenen Zustand ermöglichen, um die osteogene 

Zelldifferenzierung zu fördern. Die Multilayer wurden mit Hilfe der Layer-by-Layer-

Technologie (LbL) hergestellt, die die Bildung von nanostrukturierten 

Oberflächenbeschichtungen mit kontrollierten Eigenschaften und die Zufuhr von 

Wachstumsfaktoren (GF) ermöglicht. Die Verwendung von Glykosaminoglykanen 

(GAGs) als Bausteine für Multischichten bietet eine große Chance, das Zellverhalten zu 

steuern, indem eine biomimetische Umgebung geschaffen wird, die ähnliche 

mechanische, chemische und biologische Eigenschaften wie die natürliche extrazelluläre 

Matrix (ECM) aufweist und eine Abstoßung der Implantate aufgrund immunologischer 

Reaktionen verhindert. Die GAGs Heparin (H), Chondroitinsulfat (CS) und Hyaluronsäure 

(HA) wurden entweder mit Chitosan (Chi) oder Kollagen I (Col I) 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 Stabilität zu erhöhen, ihre Eigenschaften zu modulieren und die 

BMP-2-Aktivität und -Freisetzung im Vergleich zu den nativen GAGs (nGAGs) 

Multischichten zu kontrollieren. Die mit oxidierten GAGs (oGAGs) hergestellten 

Multischichten wiesen im Vergleich zu den nativen Multischichten andere 

physikochemische Eigenschaften auf, die durch eine stärkere Adsorption von 

Polyelektrolyten während der Multischichtbildung, dickere Multischichten sowie eine 

steifere und rauere Oberfläche der Multischichten gekennzeichnet waren. Darüber 

hinaus unterstützten die oGAGs-Multischichten die natürliche Fibrillierung von Col I 

stärker als die nativen Schichten und konnten die fibrilläre Struktur auch bei saurem pH 

erhalten. Die Multischichten wurden mit 5 und 10 µg mL-1 BMP-2 beladen und die 
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Adsorptions-/Internalisierungsstudie zeigte, dass eine höhere Adsorption und 

Internalisierung von BMP-2 auf den oGAGs-Multischichten beobachtet wurde. BMP-2 

aus oGAGs-Multischichten wurde über die Zeit nur in sehr geringen Mengen freigesetzt, 

was darauf hindeutet, dass oGAGs-Multischichten den Großteil des beladenen BMP-2 in 

einem an die Matrix gebundenen Zustand halten, während nur wenig in löslicher Form 

an das Medium abgegeben wird; im Vergleich zu nGAGs-Multischichten, die über die 

Zeit die höchsten Mengen an BMP-2 freisetzten. Dies unterstreicht die Effizienz des 

intrinsischen Vernetzungsansatzes bei der Kontrolle der BMP-2 Aktivität und 

Präsentation in den Zellen. Darüber hinaus zeigten Zellexperimente mit C2C12 und 

C3H10T1/2 Zellen eine signifikant höhere Zellproliferation auf oGAGs-Multischichten im 

Vergleich zu nativen Schichten, was darauf hindeutet, dass die oGAGs keine 

Zytotoxizität aufweisen. Darüber hinaus wurde auf oGAGs-Multischichten im Vergleich 

zu nGAGs-Multischichten eine höhere Anzahl adhärierender und proliferierender Zellen 

beobachtet. Studien zur osteogenen Differenzierung zeigten, dass Zellen, die auf 

oGAGs-Multischichten kultiviert wurden, eine höhere mRNA-Expression osteogener 

Marker, höhere Spiegel der alkalischen Phosphatase (ALP) und eine stärkere Bildung 

der mineralisierten Matrix aufwiesen als Zellen auf nGAGs-Multischichten, die keine 

osteogene Differenzierung zeigten. Dies deutet auf einen Unterschied in der Effizienz 

und Aktivität zwischen dem matrixgebundenen BMP-2 aus oGAGs-Multischichten und 

dem freigesetzten löslichen BMP-2 aus nGAGs-Multischichten hin. Zusammenfassend 

lässt sich sagen, dass oGAGs-Multischichten erfolgreiche und effiziente Kandidaten für 

biomimetische Oberflächenbeschichtungen und GFs Delivery-Systeme für 

Anwendungen in der Geweberegeneration sind. 

 

 

 

 



Chapter 1 – Biomimetic Surface Modifications Using Layer-by-layer 5 

 

 

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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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 µg mL-1) 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. 
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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 I (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 µg mL-1) to check if there would be any increase in the osteogenic 

differentiation rate. The multilayers used were composed of either; oxidized chondroitin 

sulfate (oCS100), native chondroitin sulfate (nCS) or a 50:50 mixture of both oxidized 

and native (oCS50), 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 oCS100 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 I fibers and 

could preserve them even at acidic conditions compared to nCS multilayers. Moreover, 

oCS100 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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Chapter 4   
 

Summary - Effect of microenvironment on adhesion and differentiation of murine 

C3H10T1/2 cells cultured on multilayers containing collagen I 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 I (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 I fibrilization was studied via Labelling the Col I in 

situ with FITC, which concluded that CS-based multilayers (both native and oxidized) 

promoted longer Col I 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-1) 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. 
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Chapter 5 
 

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 (GAGs) 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 I (Col I) 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 I 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 I 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 I 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 I 

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 I loaded with BMP-2 from one side and 

oCS50/Col I 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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