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Kurzzusammenfassung 

Verletzungen des Bewegungsapparates, bestehend aus Knochen, Muskeln, Knorpel, 
Sehnen, Bändern, Gelenken und dem Bindegewebe, sind weltweit unter den häufigsten 
Ursachen für chronische Schmerzen und körperliche Funktionseinschränkungen. 
Klassische Therapiemethoden versagen oft bei der Wiederherstellung der Funktionalität 
des betroffenen Gewebes. Das Ziel des Tissue Engineerings ist es, die Chancen einer 
erfolgreichen Heilung und Regeneration der verletzten Gewebe und Gewebeübergänge 
zu verbessern. Die Freisetzung von Wachstumsfaktoren aus einem Scaffold (Gerüst für 
das Wachstum von Gewebe) ist dabei einer der vielversprechenden Ansätze.  
In der vorliegenden Arbeit wurden komplexe Systeme auf der Basis von nanoporösen 
Silica-Nanopartikel (NPSNPs) zur kontrollierten Beladung und Freisetzung des 
Wachstumsfaktors bone morphogenetic protein 2 (BMP-2) entwickelt, die im Bereich des 
Tissue Engineerings und der Regeneration vom Knochengewebe eingesetzt werden 
sollen. Sphärische NPSNPs wurden mit Hilfe des Tensid-gesteuerten Sol-Gel-
Verfahrens hergestellt. Die Oberfläche der NPSNPs wurde nachträglich mittels post-
synthetischer Reaktionen mit unterschiedlichen organischen Silankopplungsreagenzien 
verändert, um die Beladungsmenge und die Freisetzungskinetik von BMP-2 gezielt zu 
steuern.  
Vor der BMP-2-Beladung wurde festgestellt, dass  auf der Oberfläche von 
aminopropylsilyl-modifizierten NPSNPs hydrolytisch stabile Spezies vorlagen, die einen 
Verschluss der Poren verursachten. Dieser Porenverschluss konnte in Folge weiterer 
postsynthetischer Reaktionen wieder rückgängig gemacht werden. Diese Ergebnisse 
sind entscheidend für die Weiterentwicklung der NPSNP-basierten Freisetzungs-
systeme.      
Nach der Beladung von BMP-2 auf die Oberfläche von unterschiedlich modifizierten 
NPSNPs zeigte sich, dass die Anwesenheit von hydrophoben Funktionalitäten, 
ungeachtet der Ladung, ein entscheidendes Kriterium für eine erfolgreiche BMP-2-
Beladung darstellte. Abhängig von der Oberflächenmodifizierung der NPSNPs zeigten 
die BMP-2-beladenen NPSNPs drei verschiedene Arten der Freisetzung: eine anfänglich 
schnelle (burst), eine konstante (sustained) oder eine langsame (retention) BMP-2-
Freisetzung. Obwohl die Zusammenhänge zwischen der Art der funktionellen Gruppe 
und der Freisetzungskinetik nicht vollständig geklärt werden konnten und weiterer 
Untersuchungen bedürfen, bieten diese Ergebnisse einen ersten Ansatz für die 
Entwicklung von NPSNP-basierten Systemen für eine gezielte Freisetzung von 
Wachstumsfaktoren für die Anwendung im Bereich des Tissue Engineerings.  
Erste Zellkulturuntersuchungen von BMP-2-beladenen NPSNPs (verglichen mit  
ungebundenen BMP-2) zeigten eine gewisse Tendenz, die Expression von „frühen“ 
Genen, die auf eine anfängliche osteogene Differenzierung von Knochenmark-
stammzellen hinweisen, auszulösen. Die Untersuchungen der Zelltoxizität von 
verschiedenen NPSNPs gegenüber Myoblasten und Knochenmarkstammzellen zeigten, 
dass die nicht modifizierten NPSNPs bei keiner der getesteten Konzentrationen und zu 
keinem Zeitpunkt zelltoxisch waren. Die unterschiedlich modifizierten NPSNPs hatten 
bis zur einen Konzentration von 10 µg ml−1 keinen zelltoxischen Effekt auf beide Zelllinien 
innerhalb von 7 Tagen.  
In Hinblick auf den gewünschten Einsatz zur Regeneration des Knochengewebes in 
großen Knochendefekten und in Knochen-Sehnen-Übergängen beschäftigte sich ein 
weiterer Teil der Arbeit mit der Herstellung von biofunktionalisierten Implantaten mit einer 
gezielten Freisetzung von kleinen Dosen von BMP-2 (Nanogramm) unter Zuhilfenahme 
von unterschiedlich modifizierten, BMP-2-beladenen NPSNPs und dreidimensionalen, 
porösen Scaffolds aus Kollagen- oder Poly(ε-caprolactone) (PCL)-Fasern. Trotz der 
ersten, vielversprechenden Ergebnisse bedürfen sowohl die Kollagen- als auch die PCL-
basierten Freisetzungssysteme weiterer Optimierung bezüglich der freigesetzten BMP-
2-Mengen, damit eine erfolgreiche osteogene Differenzierung von Stammzellen erreicht 
werden kann.   
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Abstract 

Injuries of the musculoskeletal system, which is made up of the bones of the skeleton, 
muscles, cartilage, tendons, ligaments, joints and the connective tissue, are among 
increasing health care issues of the ageing population worldwide. Classical treatments 
often fail to restore the functionality of the damaged tissue leading to chronical pain and 
physical disabilities. Thus, the limitations of the current therapies point to the clinical need 
for effective healing strategies providing a target for innovative tissue engineering 
approaches. Among these approaches, growth factor delivery from a scaffold is one of 
the promising approaches for tissue regeneration.   
In this work, sophisticated nanoplatforms for the controlled loading and delivery of the 
growth factor bone morphogenetic protein 2 (BMP-2) were developed by using 
nanoporous silica nanoparticles (NPSNPs) for applications in the field of bone tissue 
engineering and regeneration. Spherical NPSNPs were synthesised by the sol-gel 
method with the aid of a structure-directing surfactant. Subsequently, NPSNPs were 
modified by post-synthetic reactions with different organosilane coupling reagents to 
obtain NPSNPs with versatile surface chemistries and by that, to control the loading 
capacities and release kinetics of BMP-2.  
Before loading of the BMP-2, it was shown that hydrolytically highly stable moieties were 
present on the surface of aminopropylsilyl-modified NPSNPs; these moieties caused 
pore clogging. However, this pore clogging could be removed by post-synthetic 
reactions, an important finding with regard to the construction of NPSNP-based drug 
delivery devices.   
After the loading of BMP-2 on the surface of differently modified NPSNPs, it was shown 
that the presence of hydrophobic functionalities on the surface of the NPSNPs was the 
major governing factor controlling BMP-2 loading capacities regardless of the positive or 
negative charge of the terminal functional groups. Furthermore, BMP-2 delivery systems 
based on NPSNPs showed three types of BMP-2 release behaviour: fast initial (burst), 

sustained and slow release (retention), depending on the modification of the NPSNPs. 
Notwithstanding that the reasons for the different release behaviours could not be fully 
clarified yet and need further investigations, these results pave the way for engineered 
NPSNP-based delivery systems with desired growth factor release kinetics for tissue 
engineering. 
First studies on the potential for bone regeneration revealed that BMP-2-loaded NPSNPs 
were slightly more effective in upregulating early targeted gene expression in human 
bone marrow-derived mesenchymal stem cells after a short exposure time of 2 h as 
compared to free BMP-2. In addition, cytotoxicity investigations performed with all types 
of NPSNPs showed that all concentrations of non-modified NPSNPs, as well as all types 
of modified NPSNPs were not cytotoxic up to a concentration of 10 µg ml−1 towards 
mouse myoblasts (C2C12) cells and human bone marrow-derived mesenchymal stem 
cells within a period of 7 days.      
With regard to the possible application to regenerate bone tissue in case of large bone 
defects or of a rupture of the tendon-bone junction, BMP-2-loaded NPSNPs with different 
modifications were successfully integrated into three-dimensional and porous scaffolds 
made up of either collagen or poly(ε-caprolactone) (PCL) fibres, respectively. As a result, 
biofunctionalised implants were developed providing a controlled release of small doses 
(nanogram range) of BMP-2. Despite the promising results, both collagen- and PCL-
based scaffolds need further optimisation regarding the released amounts of BMP-2 to 
successfully induce osteogenic differentiation of mesenchymal stem cells. 
 
Keywords: nanoporous silica nanoparticles, bone morphogenetic protein 2, growth 
factor delivery, scaffolds, osteogenic differentiation, bone regeneration, tendon-bone 
interface regeneration 
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1 Introduction 

Bone tissue has a unique ability to naturally heal and remodel itself without scarring [1, 

2]. However, in large bone defects, caused by trauma, tumors, infections etc., this 

regenerative capability can fail to result in a permanent tissue damage and a loss of 

function unless surgeons manage to bridge the defect site [3]. The “gold standard” in 

bone defect treatments remains bone transplantation (grafting) of an autologous bone 

graft that is harvested from the pelvis or the iliac crest of the patient and used to fill the 

bone defect [4]. In addition, allografts and xenografts, bone tissue harvested from 

another patient or from an animal, provides an alternative treatment when only a limited 

amount of the autologous bone graft is available [5]. However, there is a risk of the 

rejection by the immune system, infections and transmission of donor diseases. Thus, 

the limitations of the current bone graft techniques point to the clinical need for an 

effective and sophisticated bone graft substitutes, providing a target for innovative bone 

tissue engineering strategies. 

Another challenging issue in orthopaedics is the regeneration of tissue interfaces, the 

highly specialized and organized areas that connect two tissues with different 

biochemical and mechanical properties, in particular, cartilage-bone, tendon/ligament-

bone and meniscus-bone tissues [6]. The interfaces show a unique gradual transition in 

structure, biochemical composition and cell types and enable a load transfer between 

the tissues that they connect. Most musculoskeletal injuries are associated with the 

ruptures of the interfacial zones, which are either caused by trauma, mostly acquired 

during sport activities, or by age-related tissue degeneration [7]. For example, tendon-

bone ruptures are responsible for the rotator cuff tears that are among the most frequent 

injuries causing pain and limiting the mobility of the shoulder [8]. Classical treatments of 

the rotator cuff tears involve surgical intervention, pulling the torn tissue back to its 

original position and fixing it at the bone site. However, the risk of the failure of the 

surgical procedure is high (20% - 90%) [9]. At the moment, there is no satisfying 

therapeutic solution to restore the initial functionality of the torn rotator cuff.  

To restore the architecture and functionality of both bone tissue and the tendon-bone 

interface is the challenging task for tissue engineering [10]. Common orthopaedic tissue 

engineering approaches include three-dimensional scaffolds, which provide structural 

support, a friendly microenvironment for the attachment of the cells, enabling cell 

ingrowth, proliferation and differentiation as well as vascularization, with a final goal to 

re-establish the form and functionality of the damaged tissues [11-13]. A wide range of 

inorganic materials, natural and synthetic polymers as well as their composites are able 
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to mimic the mechanical properties of the natural tissue and therefore, have been 

identified as suitable scaffolds for tissue regeneration [14-16]. Further, cells and/or 

growth factors can be integrated into the scaffolds providing biochemical functionalities. 

When the tendon-bone connection shall be re-established by using an engineered 

scaffold, the transition from a soft tissue like tendon to a hard tissue like bone presents 

a special challenge. The recent tissue engineering approaches focus on the fabrication 

of graded structures by mimicking the composition of the extracellular matrix in the 

individual tissue zones and by employing growth factor gradients and cells [17-20]. The 

mentioned cell- and growth factor-based approaches can also be used for bone 

regeneration [21-24].   

Bone morphogenetic protein 2 (BMP-2) is one of the prominent osteoinductive growth 

factors, which shows promising osteogenic effects in vitro and in vivo [25, 26]. In 

combination with a scaffold, made of the natural polymer collagen, the medical product 

INFUSE® Bone Graft (Medtronic) was approved by the FDA for the interbody spinal 

fusion in 2002 [27]. However, more recently, concerns have been raised regarding the 

off-label use of the product due to severe side effects associated with the uncontrolled 

release of supraphysiological doses of BMP-2 [16]. Therefore, one of the aims of this 

work was the development of an optimized bone regenerative system enabling the 

delivery of low doses of the growth factor in a controlled manner and thus, offering a 

safer and less expensive solution for engineered tissue implants, by using nanoporous 

silica nanoparticles (NPSNPs).    

NPSNPs are ideal candidates for the incorporation, adsorption and delivery of a variety 

of therapeutic agents, mostly drugs, growth factors and genes, for biomedical purposes 

due to their large pore volume, high specific area and tunable surface chemistry [28-32]. 

More recently, NPSNPs have demonstrated a great potential for adsorbing the growth 

factor BMP-2 and to deliver it, as shown by the osteogenic differentiation of 

mesenchymal stem cells in vitro [33, 34]. However, the mechanisms of how the surface 

chemistry of NPSNPs controls the growth factor loading capacity and release have not 

yet been fully understood, leaving behind a major hurdle to overcome if their widespread 

application for the delivery of growth factors is to be realized. To this end, within this work 

the surface chemistry of NPSNPs will be tailored by silanization with various 

organosilanes possessing different physicochemical properties, e.g. hydrophobicity/ 

hydrophilicity and surface charge. The BMP-2 loading capacity on differently modified 

NPSNPs and the BMP-2 release from the surface of the NPSNPs will be studied 

(chapter 4.2). In addition, with regard to the envisaged application in tissue engineering, 

the cytotoxicity of modified NPSNPs towards the murine cell line C2C12 BRE-Luc (BMP-

Responsive-Element-Luciferase)-pGL3 and bone marrow-derived mesenchymal stem 

cells (BM-MSCs) will be assessed (chapter 4.4). Moreover, the differentiation progress 
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of BM-MSCs towards osteogenic lineage upon exposure to BMP-2-loaded NPSNPs will 

be examined by monitoring BMP-2-induced early targeted gene expression 

(chapter 4.3).  

As stated earlier, one of the main goals of this work is the development of an optimized 

system providing a controlled release of small BMP-2 doses from scaffolds for bone and 

bone-tendon tissue regeneration. Two different types of nanocomposites will be 

developed with regard to the two different applications. Within the interdisciplinary 

research consortium “Biofabrication for NIFE”, BMP-2-loaded NPSNPs will be integrated 

into porous collagen scaffolds (chapter 4.5). The success of the integration of NPSNPs 

into the scaffolds and the release behaviour of BMP-2 from the scaffolds will be 

examined subsequently. In addition, it will be studied how the BMP-2 release behaviour 

depends on the surface chemistry of NPSNPs. Furthermore, the ability of prepared 

collagen-NPSNP-BMP-2 nanocomposites to promote the osteogenic differentiation of 

human adipose tissue-derived stem cells (hASCs) in the three-dimensional environment 

of the nanocomposites will be evaluated under in vitro conditions with regard to the future 

application for bone regeneration. 

A similar approach will be used to develop a graded implant for the tendon-bone interface 

regeneration in case of a rotator cuff rupture within the DFG research group FOR 2180 

“Graded implants for tendon-bone junction”. Within this research group, electrospun 

poly(ε-caprolactone (PCL) fibre mats with both aligned and unaligned fibres mimicking 

the natural tendon and bone tissues will be used as scaffolds. To provide graded 

bioactive functions, scaffolds will be equipped with NPSNPs or/and chitosan 

nanoparticles used for the controlled delivery of bioactive molecules: bone growth factor 

BMP-2, transcription factor Smad8 Linkerregion + Mad Homology Region 2 (Smad8 

(L+MH2) and transforming growth factor (TGF)-β3 to regenerate the bone, tendon and 

the tissue of the transition zone in between, respectively. The present work deals with 

regeneration of the bone site of the tendon-bone junction (chapter 4.5). For this purpose, 

BMP-2-loaded NPSNPs will be integrated into three-dimensional, electrospun PCL fibre 

mats, which were previously functionalized by a chitosan-PCL graft copolymer to obtain 

a “shish-kebab” structured fibre surface and which were finally coated with alginate [35]. 

Subsequently, the integration of NPSNPs into the scaffolds and the release behaviour of 

BMP-2 from the NPSNPs previously loaded into the scaffolds will be evaluated. The 

results derived from the BMP-2 release will be compared with regard to the chosen 

modification of NPSNPs. This work will be a part of the first steps towards the fabrication 

of a graded implant for the treatment of a rotator cuff rupture. 

Obviously, NPSNPs play a central role in the entire work. Therefore, two key parameters, 

namely degradation and hydrolytic stability of NPSNPs, will be investigated in a basic 
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study to enable the successful application of NPSNPs as delivery systems for therapeutic 

agents in biomedicine. While most studies on the degradation have focused on non-

modified NPSNPs [36-38], the issue of the hydrolytic stability of the functional groups 

attached on the surface of NPSNPs has not been addressed yet. For this purpose, the 

hydrolytic stability of aminopropylsilyl moieties tethered on the surface of NPSNPs upon 

exposure to ultrapure water will be investigated (chapter 4.1). In this context, a novel 

approach to regain the porosity of aminopropylsilyl-modified NPSNPs, which is lost upon 

exposure to an aqueous medium, will be elaborated. 
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2 Theoretical background 

2.1 Nanoporous silica nanoparticles 

Nanoporous silica nanoparticles (NPSNPs) are considered promising candidates for the 

high loading and controlled delivery of pharmaceutical drug, therapeutic proteins and 

genes [39]. This chapter provides general information on the syntheses of first 

mesoporous silica materials followed by advanced syntheses of NPSNPs and their 

surface modification. Before reviewing the use of NPSNPs as delivery systems in 

biomedicine, such key parameters as the degradation, hydrolytic stability and 

biocompatibility of NPSNPs will be discussed. Finally, the potential biomedical 

applications of NPSNPs and the immobilization strategies for therapeutic biomolecules 

will be presented.    

 

2.1.1 Synthesis of nanoporous silica nanoparticles 

Nanomaterials have long become a subject of intense research due to their unique 

physical and chemical characteristics. According to the International Union of Pure and 

Applied Chemistry (IUPAC), nanomaterial’s particle sizes should be in the range of 1 – 

100 nm in at least one dimension. Among nanosized materials, nanoporous silica 

nanoparticles (NPSNPs), have shown a great potential for multiple applications; one of 

them is biomedicine [29, 31, 40-42]. The silica nanoparticles possess mesopores in the 

range of 2 – 50 nm [43]. Therefore, the term mesoporous (instead of nanoporous) silica 

nanoparticles (MSNs) is also often used in the literature.   

Mesoporous silica material was first synthesized simultaneously by two independent 

groups of scientists in 1992 and was intended to be used as molecular sieves, adsorbent 

or catalyst [44, 45]. The idea to use mesoporous silica for drug delivery was proposed 

almost 10 years later, in 2001 [46]. Parallel to that, a deeper understanding of the 

synthesis mechanism of mesoporous silica materials had led to the ability to produce 

nanoporous silica nanoparticles of various sizes and morphologies with tunable pore 

structures [28].  

Nanoporous silica nanoparticles can be synthesized by modifying the Stöber process 

and employing the micelle-forming surfactants, e.g. cetyltrimethylammonium bromide 

(CTAB) as an ionic surfactant and a non-ionic triblock co-polymers Pluronic P-123 or F-

127, which serve as templates (also called structure-directing agents (SDAs)) [47, 48]. 

Two main synthesis mechanisms are considered effective to produce ordered 

mesostructures (Figure 1a). During the true liquid-crystal templating process, a lyotropic 
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liquid-crystalline phase is formed only by the SDA at high concentrations followed by the 

condensation of hydrolysed silica precursors forming a silica framework (Figure 1b). 

Tetraethoxysilane (TEOS) or tetramethoxysilane (TMOS) are usually used as silica 

sources. In contrast, liquid crystals can be formed by cooperative self-assembly of SDA 

with silica precursor species at lower SDA concentration. In this method, attractive 

interactions between the SDA and the silica precursors are essential [49].  

In order to obtain ordered mesoporous silica material, the organic template should be 

removed. The most commonly used method is the calcination, in which organic SDAs 

can be decomposed at high temperatures under air atmosphere. However, overheating 

of the sample should be avoided in order to prevent structural collapse. For long-chain 

alkyl surfactants, the temperature of 550 °C is considered optimal to remove organic 

residues. As an alternative, SDAs can be extracted by using an acidic ethanol solution 

[48].  

 

Figure 1: (a) Formation of mesoporous materials by structure-directing agents: 1) true 
liquid-crystal template mechanism and 2) cooperative self-assembly mechanism [49]. 
(b)Hydrolysis of the silica precursor (TEOS or TMOS) and their condensation. 
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During the synthesis of nanoporous silica nanoparticles with precise particle sizes and 

distinct morphology, two fundamental variables should be controlled [50, 51]. On the one 

hand, the relative rates of hydrolysis and condensation of the silica source can be 

adjusted by varying the pH. Hydrolysis of silica precursors (Si(OR)4) could be catalysed 

both in acidic and basic conditions. The hydrolysis rate is lowest near neutral pH. The 

condensation rate of hydrolysed silica precursors is in line with their charge density. 

Above the isoelectric point of silica (pI ≈ 2) silica species become negative and the 

charge density increases along with the pH. In the pH range between 2 and 7 negatively 

charged silica species tend to assemble with positively charged SDAs, e.g. CTAB, via 

electrostatic interactions or with non-ionic templates, e.g. triblock co-polymers, via 

hydrogen bonding interactions. Under alkaline conditions (pH > 7) only electrostatic 

interactions between SDA and silica can be established [52]. The maximum of 

condensation rate is reached at pH 7.5 and, from there on, decreases with increasing 

pH due to the instability of silica at higher pH. During the syntheses of NPSNPs (pH≈10), 

however, cationic SDAs prevent silica species from dissolving by forming stable 

composites up to pH 12. Consequently, Mann and co-workers employed a fast pH-

changing strategy yielding particles with the sizes below 500 nm [53]. Lin and co-workers 

could reduce the particle sizes to 200 nm through the fast addition of silica precursors to 

a diluted, preheated and rapidly stirred aqueous surfactant solution [54]. This group 

pioneered the development and coined the term mesoporous silica nanoparticles 

(MSCs) for drug delivery. The synthesis route for nanoporous silica nanoparticles in this 

work was adapted from [55]. The NPSNPs in the size range between 40 nm and 60 nm 

can be produced under basic conditions using diethanolamine (DEA), TEOS and CTAB 

through controlled hydrolysis and condensation of silica source.  

On the other hand, the magnitude of the interactions between the growing silica polymer 

and the micelles can be controlled by choosing different templates, co-solvent or 

additives [51]. Reducing aggregation of silica species is crucial to achieve nanoparticles. 

Therefore, the direct contact of silanol groups should be prevented. Suzuki et al. 

demonstrated that the growth of silica particles could be suppressed by the addition of a 

non-ionic triblock co-polymer to the solution containing a silica precursor and an ionic 

surfactant. This synthesis route yielded mesoporous silica nanoparticles with a diameter 

of ca. 20 nm [56]. Other protective agents like polyethylene glycol (PEG) [57], tri- and 

diethanolamine (TEA [58] and DEA [55]) have been applied to reduce silica particle size. 

By using ethanol as co-solvent, mesoporous silica spheres with the mean size of about 

500 nm were synthesized by Unger and co-workers [59].  
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Besides round-shaped NPSNPs, rod-like particles can be prepared by using different 

organic alkoxysilanes as co-structure directing agents [60]. In addition, through 

employing of different templates, twisted and helical ribbons [61], worm-like silica 

nanotubes [62] and mesoporous platelets can be synthesised [63].   

Variation of pore sizes of NPSNPs is desired for incorporation of drugs or biomolecules 

for biomedical applications and can be achieved by choosing appropriate surfactants 

with differently long hydrophobic chains or special swelling agents. However, by using 

the first one, the variation is rather limited. Therefore, swelling agents such as 

N, N-dimethylhexadecyl-amine (DMHA) and 1,3,5-trimethylbenzene (TMB) were used to 

synthesize NPSNPs with large nanopores with a diameter of up to 9 nm for biomolecule 

loading [64]. By using TMB and a hydrothermal method NPSNPs with even larger 

nanopores (> 15 nm) could be obtained for gene delivery [65]. As an alternative, non-

ionic triblock co-polymers Pluronic P65, P123 and F127 and cationic fluorocarbon 

surfactant (quencher for particle growth) can be used to synthesize NPSNPs with pore 

sizes in the range between 5 nm and 20 nm [66]. In order to further increase the volume 

for drug and biomolecule loading, many syntheses to prepare hollow silica nanoparticles 

were developed [67].  

 

2.1.2 Surface modification of nanoporous silica nanoparticles 

Surface modification of NPSNPs by covalent attachment of different functional groups 

allows to tailor and customize the surface chemistry of NPSNPs for the desired 

application. The standard procedure to introduce functional groups on the surface of 

NPSNPs is to use various, commercially available organic trialkoxysilanes. There are 

two different approaches: co-condensation and post-synthetic grafting [49, 51]. By 

employing the co-condensation method, the chosen organic alkoxysilane is directly 

added to the reaction mixture containing the silica precursor and the SDA leading to a 

homogeneously distributed integration of organosilane moieties into the silica framework 

of NPSNPs (Figure 2a) [68-70]. The main disadvantage of this method is that the removal 

of the SDA can only be attained by the extraction in acidic ethanol solution and not by 

calcination due to the organic nature of integrated trialkoxy groups. However, through 

the extraction, it is not possible to entirely remove the SDA, which would cause crucial 

cytotoxic effects when used for biomedical applications.    
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Figure 2: (a) Co-condensation of a hydrolysed silica precursor with a hydrolysed 
organosilane. (b) Homocondensation of two hydrolysed organosilanes. 

In contrast, post-synthetic grafting refers to the subsequent modification of the surface 

of already formed NPSNPs with organic trialkoxysilanes. These reagents can be 

attached to the external and internal surface of NPSNPs by the reaction with the surface 

silanol groups. The main advantage of this method is that the SDA can be completely 

removed by calcination before the grafting process. However, it was shown that the 

distribution of the functional groups on the surface is less homogeneous when grafted 

than co-condensed [70].  

If the grafting is performed before the removal of SDA, only the external surface of 

NPSNPs can be modified [71]. After the extraction of the SDA, the second type of 

trialkoxysilanes can be attached to the internal surface of NPSNPs. A selective 

modification of both surfaces can be achieved only by post-synthetic grafting.   

One of the drawbacks of both methods is the intermolecular condensation 

(homocondensation) of the organic trialkoxysilanes. In case of co-condensation, the 

content of terminal organic groups that are incorporated into the silica network is 

generally lower than the initially added amount of trialkoxysilanes. This can be justified 

by the fact that trialkoxysilanes at high concentration tend to homocondensation and 

react with each other, instead of the condensation with the silica precursor (Figure 2a 

and b) [49]. In case of post-synthetic grafting, too high organosilane concentrations and 

excess of water can lead to homocondensation [72]. The condensed organosilane 

oligomers formed hereby can precipitate on the surface of NPSNPs causing pore 

blocking. Therefore, it is crucial to perform post-synthetic grafting in a water-free solvent, 

such as toluene, and at low concentrations of the organosilane.   
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2.1.3 Degradation of nanoporous silica nanoparticles 

The degradation and hydrolytic stability of NPSNPs is one of the key parameters for their 

successful application as drug delivery systems. The degradation behaviour of NPSNPs 

has not only a major impact on the release kinetics of the drug but also on the toxicity of 

NPSNPs. Therefore, in several studies, structural parameters of NPSNPs of different 

sizes were studied upon immersion into different physiological media. Onida and co-

workers showed a rapid decrease of the pore volume during the first hours of the 

immersion, while the mesopore structure remained intact (XRD measurements) [73]. The 

authors concluded a pore blocking caused by dissolved and re-deposited silica species. 

He et al., who made similar observations, proposed a three-stage degradation behaviour 

of NPSNPs in simulated body fluid (SBF) [36]. According to this proposal, a rapid bulk 

degradation on hour-scale is followed by a slow degradation hindered by the deposition 

of calcium/magnesium silicate layer deposited on the particle surface. In addition, Kuroda 

and co-workers studied the degradation of NPSNPs with different sizes ranging from 

20 nm to 80 nm in phosphate buffered saline (PBS) [37]. They showed that the 

degradation rates of colloidally stable NPSNPs were particle size-independent, but 

higher than those of non-porous silica nanoparticles and of NPSNPs aggregates, 

probably due to the large surface areas.  

Subsequently, attempts have been made to prevent NPSNPs from fast degradation. Bein 

and co-workers compared the degradation behaviour of colloidally stable NPSNPs 

modified with different trialkoxysilanes or polyethylene glycol (PEG) in SBF [74]. They 

demonstrated that PEG modification could protect NPSNPs from rapid degradation. In 

another study, the authors reported that longer and denser polymer chains of PEG could 

effectively slow down the degradation of NPSNPs [38].   

Furthermore, the hydrolytic stability of the attached functionalities on the NPSNP surface 

is an important parameter, since the drug should remain linked to the NPSNPs till it 

reaches the targeted site. Surprisingly, this issue has been addressed only by few 

studies, demonstration a rapid dissolution of the majority of the attached aminopropylsilyl 

moieties from the surface of non-porous silica nanoparticles and silicon wafer within few 

hours [75, 76]. These results clearly highlight the need for further studies on the 

degradation of organosilica-modified NPSNPs with regard to their application as drug 

delivery systems.   
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2.1.4 Biocompatibility of nanoporous and non-porous silica nanoparticles  

Biocompatibility investigations are a prerequisite for the application of NPSNPs in the 

biomedical field. The term “biocompatibility” is used to describe both harmful and 

beneficial biological effects caused by nanoparticles, including cytotoxicity and in vivo 

toxicity, and in general all changes in cells or living organisms at molecular, cellular and 

histological levels [39]. In this chapter, the focus will lie on the cytotoxic effects caused 

by the exposure of silica nanoparticles. 

The number of studies on the toxicity of nanoparticles has exponentially increased since 

2000. However, as highlighted by Harald F. Krug, who critically reviewed more than 10 

000 publications on the safety of nanomaterials appeared since 2001, the lack of 

standardized testing methods leads to incomparable and often contradictory results [77]. 

To assess the toxicology of different nanomaterials, a web-based data platform DaNa2.0 

(Data and knowledge on Nanomaterials) has been developed [78]. To create this data 

platform, only original literature was used that met the certain set of criteria established 

by the DaNa2.0 expert team. These criteria include a detailed characterization of the 

physicochemical properties of studied nanomaterials as well as the description of sample 

preparation and testing parameters [79]. The following information on the DaNa2.0 

database can be found regarding the toxicology of amorphous silica nanoparticles. In 

contrast to crystalline SiO2 nanoparticles, amorphous SiO2 nanoparticles are considered 

harmless. In cell culture experiments, the exposure of very high doses of amorphous 

SiO2 has resulted in cell-toxic reactions (references are not provided). However, the 

exposure of relevant doses (up to 50 µg ml−1) of amorphous SiO2 did not cause cytotoxic 

effects [80, 81]. Inflammation responses were detected only at high concentrations [81]. 

In general, the amount of information provided by the database on amorphous non-

porous silica nanoparticles is rather low. No information is provided on the toxicity of 

NPSNPs. Therefore, an additional literature review was conducted.  

In principle, nanoparticle characteristics such as the particle size and shape, porosity, 

functionality of the external surface and surface charge can affect cellular interactions in 

vitro and in vivo [30]. Since NPSNPs used in this work exhibit different functional groups 

on their surface and are porous, toxic effects related to the surface chemistry and charge 

as well as the porosity of NPSNPs are crucial to assess. In contrast, particle size and 

shape will have a low impact on the toxicity due to the attachment of NPSNPs on a 

scaffold.   

It is commonly accepted that positively charged nanoparticles cause cytotoxicity by cell 

membrane damage, while negatively charged nanoparticles cause intracellular damage 

[82, 83]. In addition, nanoparticles with no charge (isoelectric point) exhibit least 
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unwanted cell interactions [84]. Since NPSNPs should be used as the delivery system 

for biomolecules, they need to have charged functional groups to interact with these 

biomolecules. However, it was difficult to assess the impact of the surface chemistry and 

charge of NPSNPs on the toxicity due to the lack of systematic studies.  

The porosity of silica nanoparticles seems to play a role on haemolysis: the destruction 

of red blood cells. It has been found that NPSNPs show less haemolytic activity towards 

red blood cells than the non-porous silica nanoparticles of a similar size up to a 

concentration of 100 µg ml−1 [57, 85, 86]. This outcome was linked to the large surface 

area of NPSNPs. Due to the nanopores, the “cell-contactable surface area” of 

nanoporous silica nanoparticles is smaller than of non-porous silica nanoparticles. As a 

result, NPSNPs exhibit fewer silanol groups on the external surface and therefore, have 

fewer interactions with the red blood cells than their non-porous counterparts [86]. 

Further studies have shown that the haemolytic effect of NPSNPs was concentration- 

and size-dependent [87]. Starting from the particle concentration of 100 µg ml−1 

increased haemolytic activity was demonstrated up to particle concentration of 

1600 µg ml−1 by NPSNPs of different sizes (25 nm to 255 nm). The NPSNPs with the 

smallest particle size (25 nm) revealed the highest haemolytic activity. In general, 

interactions of NPSNPs with red blood cells are important, since NPSNP-bearing 

scaffolds are planned to be evaluated in vivo and will come in contact with blood. 

As mentioned above, the cytotoxicity of nanoparticles was shown to be clearly dependent 

on the nanoparticle doses. It has been found that NPSNPs at high doses inhibit cellular 

and mitochondrial respiration [88] and caused cellular oxidative stress [89]. However, 

when cells are exposed to high particle concentrations, the cytotoxicity is probably 

caused by the coverage of the cells with nanoparticles, so that the supply of oxygen and 

nutrients to the cells as well as the removal of the cell waste is inhibited resulting in cell 

death [90, 91].   

In addition, in several studies, it was shown that the cytotoxic effects of silica 

nanoparticles are cell-dependent and, therefore, cannot be generalized for all cell types. 

One possible explanation for that may be the difference in metabolic activity of different 

cell line [92]. While fibroblasts with long doubling times were less susceptible, tumour 

cells with short doubling times were more sensitive to nanoparticle exposure [92]. In 

another study, it was demonstrated that human vascular endothelial cells were more 

affected by silica nanoparticle exposure than the cervix carcinoma (HeLa) cells [93]. 

These studies clearly demonstrate that, in order to predict the potential toxic effect of 

nanoparticles in humans, cytotoxicity investigations on cell types with physiological 

relevance should be analysed. In this work, these would be the bone marrow-derived 

mesenchymal stem cells due to their participation in bone regeneration processes.   
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Despite the high number of studies related to the possible toxic effects caused by 

amorphous non-porous and nanoporous silica nanoparticles, systematic and 

harmonized studies are needed to ensure the safety of NPSNPs for their clinical 

applications as delivery systems for drugs and biomolecules [94].   

 

2.1.5 Potential biomedical applications of nanoporous silica nanoparticles 

Due to their high porosity, large surface area and pore volume, tuneable particle sizes 

and surface chemistry, NPSNPs are considered promising candidates for the high 

loading and controlled delivery of pharmaceutical drug, therapeutic proteins and genes 

[39]. By additional incorporation of a magnetic or/and fluorescent core into NPSNPs, 

multifunctional platforms can be developed and used for multimodal imaging and 

localized therapy (Figure 4) [95]. In the following section, the development from simple 

drug delivery systems based on mesoporous silica materials to sophisticated NPSNP-

based delivery platforms for various therapeutic agents will be presented.      

In the early 2000s, nanoporous silica materials were proposed as suitable candidates for 

drug incorporation and delivery. In 2001, Vallet-Regí and co-workers showed that bulk 

nanoporous materials with pore sizes of 2.5 nm and 1.8 nm are able to incorporate and 

release ibuprofen, an anti-inflammatory drug [46]. Subsequently, several studies have 

reported on the successful incorporation and release of some other drugs such as 

gentamicin [96], erythromycin [97], aspirin [98]. In principle, drug loading capacity 

essentially depends on the surface area of the porous material due to the drug adsorption 

on the surface [31]. Therefore, by increasing the surface area more drugs can be 

incorporated into the drug delivery system. However, if the increase of the surface area 

is not possible, the surface of the drug delivery system can be modified with various 

functional groups to achieve stronger drug-surface interaction [49, 99]. As a result, Song 

et al. demonstrated that by the introduction of the amino groups on the surface of the 

mesoporous silica material SBA-15, higher ibuprofen amounts were loaded in 

comparison to unmodified SBA-15 due to the electrostatic attraction between the amino 

groups and the carboxyl groups of ibuprofen [100]. In addition, the release rate of 

ibuprofen from modified material could be controlled as compared to unmodified SBA-

15. In our group, high amounts of the antibacterial drug ciprofloxacin were incorporated 

into mesoporous silica layers by modifying the silica surface with sulfonic acid groups 

[101]. The release of ciprofloxacin was delayed by an additional coating of the drug-

containing mesoporous silica layers with hydrophobic bis(trimethoxysilyl)hexane or 

dioctyltetramethyldisilazane to prolong the effective antibacterial activity. Surface 

modification with hydrophobic moieties to control drug release from the porous silica 

materials is a well-known approach. Tang et al. demonstrated that the release of 
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ibuprofen into an aqueous medium was slowed down, because of the difficult penetration 

of the aqueous medium into the pores [102].     

Common drug release profile of mesoporous materials was proposed by Vallet-Regí and 

co-workers (Figure 3) [31]. The profile a is commonly observed for mesoporous silica 

materials before the modification as shown by Song et al. [103] and Ehlert et al. [101], 

displaying an initial burst release followed by a very slow drug release. This drug release 

behaviour is favourable to treat acute infections or inflammations. After the modification 

of the mesoporous silica materials with appropriate functionalities, the drug release can 

be slowed down and follows i) first-order kinetics with respect to drug concentration 

(profile b) or ii) zero-order kinetics that only depends on time (profile c). The former one 

is demonstrated by Song et al. after the modification with amino groups [103]. The latter 

one is demonstrated by Ehlert et al. after the additional coating [101]. This profile is also 

called sustained release and is highly desirable for long-term drug delivery. All three 

release profiles can also describe release kinetics of other therapeutics like proteins and 

genes.  

 

Figure 3: Drug release profiles of mesoporous materials. (a) Initial burst release followed 
by slow release, (b) first-order release kinetics, (c) zero-order release kinetics (sustained 
release) and (d) release profile of stimuli-responsive drug delivery systems, adapted from 
[31].   

Besides pharmaceutical drugs, it is possible to incorporate membrane-impermeable 

peptides and proteins into NPSNPs and to transport them into the cell by cellular uptake 

[39]. The incorporation of these biomolecules is based on the same principles, namely 

strong electrostatic or hydrophobic interactions between the carrier/delivery system 

surface and the cargo molecules. In 2007, the incorporation of an enzyme, 

cytochrome C, into NPSNPs with an average pore size of 5.4 nm and its release into 

HeLa cells was attained by Lin and co-workers [104]. The enzyme was protected from 

degradation through loading into NPSNPs and remained its activity in catalysing the 

substrate after cellular internalization. However, it is not always necessary to transport 

proteins inside the cells. Instead, proteins can be loaded on the external surface of 
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NPSNPs and delivered to the cell surface, where they are detected by the cell receptors. 

Our group was successful in loading the growth factor bone morphogenetic protein 2 

(BMP-2), which promotes the osteogenic differentiation of mesenchymal stem cells 

(MSCs), on the nanoporous amorphous silica layer and NPSNPs both modified with 

aminopropylsilyl groups [33, 105]. When MSCs were seeded on BMP-2 loaded silica 

layers or exposed to BMP-2 loaded NPSNPs, the promotion towards osteogenic 

differentiation could be demonstrated. However, the binding and release mechanisms of 

BMP-2 have not been investigated in aforementioned studies and are, therefore, one of 

the aims of the present work.  

The intracellular transport (referred as transfection) of therapeutic genes such as small 

interfering (si)RNAs by using delivery carriers is a relatively new approach in gene 

therapy. The advantage of using siRNAs instead of drugs is the possibility to silence the 

expression of nearly any genes in the body [106]. Currently, this approach is being 

extensively investigated for anti-cancer treatment [107, 108]. Several studies have 

shown that NPSNPs modified with positively charged functionalities, usually polycation 

polymers, were able to incorporate and deliver negatively charged siRNAs into different 

types of cells [109-114].      

Apart from siRNA delivery, more sophisticated drug delivery systems based on NPSNPs 

mostly for anti-cancer treatment are being developed. The main goal is to achieve the 

so-called “zero premature release” of the drug, which means that no drug release should 

occur before reaching the targeted site. One of the concepts to reach this goal is to 

temporarily close the nanopores of NPSNPs with so-called “gatekeepers”. As soon as 

drug delivery systems reach the desired location, the pores (gates) will be opened by 

applying an external stimulus, and the drug will be released. In first stimuli-responsive 

drug delivery systems, surface-modified CdS nanocrystals were used as removable caps 

by attaching them through disulphide bonds to NPSNPs [54]. Through the cleavage of 

the bond by disulphide-reducing agents such as dithiothreitol and mercaptoethanol, the 

encapsulated drug could be released.  
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Figure 4: Multifunctional nanoplatform based on NPSNPs for delivering of various 
therapeutic agents, magnetic targeting and optical imaging. 

Besides nanoparticles, diverse types of other gatekeepers such as macrocyclic and 

linear molecules as well as polymers have been investigated [32]. Depending on the 

chosen gatekeeper, stimuli-responsive drug delivery systems can respond to pH [115-

117], ultrasound [118], radiation [119], temperature [120, 121] or to a combination of 

several stimuli [122, 123]. A comprehensive analysis of about 500 publications on 

multifunctional delivery systems based on NPSNPs performed by Aznar et al. 

demonstrates endless possibilities to design versatile smart nanoplatforms [124]. In our 

group, pH-sensitive stimuli-responsive drug delivery system based on NPSNPs for 

controlled release of chlorhexidine was developed for antibacterial application in 

dentistry [125]. The nanopores of NPSNPs were capped with the polymer poly(4-

vinylpyridine) to prevent drug leakage at physiologic pH. At acidic pH caused by bacterial 

infection, the polymer strains become protonated, straighten up and release the 

antibacterial drug. A common release profile of such stimuli-responsive drug delivery 

systems is given in profile d. In this case, the release rate is controlled by the external 

stimuli, e.g. pH.   

By incorporation of a magnetic core, mostly Fe3O4 nanoparticles, into the NPSNPs 

magnetic-responsive delivery systems can be obtained [126, 127]. In most cases, the 

ability of superparamagnetic iron oxide nanoparticles to generate thermal energy under 

an external magnetic field is used to release the drug. Additionally, the external magnetic 
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field can drive the magnetic drug delivery systems to the desired location, hold them untill 

the drug release is completed and finally remove them (targeted delivery) [128]. 

Moreover, gold nanoparticles can be embedded into NPSNPs and used for different 

applications such as ultrasound imaging [129] or photoinduced drug delivery [130]. For 

imaging purposes, fluorescent dyes, e.g. fluorescein isothiocyanate (FITC), can be 

attached to the surface of NPSNP-based drug delivery systems. However, they often 

suffer from photobleaching and quenching [131]. Alternatively, fluorescent quantum dots, 

e.g. CdS, CdSe or ZnS [132, 133], or luminescent rare earth-doped phosphors, 

NaYF4:Ln with Ln = Yb3+, Er3+ [134, 135] as nanoparticles can be incorporated into 

NPSNPs for in vivo imaging.  

 

2.1.6 Strategies for protein immobilisation  

Various biomolecules such as enzymes, antibodies, affinity proteins and cell-receptor 

ligands have been immobilized on the surface of different biomaterials for therapeutic, 

diagnostic, biosensor and bioprocess purposes [136]. The main goal is to bind 

biomolecules to a surface while maintaining its biological function. Generally, 

biomolecules can be immobilized by three major methods: physical adsorption, physical 

entrapment and covalent attachment [136]. Since physical entrapment can occur only in 

microcapsules and hydrogels and not in nanoparticles, it won’t be discussed further.  

During covalent attachment, biomolecules are tightly bound to the surface of the 

biomaterial through a chemical reaction [137]. A popular strategy to bind biomolecules 

on the surface of biomaterial surfaces or nanoparticles is the reaction of primary amines 

of biomolecules with N-hydroxysulfosuccinimide (sulfo-NHS) ester groups, which have 

been previously tethered on the biomaterial surface by a reaction of surface –COOH 

groups with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (Figure 5a) [138]. 

Covalent crosslinking of biomolecules is a rather expensive, time- and resource-

consuming method that can lead to the loss of biological activity of biomolecules [139]. 

Moreover, in the case when biomolecules such as proteins should be released from the 

biomaterial surface, covalent attachment seems not suitable due to very strong 

conjugation between the biomaterial and the protein. In contrast, the biomolecule 

immobilization by physical adsorption is often more convenient and cost-effective 

method for biomolecule immobilization that allows for biomolecule desorption [136]. 

Since this method was chosen to immobilize growth factor BMP-2 on the surface of 

NPSNPs, it will be discussed in more detail.  

The success of physical adsorption of a biomolecule, e.g. protein, on the surface of a 

biomaterial is determined by the properties of both protein and biomaterial, as well as by 

the environmental condition, in which protein adsorption occurs [140]. When a protein 
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arrives at the material surface, they interact with each other through intramolecular 

bonds: hydrogen bonding, electrostatic and hydrophobic interactions (Figure 5b-e). 

Which type of interactions is favoured, depends on both protein and biomaterial 

characteristics such as the hydrophilicity/hydrophobicity and the surface charge [141].  

 

 

Figure 5: (a) Covalent attachment of a protein on biomaterial surface. Physical protein 
adsorption via (b) hydrogen bonding, (c) and (d) electrostatic and (e) hydrophobic 
interactions, adapted from [142]. R= −CH3, −(CH2)n-CH3, −NH2, −SO3H, etc.    

The interaction via hydrogen bonding is rather weak, and thus, plays a minor role in 

protein adsorption. Electrostatic attraction occurs when positively/negatively charged 

protein domains interact with the oppositely charged surface regions of biomaterials. 

However, this way of interaction is not dominant for adsorption due to many conditions 

like pH and ionic strength of the medium, which can interrupt this process [141]. For 

hydrophobic proteins and surfaces, the hydrophobic interaction is the driving force for 

protein adsorption [143]. Before the adsorption, both the hydrophobic protein and the 

surface are surrounded by water molecules. However, these water molecules interact 

more with each other than with the hydrophobic regions and form an ordered cage, 

creating a situation with the decreased level of entropy. Disruption of these hydrate shells 

by adsorption is energetically favoured due to the increase of the entropy [141]. Since 

proteins are amphipathic species, which have both hydrophobic and hydrophilic 
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(charged) regions, and can undergo conformational changes during the adsorption, all 

three ways of interaction with biomaterial surfaces are possible [142].           

Among other protein characteristics, protein size and structural stability (tendency to 

denaturation) play important roles in protein adsorption [141]. Large and structurally 

unstable proteins have more interactions with the biomaterial surface due to spreading 

on the surface in comparison to small or stable proteins.  

While most properties are predetermined for proteins, for most biomaterials they can be 

tuned by surface modification [144]. As already mentioned, silica surfaces can be easily 

modified by silanization. Hereby, silanol groups on the surface of non-modified silica can 

react with trialkoxysilanes. There is a high number of commercially available 

trialkoxysilanes, which bear different functional groups such as –NH2, −COOH, −(CH2)n-

CH3 etc. Upon chosen functional groups, hydrophobic or hydrophilic surfaces bearing 

positive or negative charge can be designed for desired protein (Figure 5c-d).       

Moreover, the accessible surface area of biomaterials can be increased by employing 

nanoparticles instead of large solid surfaces and by introducing the porosity [141]. For 

example, while the surface area of a nonporous glass substrate is in the range of 

several cm2, the external surface area of 1 gram of NPSNPs can be increased up to 

300 m2 resulting in the potential adsorption of higher protein amounts.  

Finally, environmental conditions, in which protein adsorption occurs, can also have an 

impact on the amount and conformation of loaded proteins [145]. The temperatures 

above room temperature can significantly increase the amount of adsorbed proteins due 

to high diffusion of protein molecules. However, high temperatures can cause the 

denaturation of proteins and loss of the bioactivity. Besides the temperature, 

environmental pH is a crucial factor for proteins. Generally, the protein adsorption is the 

highest at pH ≈ pI (isoelectric point of a protein with no charge) probably due to the lack 

of electrostatic interactions with other protein molecules. However, at this pH aggregation 

and precipitation of proteins are common. Therefore, this method is not suitable for the 

adsorption of proteins on the surface of nanoparticles. Moreover, it is disadvantageous 

if electrostatic interactions between protein and the surface should be established. 

Lastly, the presence of other proteins or surfactants for protein stabilizing and prevention 

of aggregation can negatively affect protein adsorption by competing with or by binding 

on the main protein. The exact effect on protein adsorption has not been well studied 

yet. 
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2.2 Bone tissue regeneration  

One part of the present work was performed within the interdisciplinary research 

consortium “Biofabrication for NIFE” and dealt with the development of innovative 

implants for bone tissue engineering. Therefore, this chapter provides general 

information on bone healing, classical therapy of critical bone defects and innovative 

bone regeneration strategies by exploiting key concepts of tissue engineering.  

 

2.2.1 Bone healing  

Bone tissue exhibits a unique capability to regenerate and repair after a small injury or 

fracture [146]. The most common pathway is indirect bone healing, which undergoes four 

stages and involves the expression of several thousands of genes (Figure 6). The 

detailed healing process was described in several reviews [22, 147, 148]. In this part, a 

brief summary of the indirect bone healing process is presented.   

Immediately after the injury, a hematoma consisting of blood and bone marrow cells is 

formed and coagulates between and around broken bone ends forming a fibrinous clot 

[149]. Following the acute inflammation phase with the peak at 24 h after the injury, 

several pro-inflammatory cytokines including interleukin (IL) 1 and 6, etc. as well as 

members of the transforming growth factors (TGF)-β superfamily such as bone 

morphogenetic protein (BMP)-2, -4, -5 and 6 are secreted [150]. The hypoxic conditions 

during this healing phase induce the secretion of angiogenic factors such as vascular 

endothelial growth factor (VEGF), which stimulate the proliferation and differentiation of 

cell types needed for revascularization of the tissue [150]. Revascularization of healing 

tissue is essential for successful bone regeneration to re-establish gas and nutrition 

supply and to remove cell wastes [151].  

During the healing stage which usually takes around 3 – 7 days after the injury, the 

hematoma is gradually replaced by granulation tissue rich in collagen fibres, cells and 

capillaries leading to soft callus formation (7 – 10 days) [147]. Hereby, mesenchymal 

stem cells are recruited from surrounding soft tissue and bone marrow and form 

cartilaginous tissue [148]. The formation of the cartilaginous matrix can be a result of 

insufficient blood supply, which restrains the osteogenic differentiation of MSCs, but 

allows for chondrogenic differentiation and proliferation [152, 153].  

10 – 14 days after the injury, chondrocytes become hypertrophic, release calcium and 

undergo apoptosis [153]. The soft callus is resorbed by monocytes and replaced by 

osteoblasts differentiated from MSCs driven by BMPs [154]. These processes lead to 

the formation of hard callus (woven bone). 
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In order to completely restore the biomechanical properties of the newly formed bone 

tissue, hard callus is remodelled into a lamellar bone, which may take years for humans 

to achieve fully-loadable bone structure [146, 155]. Interestingly, during this phase, the 

secretion of BMP-2 is upregulated, while most members of TGF-β family are not present 

[154].  

 

Figure 6: A spatiotemporal cascade of multiple endogenous factors controls normal bone 
regeneration during fracture repair in four stages. PDGF = platelet derived growth factor; 
VEGF = vascular endothelial growth factor; FGF = fibroblast growth factor; TNF = tumor 
necrosis factor; SDF = stromal cell-derived factor; IGF = insulin-like growth factor; 
BMP = bone morphogenetic protein; OPG = osteoprotegerin; IL = interleukin; 
TGF = transforming growth factor; Ang = angiopoietin; M-CSF = macrophage colony 
stimulating factor; RANK = receptor activator of nuclear factor κB; RANKL = RANK-
ligand, from [156].   

 

2.2.2 Classical treatments of critical bone defects and their limitations 

Despite the remarkable potential for bone regeneration, large bone defects, caused by 

trauma, tumors, osteonecrosis, osteoporosis, spinal deformities or infections, can lead 

to significant bone loss with inferior healing capacities or painful non-union: permanent 

failure of bone healing [3]. A risk of the non-union can be high due to disorders associated 

with systemic inflammation, such as diabetes mellitus, sepsis, rheumatoid arthritis etc. 

[153].    

Bone transplantation is currently the most common treatment for bone defects [4, 157, 

158]. Based on the so-called diamond concept for a successful bone defect treatment, 

the bone transplant or bone graft should be osteoconductive, osteoinductive, osteogenic 
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and possesses mechanical properties similar to the bone [159]. The osteoconductive 

properties are provided by a rigid and cell-friendly scaffold, which allows the migration, 

attachment and proliferation of MSCs and other cells. Osteoinduction is defined as the 

promotion of MSCs differentiation into osteoblast and osteocytes (cell types present in 

the bone). The osteogenesis is given by the presence of cells that are able to form new 

bone tissue. In natural bones, these abilities are provided by the extracellular matrix 

(ECM), growth factors BMPs and osteoblasts, respectively [160]. Recent findings 

suggest that the established diamond concept should be modified to encompass the 

crosstalk between inflammatory cells and their secreted growth factors as well as the 

cells and the growth factor related to the bone healing, which is essential to the bone 

repair and remodelling (Figure 7) [3, 161]. However, all classic treatments of bone 

defects aim to limit the inflammation response disregarding the possible positive 

influence of inflammatory cells on bone repair capability.  

 

Figure 7: Modified diamond concept showing main factors influencing bone healing. 
Arrows demonstrate interactions between the cells and secreted growth factors and 
mediators, adapted from [3]. 

The current “gold standard” to treat critical size bone defects is the use of autologous 

bone grafts that are usually harvested from the iliac crest of the patient and consist of 

natural, immune-tolerated bone cells, an osteoconductive scaffold and osteoinductive 

growth factors [160]. However, this method provides a limited amount of bone and is not 

suitable for large or multiple bone defects. In these cases, allogenic bone grafts, which 

are decellularized bone harvested from other patients can be used instead [157]. 

Allogenic bone grafts (allografts) remain osteoconductive but lose their osteoinductive 

and osteogenic properties. In addition, allogenic bone grafts have the risk of disease 

transmission and immune reactions. As an alternative, demineralized bone matrix (DBM) 

is produced from cadaveric bones and is commercially available in form of chips, gel, 

putty or cement. DBM products are highly osteoinductive due to the presence of bone 

morphogenetic proteins (BMPs), while their osteoconductive properties are diminished 

[4]. Similar to allografts, DBM lacks osteogenic capability and mechanical strength.  
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The numerous drawbacks of the current treatments of bone defects call for an immediate 

response to develop a customized bone graft substitute with desirable biomechanical 

properties.  

 

2.2.3 General bone tissue engineering approaches  

The main tissue engineering goal is to restore damaged tissue and organs by employing 

biological, chemical and engineering approaches to clinical problems [162]. Traditionally, 

tissue engineering revolves around two main strategies: i) transplantation of an 

engineered scaffolds containing growth factors and cells grown in vitro and, and ii) 

combination of the engineered scaffold with growth factors to induce cell regeneration of 

the tissue in vivo [162].   

Appropriate scaffolds for bone tissue engineering are typically made of porous 

biodegradable materials with special physicochemical properties that provide 

mechanical support and cell-friendly environment during the bone regeneration process. 

An ideal scaffold for bone regeneration should have following essential characteristics 

([13, 16, 158]): 

- biocompatibility as the ability to support normal cell activity without toxic effects to the 

host tissue; to allow the bone cells to adhere, proliferate and form ECM; to induce new 

bone formation and to form blood vessels for nutrients, gas and wastes transport; 

- biodegradability or -resorbability as controlled degradation of the scaffold to create 

space for new tissue;   

- mechanical properties should match the properties of the host bone tissue (strong 

differences between cancellous (inner) to cortical (outer) bone). Initial mechanical 

strength should enable handling during sterilization, packaging, transportation; 

- interconnected pore structure to enable transport of nutrients, gas and wastes, and to 

guide new tissue ingrowth. Minimum pore size should be > 100 µm [163]. Optimal bone 

tissue ingrowth occurs when pore sizes are around 200-350 µm [164]. However, too 

porous structures can compromise mechanical properties; 

- ability to be sterilized without the loss of above mentioned properties.  

A wide range of inorganic materials, natural and synthetic polymers, as well as their 

composites have been identified as suitable scaffolds for bone regeneration. The 

advantages and disadvantages of the most prominent biomaterials are summarized in 

Table 1.   
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Table 1: Common scaffold materials used in bone tissue engineering [165]. 

Scaffolds Advantages  Disadvantages  Examples 

Inorganic 

materials 

Resembles natural 

structure of bone 

(calcium phosphates); 

resorbable or non-

resorbable; 

binds BMPs 

Brittle; 

difficult to mould; 

exothermic 

Hydroxyapatite 

(HAp),  

calcium phosphate 

(CaP) 

cements, bioactive 

glass  

 

Natural 

polymers 

Extremely 

biocompatible; 

possible natural affinity 

for growth factors 

Disease 

transmission; 

difficult to sterilise; 

immune response 

Collagen, gelatin,  

chitosan, alginate, 

hyaluronic 

acid, silk, fibrin  

Synthetic 

polymers 

Reproducible 

Manufacture; 

controlled release 

properties; 

easy to sterilise 

Degradation 

products 

may be toxic; 

cell recognition; 

solvents or cross 

linkers 

may damage 

proteins 

Poly(lactic acid) 

(PLA), poly(glycolic 

acid) PGA and their 

copolymers (PLGA) 

polyethylene glycol 

(PEG), poly(ε-

caprolactone) (PCL)   

 

Composite 

materials 

Benefits depend on 

material exploited 

More complex to 

manufacture 

 

 

Since collagen was used as one of the scaffold materials in this work, it will be described 

in more in detail. Among natural polymers, collagen is the most frequently used for bone 

regeneration [166]. Collagen is a fibrous protein (Figure 8) and is the main component 

of extracellular matrix of many tissues such as bone, cartilage, tendon, ligament, skin 

and so forth. Among all collagens, collagen type I is the most abundant of all. The 

extracellular matrix of bone consists of 90 % of type I and 5 % of type V collagen, making 

porous collagen scaffolds a suitable candidate for bone tissue engineering [15]. 

Advantageous characteristics of collagen are superior biocompatibility, biodegradability, 

regenerative characteristics such as osteoconduction and osseointegration. In addition, 

employing collagen is beneficial for cell adhesion, proliferation and differentiation [167]. 

In fact, two commercial products based on collagen scaffolds and osteoinductive factors, 

INFUSE® (rhBMP-2, Medtronic, Minneapolis, MN) [168] and OP-1™ (rhBMP-7, Stryker 

Biotech, Hopkinton, MA) [169], have received Food and Drug Administration (FDA) 
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approval for several surgical applications. The major disadvantage of collagen scaffolds, 

however, is the possible disease transmission, immunogenicity and lack of mechanical 

strength.  

 

Figure 8: Collagen in the natural bone, adapted from [170]. 

One of the tissue engineering approaches is the cell-based therapy. Cellular 

regenerative tissue engineering strategies provide osteogenic properties to the scaffolds. 

Mesenchymal stem cells (MSCs) are a group of multi-potent adult-derived stem cells that 

can be isolated from organs and tissues including bone marrow, ligaments, muscular 

and adipose tissue [171]. The best characterized are the bone marrow-derived 

mesenchymal stem cells (BM-MSCs) [172, 173]. In vitro conditions have been found 

under which BM-MSCs are capable of self-renewal for many generations without the loss 

of their properties while possessing the ability to differentiate down the osteogenic, 

chondrogenic and adipogenic cell lineages [174]. In addition, adipose-derived 

mesenchymal stem cells (ASCs) have become an attractive and alternative multipotent 

stem line for bone tissue engineering [175, 176]. In contrast to BM-MSCs, they are 

abundant and can differentiate down the osteogenic cell lineage under suitable in vitro 

conditions [177]. To provide osteogenic and osteoinductive properties to the engineered 

scaffold for bone regeneration, MSCs can be i) delivered by seeding on injectable 

scaffolds [24, 178]; ii) pre-cultured on a scaffold in vitro and co-delivered with 

osteoinductive growth factors [179, 180] and iii) genetically modified to express 

osteogenic genes, seeded on the scaffold and delivered  to the needed site [181, 182].  
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Another promising approach is the delivery of therapeutic growth factors using 

engineered scaffold/carriers described earlier to promote bone repair and regeneration. 

An ideal carrier material should protect growth factors from fast degradation, enable 

controlled time- and dose-dependent release of the growth factor and provide supportive 

scaffolds for cell migration, adhesion and proliferation and for vascularization.  

As described previously, multiple growth factors are involved in regulating different 

phases of the bone regeneration process. Some of these growth factors, summarized in 

Table 2, have been extensively explored for bone healing in pre-clinical applications 

(reviewed by [148, 165, 183]). 

 

Table 2: Growth factors involved into bone repair and regeneration, adapted from [158]. 

Growth factors Tissue Effects 

Bone morphogenetic 

protein (BMP)-2 and -7 

Bone, cartilage Bone-forming cell 

proliferation and 

differentiation; 

cartilage formation 

Transforming growth factor 

(TGF)-β3 

Fibroblast growth factors 

(FGF)-1, -2 and -18 

Bone, muscle, blood 

vessels 

Endothelial cell migration, 

proliferation 

and survival; 

increased osteogenic 

differentiation of 

mesenchymal stem cells 

Platelet-derived growth 

factor (PDGF)-AA and -BB 

Insulin-like growth factor-1 

(IGF-1) 

Bone, cartilage, muscles Osteoprogenitor cell 

proliferation and 

differentiation 

Vascular endothelial 

growth factor (VEGF) 

Bone, blood vessels Endothelial cell migration 

and proliferation; 

recruitment, survival and 

activity of bone forming 

cells 

 

 

In general, growth factors can be loaded onto carrier materials by non-covalent and 

covalent immobilization. In case of non-covalent immobilization, growth factors can be 

physically adsorbed to the surface of carrier materials through electrostatic, hydrophobic 

and hydrogen bonding interactions or entrapped/encapsulated within microcapsules, 

hydrogels and polymer matrixes. Covalent immobilization includes the chemical 
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attachment on solid surfaces, polymers or hydrogels [136]. The challenge is the 

development of controlled delivery systems of growth factors that mimic the physiological 

conditions required for bone regeneration [184].  

Growth factors can be released from carrier materials by desorption through disruption 

of established growth-factor-carrier interactions, diffusion, convective fluid flow, carrier 

material degradation or a combination of these processes [184]. Many efforts have been 

made to control growth factor release by functionalization of the carrier materials and 

altering their degradation kinetics (review by [184, 185]). However, an ideal growth factor 

delivery system that can release one or multiple growth factors in the desired manner is 

yet to be developed.  

 

2.3 Tendon-to-bone healing  

One part of the work was performed within the DFG research group FOR 2180 “Graded 

implants for tendon-bone junction” and dealt with the development of a graded implant 

for bone-tendon bridging in case of a rotator cuff rupture.  This chapter provides a short 

review of the current knowledge in tendon-bone junction biology, classical therapies and 

innovative tissue engineering approaches for the restoration of the tendon-bone junction 

after a rupture. 

 

2.3.1 Tendon-bone junction biology  

To fully understand the healing and regeneration of tendons and tendon-bone junction, 

it is important to understand their anatomic structures. The tendons are primarily 

composed of type I collagen, the most abundant collagen type in the body [186]. Similar 

to the bone, collagen molecules form collagen fibrils, which are assembled into parallel 

arrays of fibres (Figure 8). These fibres are then organized in parallel bundles, which are 

responsible for the tendon’s tensile strength. In addition, small amounts of other collagen 

types, such as III and V, and proteoglycans participate in the organization and 

stabilization of tendon tissue.   

The region where the tendon attaches to the bone is called enthesis. There are two 

different types of entheses in the body: fibrous and fibrocartilaginous [187], according to 

the absence or presence of fibrocartilage tissue at the tendon-bone junction, 

respectively. The fibrocartilaginous entheses are very common in the body and will be 

discussed in detail.  

The fibrocartilaginous entheses are characterized by 4 distinct zones: 1) tendon 

comprised of collagen bundles containing sparse amount of tenocytes (tendon cells); 2) 
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non-mineralised fibrocartilage containing collagen fibres with embedded chondrocytes 

(cartilage cells); 3) mineralised fibrocartilage with mineralized extracellular matrix and 

perforating randomly aligned collagen fibres and 4) bone with its highly organized 

lamellar structure [188]. As can be seen, native tendon-bone transition is highly 

specialized and organized tissue. 

  

2.3.2 Tendon failure and classical repair strategies   

One of the functions of the tendon is to connect muscles on the one site and bones at 

the other side to generate a movement [189]. Tendon injuries can be acute as a result 

of trauma (e.g. during sports) or chronic as a result of accumulation of small repetitive 

tears that fail to heal [7]. As an example, the rotator cuff rupture is a frequent injury type 

for athletes due to sports trauma. However, the majority of patients with the rotator cuff 

ruptures are between 45 and 65 years old [190]. In these cases, the rupture occurs due 

to the age associated tissue degeneration. Noyes et al. revealed three primary modes of 

tendon failure: i) through ligament; ii) by tear out of the bone underlying the enthesis and 

iii) through the tendon-bone junction. The second mode is the most common in the 

mature skeleton because the bone underlying the enthesis (zone 4) is typically weaker 

than the transition zone between the tendon and the bone (zone 2 and 3) [191]. The 

relative avascularity of the fibrocartilage tissue and the bone loss at the injured site 

makes the healing process very slow [192].  

The classical tendon repair often needs a surgical reconstruction, where the torn tissue 

is pulled back to its original position and fixed at the bone site. However, in cases of 

massive or large injury, chronic or re-tears and older patients, the risk of the failure of 

surgical treatment is high (20% − 90%) [9]. At the moment, there is no satisfying 

therapeutic solution to re-attach the tendon to the bone site and restore the initial 

functionality of the injured site.    

 

2.3.3 Tissue engineering strategies to improve tendon-to-bone healing  

Currently, tissue engineering approaches provide alternative strategies to accelerate and 

improve tendon-to-bone healing. The employed tissue engineered strategies are very 

similar to those for bone tissue engineering, which were already described in 

section 2.2.3.  

This section provides a review of the current status of tissue engineering approaches for 

the repair of rotator cuff ruptures, which is the main goal of the DFG research group FOR 

2180 “Graded implants for tendon-bone junction”.  
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Current scaffold-based approaches for tendon-to-bone junction repair are summarized 

in Table 3. It can be seen, that three different approaches based on cell incorporation, 

growth factor release and gene transcription can be applied. All three approaches 

employ scaffolds made of degradable synthetic or natural polymers. In general, all 

polymer materials that are suitable for bone regeneration, summarized earlier in Table 

1, can be also used to produce tissue-engineered scaffolds for tendon-bone repair. This 

also applies to the growth factors. All growth factors, which play a crucial role in bone 

regeneration, given in Table 2, can be used for tendon-bone junction restoration.   

 

Table 3: Scaffold-based approaches for tendon-to-bone junction repair. 

Scaffold composition Scaffold design Cell 

type/Growth 

factors 

Ref. 

Cell-based approach 

Unaligned, 

extruded/electrospun 

PCL nanofibres 

Gradient of scaffold with 

incorporated TCP nanoparticles 

Mouse 

preoblastic cells 

(MC3T3) in vitro 

[19] 

Gelatin-coated PCL 

nanofibers and plasma 

treated PLGA 

Graded coating with calcium 

phosphate 

 MC3T3 cells in 

vitro 

[20] 

Growth factor-based approach 

Scaffold made of 

PDLLA microparticles 

Encapsulation of rhBMP-2 in 

microparticles 

Mouse 

myoblasts 

C2C12 

[18] 

Alginate gel containing 

PLGA and silk fibroin 

microspheres   

Encapsulation of rhBMP-2 and 

rhIGF-1 in microparticles 

 hBM-MSCs in 

vitro 

[17] 

PLLA scaffolds with 

incorporated PLGA 

microspheres 

Encapsulation of PDGF-BB - [193] 

Gene-based approach 
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Scaffold composition Scaffold design Cell 

type/Growth 

factors 

Ref. 

Collagen sponge  Graded coating with poly-L-

lysine (PLL) for the attachment 

of a Runx2/Cba1 encoding 

retrovirus  

Primary 

fibroblasts from 

Wistar rats  

[194] 

 

As the tendon-bone interface is formed by 4 zones of different tissue, the reconstruction 

of this junction is a very challenging task. These challenges have motivated investigation 

into the development of a cell-free, graded implant for the rotator cuff repair by mimicking 

the highly complex organization of the tendon-bone connection employing the scaffold 

and growth factor-based approach within the DFG research group FOR 2180 “Graded 

implants for tendon-bone junction” (Figure 9a and b). For that, a scaffold with suitable 

structural, mechanical and biodegradation properties is produced by electrospinning of 

poly(ε-caprolactone) (PCL) into fibre mats, with both aligned and unaligned fibres 

mimicking the natural tendon and bone tissue, respectively. To provide bioactive function 

and further graded properties, scaffolds will be equipped with nanoporous silica 

nanoparticles or/and chitosan nanoparticles for the controlled delivery of bioactive 

molecules: BMP-2 for the bone side and TGF-β3 for the fibrocartilaginous transition. To 

restore the tendon side, the transcription factor Smad8 Linkerregion + Mad Homology 

Region 2 (Smad8 (L+MH2)) should be used. Thus, after the sterilization, a patient-safe 

and efficient implant should be fabricated, which can be easily translated into the clinic 

use to heal rotator cuff ruptures.     



Theoretical backgroundnnnnnnnnnn                                                                                                     31                                                                                                                

 

 

 

Figure 9: (a) Left: schematic illustration of the rotator cuff rupture (right shoulder, front 
view) and right: enlarged illustration of the tendon-bone defect site with the attached 
graded implant. (b) Schematic illustration of the graded implant in vivo. White lines 
represent electrospun PCL fibres. Blue, red and green dots represent different 
nanoparticles used as delivery systems for bioactive molecules, adapted from [195].    

As PCL is to be used for implant fabrication, its characteristics will be briefly reviewed in 

this section. Among synthetic polymers, PCL, a family member of biodegradable aliphatic 

polyesters, has attracted considerable attention as biomaterial and drug delivery system 

in tissue engineering [196]. PCL was firstly synthesized in 1930s, by a ring-opening 

reaction of the cyclic monomer, ε-caprolactone (Figure 10a) [197]. It is a commercially 

available polymer that was approved by the U.S Food and Drug Administration (FDA) to 

be used in humans. PCL has excellent characteristics such as biodegradability, 

biocompatibility, and low cost of processing, enabling its fabrication in a variety of 

structures and forms to be used as a biomaterial. PCL fibre scaffolds with a three-

dimensional porous structure and tunable pore sizes can be fabricated by the 

electrospinning process (Figure 10b) [35]. One of the advantages of this process is the 

simple modification of the physical, chemical and mechanical properties of PCL scaffolds 

by copolymerization or blending with other polymers. By altering these properties, 

engineered PCL-based scaffolds with desirable physicochemical properties and 

biodegradability can be provided for biomedical applications [197].  
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Figure 10: (a) Ring-opening polymerization of ε-caprolactone to poly(ε-caprolactone). 
(b) Scanning electron microscopy image of a three-dimensional electrospun PCL 
scaffold. The fibre diameter is about 3 µm.     

Several studies have tested three-dimensional porous PCL fibre mats in vitro and in vivo 

for tissue engineering. In vitro studies could demonstrate a successful seeding, adhering, 

proliferation and differentiation of mesenchymal stem cells on PCL-based scaffolds [198-

201]. In vitro studies of PCL-based scaffolds with different osteoinductive growth factors 

demonstrated a successful growth factor release and bone formation [21, 202, 203]. 

PCL/β-TCP composites have already been applied in pre-clinical spinal surgery, showing 

successful spine fusion in a pig [204].    

 

 

2.4 Bone morphogenetic protein 2 (BMP-2) 

This chapter presents an overview about BMPs and BMP-2 in particular ranging from 

the discovery to the applications in tissue engineering.  

 

2.4.1 History of BMPs  

In 1965, Urist postulated that a mix of proteins present in a demineralized bone matrix 

was responsible for bone regeneration when implanted subcutaneously in rodents and 

Poly(ε-caprolactone) (PCL) Cyclic ε-caprolactone

a

b
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rabbits [205]. Some years later, he identified and named these proteins as bone 

morphogenetic proteins (BMPs) [206]. During the decades of the 1980s and 1990s, 

several BMPs were isolated from bovine bone, and more than 20 morphogenetic proteins 

have been described in humans and other species [207, 208]. However, not all BMPs 

can induce de novo bone formation. Five BMPs, namely BMP-2, 4, 6, 7 and 9, exhibit 

high osteogenic activity [209]. Among these, BMP-2 is the most osteoinductive protein 

capable to induce the differentiation of mesenchymal stem cells (MSCs) into osteoblasts 

and chondrocytes both in vitro and in vivo [210, 211]. Since high quantities of human 

BMP-2 can be produced by recombinant technology using Chinese hamster ovary (CHO) 

and Escherichia coli (E. coli) cells [212, 213], recombinant human (rh) BMP-2 is used for 

various clinical studies for bone repair [214, 215]. In 2002, the clinical use of rhBMP-2 

was approved by the U.S. Food and Drug Agency (FDA) and validated by the European 

Medicines Agencies for spinal fusion and long bone non-unions [216]. More recently, a 

much broader range of biological activity of different BMPs was recognized based on 

BMP expression studies. These studies demonstrated the essential role of BMPs in the 

embryogenesis and the development of organs, such as kidney, gut, lung, teeth, limb 

and testis, as well as in the homeostasis and regeneration of adult tissue [217]. Because 

of the growing number of different BMP functions, it was suggested to call BMPs “body 

morphogenetic proteins” [217].    

 

2.4.2 Structure and physicochemical properties of BMP-2  

BMPs are multifunctional growth factors that belong to the transforming growth factors 

beta (TGF-β) superfamily, with exception of BMP-1. Each active BMP is a homo- or 

heterodimer linked via disulphide bridges [218].  

The crystallographic structure of native human BMP-2 was first reported by Scheufler et 

al. in 1999, demonstrating a homodimer with a dimension of 7 nm x 3.5 nm x 3 nm 

(Figure 11) [219]. Each BMP-2 monomer contains a cystine-knot forming three intrachain 

disulphide bridges. The folding topology of a monomer was described as a hand, where 

the α-helix is the wrist, the cystine-knot the palm and the β-sheets the fingers [220]. Two 

monomers are linked to a dimer by another covalent disulphide bond in an angle of 

approximately 40 °, creating a convex and concave side of the dimer (Figure 11b). The 

so-called cavity I, which has an excess of positive charge, is situated on the convex side. 

This cavity can function as a heparin binding site. The cavity II is located on the concave 

side and is smaller than cavity I. The charge of this cavity is negative and it is, therefore 

a possible interaction site for one of the BMP-receptors on the cell surface. In addition, 

two symmetrical finger-helix cavities are present in a BMP-2 dimer. The special shape 

and the negative charge of these cavities may form a specific epitope for receptor 
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interactions. Moreover, the surface of BMP-2 dimers possesses large hydrophobic 

areas, which could be responsible for the tendency to aggregate readily at physiological 

conditions.  

 

 

Figure 11: (a) Surface potential of a BMP-2 dimer. (b) Illustration of a BMP-2 dimer in 
the side and plan view for visualization of several cavities and their surface potentials as 
well as angles between BMP-2 monomers, adapted from [219].   

RhBMP-2 produced in Chinese hamster ovary (CHO) cells or Escherichia Coli (E. coli) 

exhibits slightly different physicochemical properties. The isoelectric point (pI) of CHO-

derived rhBMP-2 is with 9 slightly higher than the pI of E. coli-derived rhBMP-2 of 8.5 

[221]. This behaviour is probably related to the fact that CHO-derived rhBMP-2 consists 

of two glycosylated monomers, whereas E. coli-derived BMP-2 does not possess any 

glycosylated units. This property could influence solubility of the rhBMP-2. However, it 

was demonstrated that both types of rhBMP-2 exhibit similar biological activities [222, 

223]. Therefore, with regard to routine clinical application in bone regeneration, the use 

of E. coli-derived rhBMP-2 is more favourable due to its low-cost mass-production 

compared with the more costly production of CHO-derived rhBMP-2 [212, 224]. 

 

2.4.3 BMP signalling pathway and osteogenic differentiation of 

mesenchymal stem cells  

The BMP-induced bone formation is driven by the Smad signalling pathway (Figure 12) 

[225, 226]. BMPs initiate their signalling cascade by binding to a dimeric complex of two 

specific cell-surface receptors, designated as receptor type I (BMPR-I) and type II 

(BMPR-II). There are three different types of BMPR-I and -II receptors. First, BMPs are 

bound to the BMPR-I followed by the recruitment of BMPR-II, which in turn 

phosphorylates the first one. Subsequently, BMP signal is transduced through the Smad-
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dependent pathway, in which the expression of specific genes for osteogenesis is 

activated [227]. For that, Smad1/5/8 are phosphorylated and form a DNA binding 

heterodimer with the Smad4. Once entered the nucleus, the active heterodimer promotes 

the transcription of BMP target genes.  

 

Figure 12: Cascade of BMP signalling through Smad-dependent pathway, adapted from 
[228]. 

Fine-tuning of BMP signalling is necessary to enable the coordination of biological 

responses. In vertebrates, BMP signalling is delicately controlled by a group of 

extracellular antagonists, including noggin [229] and chordin [230], which directly bind to 

the BMPs and hinder the interaction with the receptors. In addition, signalling can be 

prevented intracellularly by inhibitory (I)-Smads, such as Smad6 and Smad7, by 

interacting with the phosphorylated BMPR-I receptor or through competition with Smad4 

[231]. Furthermore, at the membrane side, a pseudo-receptor BAMBI/Nma binds to the 

BMPR-II and prevents the BMP signal transduction [232]. Besides BMP signalling 

through Smad molecules, Smad-independent signalling pathways have been 

demonstrated to alternatively generate BMP signal transduction [233].  

The progress of BMP-induced osteogenic differentiation of mesenchymal stem cells can 

be studied by the detection of specific osteogenic markers (Figure 13). The expression 

of immediate early genes, such as the inhibitor of differentiation (Id) Id1 and Id3, and at 

later time points of such genes as collagen type I, alkaline phosphatase, osteopontin, 

bone sialoprotein and osteocalcin, provide evidence of successful osteogenesis [234]. 
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Finally, osteogenic differentiation can be proven by the detection of mineralized matrix, 

which consists of hydroxyapatite and is formed only by differentiated cells [235]. 

 

Figure 13: Schematic illustration of BMP-mediated expression of target genes during the 
osteogenic differentiation of mesenchymal stem cells, adapted from [209, 234, 236]. 

 

2.4.4 Strategies for BMP-2 incorporation and delivery for bone healing  

There are three major categories of carrier material/scaffolds for BMP-2: inorganic 

materials, natural and synthetic polymers, and composites, which fulfil the key 

requirements as promising delivery systems for BMP-2, presented earlier in Table 1 

[237-240]. 

Inorganic materials such as demineralized bone matrix (DBM) [205, 241], calcium 

phosphate ceramics (hydroxyapatite (HAp), β-tricalcium phosphate (β-TCP) and 

biphasic calcium phosphate (BCP)) and bioactive glasses [242] have been used as 

carriers for rhBMP-2 in pre-clinical animal studies due to their osteoconductive properties 

and similarity in mineral composition to human bones (Table 4). Since in most cases 

BMP-2 is not specifically bound to the inorganic carrier material matrix, the release is 

usually fast and uncontrolled. However, applications in bone regeneration require a 

release of BMP-2 for an adequate period of time to allow the cells to migrate to the injured 

area and to proliferate and differentiate [216].  
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Table 4: Selected carrier materials for BMP-2 delivery, BMP-2 dose, type of study and 
defect model. 

Carrier  Carrier type BMP-2 dose Study Defect model Ref.  

Ceramics 

HAp  Granules 1 and 3 mg Mini pig  Posterolateral 

lumbar fusion 

[243] 

β-TCP  Granules 1-10 mg Sheep Posterolateral 

lumbar fusion 

[244] 

BCP  6, 9 and 12 

mg 

Nonhuman 

primate 

Posterolateral 

lumbar 

intertransverse 

fusion 

[245] 

Natural polymers 

Collagen  Sponge  0.4 mg Nonhuman 

primate 

Anterior 

interbody 

fusion 

[246] 

 Sponge 6 and 12 mg Human Open tibia 

shaft fracture 

[168] 

Gelatin  Hydrogel 17 µg Rabbit Ulnar segment 

defect 

[247] 

Hyaluronic 

acid  

Hydrogel 0.3 mg  Dog Alveolar ridge 

defect 

[248] 

Alginate Hydrogel 5 µg  Rat Femoral bone 

defect 

[249] 

Chitosan  Hydrogel  2 µg  Rat Calvarial bone 

defect 

[250] 

Silk Hydrogel  0.3 mg Rabbit Maxillary sinus 

floor 

augmentation 

[251] 

Fibrin  Hydrogel  - Rat Calvarial bone 

defect 

[252] 

Synthetic polymers 

PLA-PEG Injectable 

liquid 

1 mg Dog Anterior 

thoracic 

spinal fusion; 

[253] 
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Carrier  Carrier type BMP-2 dose Study Defect model Ref.  

PLGA Foam 

spheres 

- Rodents Calvarial bone 

defect 

[254] 

PCL Honeycomb 

porous 

scaffold 

- Rabbit  Ulna bone 

defect 

[203] 

 3-D scaffold 20 µg Mouse Subcutaneous 

implantation  

[21] 

Composites 

Collagen/BCP Sponge/Gra-

nules 

3 mg Nonhuman 

primate 

Posterolateral 

spinal fusion 

[255] 

PCL/β-TCP Porous 

scaffold 

0.6 mg  Pig Anterior 

lumbar 

interbody 

fusion 

[204] 

 

 As an alternative, different natural and synthetic polymers have been used for the 

development of a suitable delivery system for BMP-2. Collagen is a part of the 

extracellular matrix and the most prominent natural osteoinductive polymer used as a 

carrier for rhBMP-2 delivery [15]. However, it is well-known that a controlled delivery of 

BMP-2 from a collagen sponge is difficult to achieve due to the physical entrapment of 

BMP-2 in it. In addition, collagen scaffolds lack the mechanical strength. To overcome 

these challenges, collagen has been combined with ceramics to enhance mechanical 

properties and establish controlled BMP-2 release. The use of osteoinductive ceramics 

not only facilitates new bone formation but also helps to reduce the required BMP-2 dose 

for spinal fusion in monkeys [255]. In current clinical practice, rhBMP-2 adsorbed on an 

absorbable collagen sponge, is used for the treatment of interbody spinal fusion and 

open tibia fractures in orthopaedics, as well as of sinus and alveolar ridge augmentation 

in oral / maxillofacial surgery [245, 256]. A review of the literature on BMPs summarizes 

their current clinical applications [238]. Despite the global success, several negative side 

effects of rhBMP-2 have been reported associated with the usage of supraphysiological 

doses of rhBMP-2 (10-1000 fold higher than the concentration of native BMPs in the 

body) [257-260]. Recently, a medical product containing a very high amount of rhBMP-

2 (AMPLIFY™, 40 mg rhBMP-2) has been associated with higher cancer risk in contrast 

to the control group [261]. Such high doses of rhBMP-2 are probably necessary due to 

the rapid protein degradation and diffusion, in particular, during the early stages of the 

post-surgical repair, notwithstanding that the natural amount of all BMPs in the bones is 

considered to be 1-2 µg per kg [262]. 
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In addition to collagen, there are a number of other natural polymers such as gelatin, 

hyaluronic acid, alginate, chitosan, silk and fibrin in the form of a hydrogel or in 

combination with ceramics/synthetic polymers that can be considered as promising 

carriers for BMP-2 incorporation and release (Table 4).  

Degradable synthetic polymers such as polylactic acid (PLA), polyglycolic acid (PGA), 

poly(DL-lactide-co-glycolide) (PLGA) and poly(ε-caprolactone) (PCL) are extensively 

used for BMP-2 delivery in tissue engineering due to their biocompatibility, hydrolytic 

biodegradability, simple fabrication and functionalization for desired physical, chemical 

and mechanical properties (Table 4).  Despite the promising result of BMP-2 loaded 

carrier materials to promote bone healing in animal models, finding a suitable carrier with 

a low dose and controlled release kinetics of BMP-2 is still an active area of research. 

Future investigations are required to define the most suitable BMP-2 delivery system, 

dosage and release kinetics to improve the efficacy, efficiency and safety of future 

rhBMP-2-based medical products for bone healing. 
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3 Methods and materials  

First, the working principles of the methods used for material characterization, protein 

quantification and cell culture investigations are described in this chapter. Next, the 

sources of different purchased chemicals and materials are given. In the following 

experimental part, the synthesis and modification routes of nanoporous silica 

nanoparticles as well as the protein loading and release procedures are presented in 

detail. In addition, specific parameters used for the characterization of the used materials 

are given.  

 

3.1 Characterisation methods 

3.1.1 Nitrogen physisorption  

Nitrogen physisorption measurements were used to examine the surface area, pore 

volume and pore size distribution of nanoporous silica nanoparticles. The standard 

method applied for the surface area assessment is BET (Brunauer-Emmett-Teller), 

which is the most widely used for nonporous, macro- and nanoporous materials. The 

surface area of nanoporous materials calculated by BET is the effective area available 

for the adsorption of the adsorbable gas, in this case, nitrogen.  

The BJH (Barett, Joyner, Halenda) method is the standard procedure for calculating the 

pore size distribution of porous materials. However, it was found that this method can 

underestimate the pore size of nanomaterials by 20-30%. To obtain more accurate 

results, the pore size distribution can be calculated by applying a molecular model of 

adsorption such as the non-local density functional theory (NLDFT). This and other 

methods based on DFT and molecular simulations should be used as standard methods 

for pore size analysis according to the International Standard Organization (ISO).  

In this work, nitrogen adsorption-desorption measurements were performed at 77 K 

using Quantachrome Autosorb-1 apparatus (Quantachrome Instruments, Boynton 

Beach, Florida, USA) by NATALJA WENDT, JAN LIPPKE, NADJA SCHMIDT, MANDY JAHNS 

and ALEXANDER MOHMEYER. Samples were outgassed in dynamic vacuum at 100 °C for 

1 day before starting the measurements. To determine the specific surface areas and 

pore volumes, the ASiQWin 2.0 software from Quantachrome was applied. The BET 

surface area was calculated from the adsorption data in the range of p/po = 0.05 to 0.3 

for all samples. The pore volume was calculated at p/po = 0.9. The pore size distribution 

was determined by applying the NLDFT-N2-silica adsorption branch kernel at 77 K, 

cylindrical pore model. 
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3.1.2 Fourier transform infrared (FTIR) spectroscopy  

FTIR spectroscopy serves to analyse the molecule structure. This technique is based on 

the characteristic absorption of the electromagnetic radiation by molecules correlating 

with the vibration frequencies of the atoms of the molecules. Consequently, an IR 

spectrum is generated by recording the absorbed or transmitted radiation at the certain 

wavelength.  

In this work, FTIR spectroscopy was used to provide insights into the successful 

modification of NPSNPs and integration of those into the PCL and collagen scaffolds. 

The samples were analysed by FTIR spectroscopy applying the attenuated total reflexion 

(ATR) technique and using Bruker Tensor 27 spectrometer (Bruker Optics GmbH, 

Germany). All spectra were recorded by the OPUS software (Bruker) in the range of 

between 500 cm−1 - 4000 cm−1 with a 2 cm−1 resolution. 

 

3.1.3 Thermogravimetric (TG) and carbon/sulphur (C/S) analyses  

TGA is one of several complementary techniques used to identify the composition of a 

sample. The weight loss of the analysed material is measured as a function of the 

increasing temperature in a defined atmosphere. The weight change is associated with 

the decomposition of organic components and allows for quantitative composition 

analysis.   

TGA measurements were performed with non-modified and modified NPSNPs using a 

Netzsch 429 thermoanalyzer (Netzsch-Gerätebau GmbH, Selb, Germany) by KATHARINA 

NOLTE, SERGEJ SPRINGER and DENNES NETTELROTH. Samples were filled in alumina 

crucibles and heated up in a flow of air using a temperature ramp of 5 °C min−1 from 

25 °C up to 1000 °C. The measured weight loss between 120 °C and 700 °C was 

associated with the decomposition of grafted organosilane groups and then converted 

into the amount of these groups per gram of nanoporous silica nanoparticles (Eq. 1 and 

2). 

 

mOrganosilane=m0∙
wt.%

100%
                                                                  (1)                                                                                        

 

nOrganosilane= 
mOrganosilane

MHydrolysed organosilane ∙ (m0-mOrganosilane)
,                           (2)                          

                                                                      

where mOrganosilane (mg) is the mass of decomposed organic groups, m0 (mg) is the initial 

mass of the sample, wt.% (%) is the weight loss in the range of 120 °C and 700 °C, 

nOrganosilane (mmol g−1) is the molar amount of grafted organic groups on the surface of 1 
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gram of NPSNPs and MHydrolysed organosilane (g mol−1) is the molar mass of hydrolysed grafted 

organic groups.  

PCL- or collagen-NPSNP nanocomposite samples were cut into small pieces and filled 

in alumina crucibles and heated in a flow of air using a temperature ramp of 5 °C min−1 

from 25 °C up to 1000 °C. The measured weight loss between 120 °C and 700 °C was 

associated with the decomposition of organic components of the scaffolds. The amount 

of integrated NPSNPs was calculated from the weight of inorganic residues. 

The carbon and sulphur content of non-modified and modified NPSNPs was determined 

by using ELTRA CS 2000 (Neuss, Germany) by CLAUDIA SCHULZE. For that, the sample 

was filled in a crucible and burned in a flow of oxygen. The resulting gases, CO2 and 

SO2, were detected by IR spectroscopy. Carbon and sulphur amounts of the analysed 

sample could be quantified by means of standard samples with known carbon and 

sulphur content.  

 

3.1.4 Dynamic light scattering (DLS) and zeta potential  

DLS is a well-established method, which is widely used to measure the size and the size 

distribution of a variety of particles, including nanoparticles, proteins and protein 

aggregates.  

DLS measuring principle is based on the scattering of the light from particles and their 

inherent Brownian motion. The intensity of the elastic light scattering is proportional to 

the sixth power of the particle’s radius when the particle size is smaller than the 

wavelength of the incident light. The intensity fluctuations of the scattered light occur due 

to the Brownian motion and provide information about the diffusion coefficient (D) of the 

particles in the medium. By using the STOKES-EINSTEIN relationship and the diffusion 

coefficient D, the hydrodynamic radius of spherical particles can be calculated by 

equation 3:  

D=
kB∙T

6∙π∙η∙R
                                                                                    (3)                                                                       

 

D Diffusion coefficient 

kB Boltzmann’s constant 

T Temperature 

η Solvent viscosity  

R Hydrodynamic radius 

 

In addition, DLS is one of the methods that is used for monitoring and studying protein 

aggregation under various conditions and concentrations. This information can be helpful 

to control protein aggregation.   
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Zeta potential is the potential difference between the surface of a particle and the 

surrounding solvent and is a key indicator of the colloidal stability of dispersions. 

Electrophoresis is used to determine the zeta potential of a dispersion. In practice, an 

electric field is applied across the dispersion. The electrophoretic velocity, with which 

charged particles migrate towards the electrode with the opposite charge, is proportional 

to the electrophoretic mobility, which can be measured by means of the light scattering. 

By using the HENRY equation, the zeta potential of a dispersion can be calculated by 

equation 4: 

µ∙e=2∙ε∙ζ∙f[ka]/3∙η                               (4)                                   

            

    µ ∙ 𝑒 Electrophoretic mobility 

    ε Dielectric constant 

    𝜁 Zeta potential 

    f[ka] HENRY function  

    𝜂 Viscosity    

 

In general, particle dispersions are considered colloidally stable, when zeta potential 

values are above + 20 mV or under – 20 mV resulting in an electrostatic repulsion of 

equally charged particles. However, by changing the pH of the solvent, zeta potential 

can be diminished, so that particle aggregation takes place. Besides particles, the zeta 

potential of proteins can be measured to study pH- and concentration-dependent protein 

aggregation. 

All DLS and zeta potential measurements were performed using a Zetasizer Nano ZS 

and an MPT2 autotitrator (Malvern Instruments Ltd., Worcestershire, UK). A detailed 

description of the measurements is described in the sections 3.3.5, 3.3.6, 3.3.8 

and 3.3.10.  

 

3.1.5 Scanning and transmission electron microscopy (SEM and TEM) 

Electron microscopy is a powerful tool to study the morphology of a sample. SEM and 

TEM are the most commonly used electron microscopes. Both microscopes work using 

an electron beam. In SEM, the electron beam scans the sample surface producing 

scattered electrons, which are used for sample imaging. In contrast, TEM uses 

transmitted electrons that pass through the thin sample. In addition, TEM offers greater 

magnification and higher resolution. 

The SEM micrographs of PCL- and collagen-NPSNP nanocomposites were taken using 

JEOL JSM-6610LV (JEOL Ltd., Tokyo, Japan) by INGA WILLE. The nanocomposites were 
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cut into small pieces, attached to a double-coated carbon conductive tab on an 

aluminium specimen holder and sputter coated for 30 s with gold to prevent charging of 

the specimen. 

TEM micrographs were taken using FEI Tecnai G2 F20 TMP (FEI, Oregon, USA) 

operated at 200 kV in the Laboratory of Nano and Quantum Engineering (LNQE). 

Dispersions of the particles in ethanol were dropped on a carbon-coated Cu grid and 

dried under reduced pressure overnight.    

 

3.1.6 Enzyme-linked immunosorbent assay (ELISA) for BMP-2 

quantification  

ELISA is a plate-based assay used to detect and quantify peptides, proteins, antibody 

and hormones. The so-called “sandwich” ELISA is the most powerful because it is 

sensitive and robust. In the first step of ELISA, a capture antibody is passively bound to 

the surface of the well-plate. Then, the sample containing the protein (also called 

antigen) is given into the wells. After some time, the antigen that was not “captured” by 

the antibody is washed off and a biotin-conjugated detection antibody is added to the 

wells. After a certain incubation time, the antibody-antigen-antibody complex or so-called 

“sandwich” is formed. For the detection, streptavidin with a conjugated enzyme, mostly 

horseradish peroxidase (HRP), is used. The enzyme converts a chromogenic substrate 

to a detectable product. A suitable substrate is 3, 3‘, 5, 5‘-tetramethyl-benzidine that is 

converted into the yellow 3, 3‘, 5, 5‘-tetramethyl-benzidine diimine. If ELISA was 

performed properly, the intensity of the signal will be directly proportional to the amount 

of the captured antigen (Figure 14).  

 

 

Figure 14: Schematic illustration of the  “sandwich” ELISA, which was used for the 
detection of BMP-2,  and oxidation of the substrate 3, 3`, 5, 5`-tetramethylbenzidine to 
the yellow  3, 3`, 5, 5`-tetramethylbenzidine diimine. The intensity of the yellow product 
is proportional to the BMP-2 amount.  
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In this work, the amount of BMP-2 after the absorption to the surface of NPSNPs and 

the release from them was quantified by a “sandwich” ELISA according to the 

manufacturer’s instructions. The BMP-2 amount adsorbed on the surface of NPSNPs 

was determined by subtraction the BMP-2 amount in the supernatant from the initial 

BMP-2 amount. The released BMP-2 was detected directly in the release medium. For 

each particle type, the experiments were performed in triplicates. The results were 

reported as averages ± standard deviation of the mean. 

 

3.1.7 BRE-Luc assay for BMP-2 quantification  

The BRE-Luc assay is a highly sensitive and rapid cell-based assay for quantification of 

biologically active BMP-2 [263]. For that, stably transfected mouse myoblast cell line 

(C2C12) containing a BMP-responsive element (BRE) coupled to the firefly luciferase 

reporter gene (Luc) are needed. The addition of BMP-2 to the cells induces the BMP-

related Smad signalling pathway within the cells. Subsequently, the luciferase reporter 

gene is switched on resulting in the production of luciferase. The activity of the produced 

luciferase was measured by using luciferin as substrate (Figure 15). The photons emitted 

during this reaction can be detected as luminescence after 24 h of exposure to BMP-2. 

The luminescence intensity is proportional to the BMP-2 amount. The main advantage 

of this assay compared to ELISA is the detection of biologically active BMP-2, which 

helps to assess the performance of BMP-2-loaded NPSNPs for future biomedical 

applications. The exact procedure of BRE-Luc assay performed in this work is given in 

section 3.3.11.  

Light

 

Figure 15: Conversion of luciferin into oxyluciferin by luciferase. The intensity of the 
luminescence is proportional to the BMP-2 amount.  
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3.1.8 Quantitative real-time polymerase chain reaction (qRT-PCR) for gene 

expression  

The addition of BMP-2 to the mesenchymal stem cells triggers the expression of so-

called immediate early genes, namely Id1 and Id3. The quantification of the expressed 

genes was performed using quantitative real-time PCR. For that, messenger RNA was 

first isolated from the cells and then reverse-transcribed to complementary DNA with 

reverse transcriptase.  

The principle of a basic PCR is the amplification of DNA by means of a thermostable 

polymerase. To begin the amplification the temperature is raised to 95 °C to denature 

the double-stranded DNA into single strands. After that, the reaction temperature is 

lowered down to 60 °C, which allows the primer to bind to the gene of interest. The 

primers are starting points for the polymerase reaction to generate new DNA strands of 

the desired gene sequence. After the copying process is completed, there are two copies 

of the gene instead of one at the beginning. These temperature changes are usually 

repeated for 40 cycles, generating copies of the target sequence exponentially.  

The same principle of amplification is used in the quantitative real-time PCR. However, 

a sequence-specific DNA probe which is labelled with a fluorescent reporter and a 

quencher is additionally added to the reaction mixture. This probe binds downstream of 

the primer before the polymerase reaction and is fluorescently inactive. During the PCR 

the probe is cleaved by the polymerase. Subsequently, the fluorescent reporter and 

quencher are separated from each other resulting in a fluorescence signal, which 

increases and is measured after every PCR cycle in real-time. As a result, fluorescence 

intensity can be plotted against cycle number. The number of the cycle, at which the 

fluorescence signal passes a certain threshold, is called the threshold cycle (CT). For 

quantification of the desired gene, the CT of this gene is subtracted from the CT of a 

normalized gene with the known quantity (Eq. 5):  

 

∆𝐶𝑇 =
𝐸−𝐶𝑇 (target gene)

𝐸−𝐶𝑇 (normalized gene)                                                (5)                                                                               

 

Where E is the efficiency of PCR. It is set to 2, when the amount of DNA is doubled after 

one cycle of PCR (Eq. 6).  

 

∆𝐶𝑇 =
2−𝐶𝑇 (target gene)

2−𝐶𝑇 (normalized gene) = 2−(𝐶𝑇 (target gene)−𝐶𝑇 (normalized gene))         (6)   
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When the expression of the target gene should be compared among different samples, 

the so-called 2-ΔΔCT method is used (Eq. 7). The ΔΔCT values are often called as fold 

change.  

∆∆𝐶𝑇 =
∆𝐶𝑇(sample 1)

∆𝐶𝑇(sample 2)
                                                     (7)                                             

 

The procedure of the gene quantification by qRT-PCR is given in the section 3.3.14.   

 

3.1.9 Cell viability assay  

To investigate the cytotoxicity of non-modified and modified NPSNPs, a 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay is often used. 

Hereby, viable cells with active metabolism convert yellow water-soluble MTT into purple 

coloured formazan (Figure 16). The intense purple colour is detected by UV-Vis 

spectrophotometry at the absorbance maximum of 570 nm. Ideally, the quantity of 

formazan is proportional to the number of metabolic active viable cells and thus, to the 

cell viability. The exact cellular mechanism of MTT reduction into formazan is not well 

understood, but probably involves the oxidation of nicotinamide adenine dinucleotide 

(NADH) to NAD+. A detailed description of the measurements is described in the 

section 3.3.13. 

 

 

Figure 16: Reduction of yellow MTT into purple formazan by NADH. This reaction takes 
place only in viable cells with active metabolism.  

 

3.1.10 Histochemical stainings  

To investigate the three-dimensional osteogenic differentiation of human adipose-

derived mesenchymal stem cells (hASCs) in collagen-NPSNP-BMP-2 nanocomposites, 

Alizarin Red S, Calcein and von Kossa stainings are often used (Figure 17). These 

staining principles are based on the detection of the extracellular calcium or phosphate 
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deposits, which are only present in differentiated osteoblasts. Calcium deposits can be 

specifically stained with Alizarin Red S and Calcein, showing bright orange-red colour or 

green fluorescence, respectively. Von Kossa staining indicates phosphate by the 

reaction with silver ions. After the exposure to UV light, silver ions are reduced to 

elementary silver, which can be visualized as brownish deposition on the cells.  

In addition, cell nuclei can be stained with 4',6-diamidino-2-phenylindole (DAPI) 

demonstrating blue fluorescence (Figure 17).  

To study the viability within the collagen scaffolds, live/dead cell viability assay can be 

performed. It is a fluorescence-based method to simultaneously distinguish between live 

and dead cells. Viable cells with intact esterase activity react with the cell-permeant 

Calcein AM producing an intense uniform green fluorescence. In contrast, ethidium 

homodimer enters only dead cells with a damaged membrane producing a bright red 

fluorescence.  

Detailed description of the experiments for osteogenic differentiation of hASCs and 

different staining procedures are given in sections 3.3.25 and 3.3.26.   

 

 

Figure 17: Molecular structures of different stainings.  
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3.2 Materials  

3.2.1 Chemicals for the syntheses of non-modified and organosilane-

modified nanoporous silica nanoparticles 

All chemicals, including cetyltrimethylammonium bromide (CTAB), >98%; 

diethanolamine (DEA) puriss, >99%; tetraethylorthosilicate (TEOS), 98%; toluene, 

anhydrous, 99.8%; (3-aminopropyl)triethoxysilane (APTES), >98%; (3-

mercaptopropyl)trimethoxysilane, 95%;  1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 

puriss, >99%; N,N-dimethylformamid (DMF), anhydrous, 99.8%; succinic anhydride, 

>99%; 2-(N-morpholino)ethanesulfonic acid monohydrate (MES), >99.5%; hydrogen 

peroxid solution (H2O2), meets analytical specification of Ph.Nord., 34.5-36.5%; were 

purchased from Sigma-Aldrich Chemie GmbH (Munich, Germany) and used without 

further purification. N-(6-aminohexyl)aminomethyltriethoxysilane, 92%; N-(6-

aminohexyl)aminopropyltrimethoxysilane, 92%; were purchased from abcr GmbH 

(Karlsruhe, Germany). Absolute ethanol was purchased from Merck (Darmstadt, 

Germany). For all experiments ultrapure water (max. resistance at 25 °C 18.2 MΩ cm) 

purified by Milli-Q® integral system from Merck Millipore (Darmstadt, Germany). 

  

3.2.2 BMP-2 and ELISA sources  

The recombinant human (rh) BMP-2 was produced by BASTIAN QUAAS from the Institut 

für Technische Chemie, Leibniz Universität Hannover, Hannover, Germany. Hereby, the 

recombinant human (rh) BMP-2 was expressed in Escherichia coli (E. coli), isolated from 

the inclusion bodies, followed by in vitro refolding and purification as previously described 

by [224].  

For investigations of collagen-NPSNP-BMP-2 nanocomposites E.coli derived rhBMP-2 

(120-02) from PeproTech (Hamburg, Germany) was used. 

BMP-2 standard TMB ELISA development kit (900-T255) for BMP-2 quantification and 

TMB ELISA buffer kit (900-T00) were purchased from PeproTech (Hamburg, Germany).  

 

3.2.3 Chemicals for different buffers  

Sodium acetate, ≥99%; 2-(N-morpholino)ethanesulfonic acid (MES), ≥99%;  2-(N-

morpholino)propanesulfonic acid (MOPS), ≥99.5%;  phosphate buffered saline (PBS),  

disodium hydrogen phosphate, ≥99% and potassium dihydrogen phosphate, ≥99% for 

Soerensen buffer, tris(hydroxymethyl)aminomethane (TRIS), ≥99.9%;  N-cyclohexyl-2-
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aminoethanesulfonic acid (CHES), ≥99%;  N-cyclohexyl-2-aminopropanesulfonic acid 

(CAPS), ≥99%; 1 M hydrochloric acid and sodium hydroxide solutions were purchased 

from Sigma-Aldrich Chemie GmbH (Munich, Germany) and used without further 

purification. 

 

3.2.4 PCL, alginate and collagen sources 

PCL (Mn=80.000) and chitosan (Mn=110.000-150.000) were purchased from Sigma-

Aldrich Chemie GmbH (Munich, Germany).  

Sodium alginate was purchased from Sigma Aldrich Chemie GmbH (Munich, Germany). 

Alginate was dissolved in deionized water (20 mg ml−1) and dialyzed against deionized 

water. The product was lyophilized and characterized with 1H-NMR spectroscopy. 

The collagen scaffolds “KOLLAGEN resorb™” were purchased from RESORBA Medical 

GmbH (Nürnberg, Germany).   

 

3.2.5 Chemicals for cell culture investigations 

For the cell culture-based experiments the following chemicals and solvents were used: 

DMEM FG0415, DMEM F0445, penicillin/streptomycin, HEPES, glutamine, PBS, trypsin, 

were purchased from Biochrom (Berlin, Germany). FCS Hyclone, FCS South American, 

TRIzol, Taqman® Fast Advanced Master Mix, Taqman® gene expression assays for 

human RPS29 (Hs03004310_g1), Id1 (Hs03676575_s1) and Id3 (Hs00171409_m1) 

were purchased from Thermo Fisher Scientific (Waltham, USA). 2 ng ml−1 FGF-2 was 

purchased from PeproTech (Hamburg, Germany). Dexamethasone and 1-bromo-3-

chloropropane were purchased from Sigma-Aldrich Chemie GmbH. Ascorbic acid, 2-

propanol and ethanol p.a.abs. were purchased from Carl Roth (Karlsruhe, Germany). β-

glycerophosphate-pentahydrate was purchased from Honeywell Fluka (Schwerte, 

Germany). Luciferase Cell Culture Lysis Reagent, Steady-Glo® Luciferase Assay 

System and CellTiter 96® Non-Radioactive Cell Proliferation Assay (MTT) was 

purchased from Promega (Madison, USA).  

Live/Dead cell viability assay, Calcein and 4',6-diamidino-2-phenylindole (DAPI) stain 

kits were purchased from Thermo Fisher Scientific (Waltham, USA).  Alizarin Red S and 

von Kossa stain kits were purchased from Sigma-Aldrich Chemie GmbH (Munich, 

Germany).   
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3.3 Experimental  

3.3.1 Synthesis of nanoporous silica nanoparticles (NPSNPs) 

Nanoporous silica nanoparticles (NPSNPs) were synthesized by the following procedure 

[55]: CTAB (3.16 g, 8.67 mmol) and DEA (0.23 g, 2.19 mmol) were first dissolved in 

75 ml of ultrapure water and 13.4 ml of absolute ethanol followed by stirring the solution 

for 30 mins and heating up to 40 °C. Then TEOS (8.56 ml, 38.63 mmol) was added 

dropwise to the surfactant solution. The mixture was allowed to stir for 2 h, giving a white 

precipitate. Finally, the white suspension was centrifuged, washed several times with 

ultrapure water and absolute ethanol, and was dried over night at 60 °C. To remove the 

organic template, the dried product was calcined at 550 °C for 5 h with a heating rate of 

1 K min−1. 

 

3.3.2 Modification of NPSNPs 

To introduce functional groups on the surface of NPSNPs, a post-grafting technique was 

applied, adapted from [264]. First, calcined NPSNPs (500 mg) were dispersed in 20 ml 

of toluene. Next, (3-aminopropyl)trimethoxysilane (125 µl, 0.53 mmol) and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) (75 µl, 0.50 mmol) were added to synthesize 

aminopropylsilyl-modified NPSNPs. After that, the suspension was heated up to 80 °C 

and stirred for 2 h. Subsequently, the particles were centrifuged, washed several times 

with ultrapure water and absolute ethanol, and dried at 60 °C overnight.  

The same procedure was applied for the post-grafting with other silanizing agents (Figure 

18). For the synthesis of mercaptopropylsilyl-modified NPSNPs (3-mercaptopropyl)-

trimethoxysilane (125 µl, 0.67 mmol) and DBU (75 µl, 0.50 mmol) was added. For the 

synthesis of NPSNPs with −methyl-NH-hexyl-NH2 and −propyl-NH-hexyl-NH2 groups N-

(6-aminohexyl)-aminomethylltriethoxysilane (240 µl, 0.70 mmol) and N-(6-amino-

hexyl)aminopropyltrimethoxysilane (191 µl, 0.7 mmol) with DBU (75 µl, 0.50 mmol) was 

added to the calcined NPSNPs (500 mg), respectively.   

 

Figure 18: Modification of NPSNPs with different organosilanes.  

+
DBU

Toluene
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To prepare sulfonic acid modified NPSNPs, previously synthesized mercaptopropylsilyl-

modified NPSNPs (100 mg) were stirred in 10 ml of H2O2 (≈35%) at room temperature 

for 12 h (Figure 19). Subsequently, the particles were centrifuged, washed several times 

with ultrapure water, and dried at 60 °C overnight. 

 

Figure 19: Synthesis of sulfonic acid modified NPSNPs.  

For the preparation of carboxy-modified NPSNPs aminopropylsilyl-modified NPSNPs 

(400 mg) were suspended in 20 ml of DMF followed by an addition of succinic anhydride 

(2 g, 20.00 mmol) to the suspension (Figure 20). The suspensions were allowed to stir 

over night at room temperature. Finally, the particles were centrifuged, washed several 

times with ultrapure water and absolute ethanol, and dried at 60 °C over night. 

 

Figure 20: Synthesis of carboxy-modified NPSNPs. 

  

3.3.3 Hydrolytic stability tests of aminopropylsilyl-modified NPSNPs 

In order to investigate the hydrolytic stability, aminopropylsilyl-modified NPSNPs 

(500 mg) were suspended in 8 ml of ultrapure water and stirred for 64 h at room 

temperature. Then the particles were centrifuged and dried under low pressure.  

 

3.3.4 Treatment of the immersed aminopropylsilyl-modified NPSNPs with 

DMF 

To prove whether the porosity can be regained by stirring in DMF, 200 mg of the 

nanoporous silica nanoparticles after the hydrolytic stability tests were suspended in 

10 ml of DMF and stirred at room temperature for 12 h or at 155 °C for 1 h. 

H2O2
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3.3.5 pH-dependent zeta potential measurements of NPSNPs 

pH-dependent zeta potential measurements were performed using a Zetasizer Nano ZS 

and a MPT2 autotitrator (Malvern Instruments Ltd., Worcestershire, UK). Hereby, 20 mg 

of each particle type were dispersed in 20 ml ultrapure water under ultrasound treatment 

for 10 min using a VWR Ultrasonic Cleaner (45 kHz, 60 W). The measurements were 

recorded starting from pH 10 until pH 2. The pH value was lowered in 0.5 steps. At each 

pH value the zeta potential was measured in triplicates, and the average pH was 

calculated. 

 

3.3.6 Zeta potential and dynamic light scattering (DLS) measurements of 

NPSNPs 

In addition, zeta potential and DLS measurements were performed with all particles types 

dispersed in MES buffer at pH 5. For this, 2 mg of the NPSNPs were sonicated for 10 

min in 2 ml of MES buffer using a VWR Ultrasonic Cleaner (45 kHz, 60 W). 0.9 ml of 

each dispersion were transferred into polystyrene disposable cuvette. Particle scattering 

was detected with 173° angle detector. Affiliated zeta potential and DLS data were 

evaluated with the Zetasizer software from Malvern. The average zeta potential and 

particle size ± standard error of the mean were calculated from the triple measurements.  

 

3.3.7 Preparation of different buffers for BMP-2 

Sodium acetate (pH 4), MES (pH 5 and 6), MOPS (pH 6 and 7), PBS (pH 7), Soerensen 

(pH 7.4), Tris (pH 8), CHES (pH 9.5) and CAPS (pH 11) buffers with a concentration of 

50 mM were prepared by dissolving an appropriate amount of the chemicals in 1 l of 

ultrapure water. The pH was adjusted with 1 M HCl or NaOH.  

 

3.3.8 Characterisation of BMP-2 by zeta potential and DLS measurements  

The zeta potential and size of BMP-2 was determined by using Zetasizer Nano ZS 

(Malvern Instruments Ltd., Worcestershire, UK). To measure the zeta potential, BMP-2 

solution with a concentration of 130 µg ml−1 was necessary. This was the lowest BMP-2 

concentration that could be measured by Zetasizer Nano ZS. Hereby, a so-called 

diffusion barrier technique was applied, in which first, the disposable zeta potential cell 

was filled with 900 µl of the buffer, and second, 100 µl of BMP-2 sample was placed of 

the bottom of the cell using long pipette tip. This technique protects the protein from 
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damage caused by the measurement. DLS measurements were carried out at different 

BMP-2 concentration (66, 33 and 16 µg ml−1) in MES buffer at pH 5. In addition, DLS 

measurements of BMP-2 in different buffers, namely sodium acetate, MES, MOPS, PBS, 

Soerensen, TRIS, CHES and CAPS, were performed at a concentration of 25 µg ml−1. 

Each solution was transferred into polystyrene disposable cuvette. Particle scattering 

was detected with 173° angle detector. Affiliated zeta potential and DLS data were 

evaluated with the Zetasizer software from Malvern. The average zeta potential and 

particle size ± standard error of the mean were calculated from the triple measurements. 

 

3.3.9 BMP-2 loading on non-modified and differently modified NPSNPs  

The loading of BMP-2 on the surface of NPSNPs were carried out under aseptic 

conditions. The NPSNPs were sterilized under UV light for 30 min, and BMP-2 solution 

was sterile-filtered. Non-modified and each type of differently modified NPSNPs (5 mg) 

were suspended in 0.5 ml of MES buffer under ultrasound treatment for 10 min using a 

VWR Ultrasonic Cleaner (45 kHz, 60 W). After that 0.5 ml of a BMP-2 solution (10 µg 

ml−1) in MES buffer was added to the particle dispersion, and the mixture was shaken at 

350 rpm and 4 °C for 24 h in a thermomixer (Biozym Scientific GmbH, Germany) to 

produce BMP-2-loaded NPSNPs. Then, the BMP-2-loaded NPSNPs were separated by 

centrifugation (10000 rpm, for 10 mins) and used for the subsequent release 

experiments. Taken together, 5 µg of BMP-2 were offered for loading on the surface of 

5 mg NPSNPs resulting in the maximal theoretically adsorbed BMP-2 amount of 1 µg 

BMP-2 per 1 mg NPSNPs (1 µg mg−1).  

 

Figure 21: BMP-2 loading procedure on the surface of NPSNPs.  
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3.3.10 Characterisation of BMP-2-loaded NPSNPs by zeta potential and 

DLS 

To study the changes of the surface chemistry and particle sizes of NPSNPs upon BMP-

2 adsorption, each type of NPSNPs (50 µg) was mixed with different BMP-2 amounts, 

namely 0.05 µg, 0.25 µg, 1.25 µg and 2.5 µg, in MES buffer at pH 5. The total volume of 

each sample was 1 ml. The BMP-2-loaded NPSNPs were characterized by zeta potential 

and DLS measurements using Zetasizer Nano ZS (Malvern Instruments Ltd., 

Worcestershire, UK). 0.9 ml of each dispersion were transferred into polystyrene 

disposable cuvette. Particle scattering was detected with 173° angle detector. Affiliated 

zeta potential and DLS data were evaluated with the Zetasizer software from Malvern. 

The average zeta potential and particle size ± standard error of the mean were calculated 

from the triple measurements. 

 

3.3.11 Quantification of adsorbed BMP-2 by BRE-Luc assay 

The amount of the bioactive BMP-2 adsorbed on the surface of NPSNPs was determined 

by the cell-based BRE-Luc assay [263] . All BRE-Luc assays were performed by LAURA 

BURMEISTER from the Klinik für Orthopädie im Annastift, Medizinische Hochschule 

Hannover, Germany. For that, stably transfected C3H10T1/2 cells containing BMP-

responsive element coupled to the firefly luciferase reporter gene (BRE-Luc) were 

seeded at a density of 35,000 cells in 24-well plates using standard growth medium 

(DMEM F0445, 10% FBS South American Origin, 4 mM glutamine, 1% 

penicillin/streptomycin, 1 ml/well), after 4 h media was changed to serum-free growth 

medium, and the cells were cultured for 24 h. Next, 100 µl of BMP-2-loaded NPSNPs 

dispersed in MES buffer (5000 ng ml−1) was added to the cells (dilution 1:5). After 24 h 

cells were washed with PBS and lysed with 70 µl Luciferase Cell Culture Lysis Reagent. 

The lysate was centrifuged at 4 °C for 10 min at 20,000 x g.  Luciferase activity of the 

supernatant was measured in triplicate using 7.5 µl lysate and 25 µl Steady-Glo 

Luciferase Assay System reagent. Measurements of the luminescence intensity was 

performed after 5 min incubation with sensitivity being set to 135 and 1 sec integration 

time for all measurements using Synergy 2 from Biotek, (Winooski, USA). Since the 

luminescence intensity is directly proportional to the BMP-2 concentration in the range 

of 2-1000 ng ml−1, the amount of adsorbed BMP-2 on the surface of NPSNPs could be 

determined directly by an appropriate calibration. Each experiment was performed in 

triplicates for each nanoparticle type. The averages ± standard deviation of the mean 

were calculated from these results.  
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3.3.12 Release of BMP-2 from the surface of NPSNPs  

The release of BMP-2 was carried out with the previously BMP-2-loaded NPSNPs 

suspended in 1 ml of sterile-filtered MES buffer at pH 5 and 37 °C in a convection oven 

for a period of two weeks under aseptic conditions (Figure 22). At each time point, 200 

µl of the supernatant was carefully removed without prior centrifugation and stored in 

vials at −20 °C for further analysis. The collected supernatant was replaced by 200 µl of 

the fresh MES buffer. The released BMP-2 amount in the supernatant was quantified by 

ELISA according to the manufacturer’s instructions. For each particle type the 

experiments was performed in triplicates. The results were reported as averages ± 

standard error of the mean. 

 

Figure 22: Schematic procedure of BMP-2 release from NPSNPs.  

3.3.13  Cytotoxicity investigations  

The cytotoxicity investigations were performed by LAURA BURMEISTER from the Klinik für 

Orthopädie im Annastift, Medizinische Hochschule Hannover, Germany.  

For the cell culture experiments different media according to the cell type were used. 

Human bone marrow-derived stem cells (BM-MSCs) were cultivated in DMEM FG0415, 

1% penicillin/streptomycin, 20 mM HEPES all purchased, 10% FCS Hyclone, 2 ng 

ml−1 FGF-2. The murine cell line C2C12 BRE-Luc (BMP-Responsive-Element-

Luciferase)-pGL3 was cultivated in DMEM F0445, 1% penicillin/streptomycin, 4 mM 

glutamine and 10% FCS South American.  

To evaluate the cytotoxicity of the differently modified NPSNPs cell viability assay, 

namely CellTiter 96® Non-Radioactive Cell Proliferation Assay analysing the oxidation 
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of NADH to NAD+, was used. All cell types used in this study were analysed (BM-MSCs 

and C2C12 BRE-Luc). The cells were seeded at a density of 5000 c cm-2 in a 96 well 

plate. After 4 h the different NPSNPs solutions in concentrations between 0 and 1000 µg 

ml-1 were added to the cells. Measurement of cell viability took place after 1, 3 and 7 

days. For the CellTiter 96® Non-Radioactive Cell Proliferation Assay 15 µl of dye solution 

were incubated for 4 h at 37°C followed by 1 h incubation of solubilisation solution at 

room temperature. Absorbance was recorded at 570 nm/630nm. 

 

3.3.14 Gene expression of Id1 and Id3 and qRT-PCR 

The gene expression and qRT-PCR investigations were performed by LAURA 

BURMEISTER from the Klinik für Orthopädie im Annastift, Medizinische Hochschule 

Hannover, Germany.  

The addition of BMP-2 to stem cells triggers the expression of so called immediate early 

genes, namely Id1 and Id3. To assess that, mesenchymal stem cells derived from bone 

marrow-derived stem cells were seeded at a density of 3000 c cm-2 and grown to 

confluence for 5 days. Then 250 µg ml-1 BMP-2-loaded NPSNPs were added to the cells 

and incubated for 2 h and 24 h. To isolate RNA the cells were harvested with 600 µl 

TRIzol and stored at −80 °C until further processing. Next, 60 µl 1-bromo-3-

chloropropane were added to the TRIzol-harvested cells, mixed and centrifuged for 

15 min at 20,000 x g and 4 °C. The supernatant was mixed with 300 µl 2-propanol to 

precipitate RNA, incubated for 5 min and centrifuged for 30 min at 20,000 x g and 4 °C. 

The obtained pellets were washed with 1 ml 80% ethanol and centrifuged for 15 min at 

20,000 x g and 4 °C. After drying the pellets were dissolved in 20 µl dH2O and incubated 

at 60 °C for 10 min to dissolve secondary structures. RNA concentration was determined 

using NanoDrop 2000c (Thermo Fisher Scientific).   

Quantitative real-time-PCR was used to quantify the gene expression of Id1 and Id3 

(inhibitor of differentiation 1 and 3) using RPS29 (Ribosomal Protein S29) as 

housekeeping gene. The PCR was accomplished in a duplex run with TaqMan® Fast 

Advanced Master Mix using the StepOnePlus Real-Time PCR System (Applied 

Biosystems, Foster City, USA) with the following conditions: 20 s at 95 °C and 40 cycles 

of 1 s at 95 °C and 20 s at 60 °C. Differences between samples and controls were 

calculated based on 2-ΔΔCt method. Triplicate experiments were performed for all genes 

investigated. 
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3.3.15 Electrospinning of PCL scaffolds  

A PCL solution of 17 wt.% in 2,2,2-trifluoroethanol was loaded into a syringe, which was 

connected by a Teflon tubing to an electrospinning emitter. A rotating steel drum covered 

with baking paper was used as a collector. The scaffolds were produced with a voltage 

of 25 kV for 2 h at a rotation speed of 8 m s−1. The emitter to collector distance was at 

25 cm. The solvent flow rate was set to 4 ml h−1.  

Poly(ε-caprolactone) (PCL) scaffolds used in this study were electrospun and coated by 

DOMINIC DE CASSAN from the Institut für Technische Chemie, Technische Universität 

Braunschweig, Germany. 

 

3.3.16 Coatings of PCL scaffolds with chitosan-PCL graft copolymer 

(“shish-kebab” structures) 

Preparation of the “shish-kebab” structures on the PCL scaffolds was performed 

according to literature [35]. For that, diluted solutions of chitosan-PCL graft copolymer 

have been used to form “shish-kebab” structures on the surface of the electrospun fibres 

by crystallization. To perform the coating, 0.5 wt.% of the copolymer was dissolved in 77 

vol.% aqueous solution of acetic acid at 40° C for 1 h. After, the solutions were cooled 

down to room temperature, PCL fibres were plunged into the solution for 2 mins. 

Subsequently, the scaffolds were removed from the solutions and placed into a vacuum 

oven at room temperature for 24 h. During the process of solvent evaporation, the “shish-

kebab” structures were formed.  

 

3.3.17 Coating of “shish-kebab” structured PCL scaffolds with alginate  

The prepared “shish-kebab”-structured PCL fibre mats were immersed into 5 mg ml−1 

alginate solution for 2 mins. After that, fibre mats were rinsed with deionized water 

several times and subsequently dried in vacuum for 24 h at room temperature. 

 

3.3.18 Determination of the total porosity of PCLSK-Alg scaffolds by a 

gravimetric method 

The PCLSK-Alg scaffolds were punched out and had a diameter of 15 mm. The weight and 

the thickness of 20 round PCLSK-Alg scaffolds were measured using a laboratory scale 

and digital calliper (Top craft), respectively (Table S7, SI).  
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Based on the measured parameters and the density of bulk PCL total porosity of the 

electrospun PCL scaffolds could be determined using following equations [265]: 

  

V = r2*π*h                                                                  (8)                                                                                                                                                                                             

𝑉p =
𝑤𝑡

𝜌PCL
                                                                      (9)                                                                                                                                 

𝑃Scaffold =
𝑉−𝑉𝑝

𝑉
× 100%,                                      (10) 

                                                                                                 

where r is the radius of the PCLSK-Alg scaffold, h is the average thickness of the PCLSK-

Alg scaffold, 𝑉p is the volume of the PCLSK-Alg fibres, wt is the average weight of the PCLSK-

Alg scaffold, 𝜌PCL is the density of the PCL, V is the total volume of the scaffold, 𝑃Scaffold 

is the total porosity of the scaffold.  

 

3.3.19 Preparation of PCLSK-Alg-NPSNP nanocomposites without and with 

BMP-2 

“Shish-kebab”-structured and alginate-coated PCL scaffolds measuring 15 mm in 

diameter, 0.35 mm in height and weighing roughly 14 mg were used for all in vitro 

experiments (Table S7, SI).  

To prepare PCLSK-Alg-NPSNP nanocomposites PCLSK-Alg scaffolds were simply 

immersed into a dispersion of NPSNPs (2 mg in 0.4 ml MES buffer) for 12 h. The 

unbound NPSNPs were washed off of the scaffolds with ultrapure water. The PCLSK-Alg-

NPSNP nanocomposites were dried under low pressure. 

PCLSK-Alg-NPSNP-BMP-2 nanocomposites were prepared to study the in vitro release of 

BMP-2. All further steps were carried out in a clean bench following aseptic techniques. 

For that, PCLSK-Alg scaffolds and NPSNPs were sterilized under UV light for 30 mins, and 

the BMP-2 dissolved in MES buffer was sterile-filtered. First, BMP-2 was loaded on the 

surface of NPSNPs according to the described previously procedure. Each type of 

differently modified NPSNPs (2 mg) were suspended in 0.2 ml of sterile-filtered MES 

buffer under ultrasonic treatment for 10 mins using a VWR Ultrasonic Cleaner (45 kHz, 

60 W) to avoid particles agglomeration. After that 0.2 ml of a BMP-2 solution (10 µg ml−1) 

in MES buffer was added to the particle dispersion, and the mixture was shaken at 350 

rpm and 4 °C for 24 h in a thermomixer (Biozym Scientific GmbH, Germany) to produce 

BMP-2-loaded NPSNPs. Then, the BMP-2-loaded NPSNPs were separated by 

centrifugation at 10,000 rpm, dispersed in 0.4 ml MES buffer and loaded on the PCLSK-Alg 

scaffolds as described above. The removed supernatants were frozen at −20 °C for 

BMP-2 quantification by ELISA and BRE-Luc assay. Taken together, 2 µg BMP-2 were 
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offered for loading on the surface of 2 mg NPSNPs resulting in the theoretically adsorbed 

BMP-2 amount of 2 µg BMP-2 per 2 mg NPSNPs immobilized on one PCLSK-Alg scaffold.  

 

3.3.20 Release of BMP-2 from PCLSK-Alg-NPSNP-BMP-2 nanocomposites  

The release of BMP-2 was carried out with the previously prepared PCLSK-Alg-NPSNP-

BMP-2 nanocomposites immersed into 1 ml of sterile-filtered phosphate buffered saline 

(PBS) containing 0.1% bovine serum albumin (BSA) and 0.02% Tween 20 as stabilizing 

agents for BMP-2, pH 7.4 and 37 °C in a convection oven for a period of five weeks 

under aseptic conditions without shaking (Figure 23). At each time point, the PCLSK-Alg 

scaffolds were removed and placed into a new vial containing 2 ml of fresh release 

medium. The release solution was stored in vials at −20 °C for further analysis. The 

released BMP-2 amount in the supernatant was quantified by ELISA according to the 

manufacturer’s instructions. For each sample the experiments was performed in 

triplicates. The results were reported as averages ± standard deviation of the mean. 

 

 

Figure 23: Schematic procedure of BMP-2 release from PCLSK-Alg-NPSNP-BMP-2 
nanocomposites.  

 

3.3.21 Degradation of the PCLSK-Alg-NPSNP nanocomposites for five weeks  

For degradation investigations, PCLSK-Alg-NPSNP nanocomposites were immersed into 

1 ml of sterile-filtered PBS containing 0.1% BSA and 0.02% Tween 20 and placed in 

tightly closed plastic container (10 ml) (Figure 24). The in vitro degradation took place at 

37 °C in a convection oven for a period of five weeks under aseptic conditions without 
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shaking. After 1, 2, 3 and 5 weeks of immersion small pieces were cut out of the samples, 

rinsed with ultrapure water and dried in vacuum at room temperature prior further 

characterization. 

 

Figure 24: Schematic procedure of the degradation of PCLSK-Alg-NPSNP-BMP-2 
nanocomposites. 

 

3.3.22 Preparation of collagen-NPSNP nanocomposites for TGA 

Sterile “KOLLAGEN resorb™” scaffolds for wound dressing measuring 18 mm x 36 mm 

and weighing about 20 mg (2.8 mg collagen per 1 cm2) were used for all experiments.  

Non-modified NPSNPs (20 mg) were dispersed in 10 ml ultrapure water and sonicated 

for 10 mins. PBS was omitted here, because of the precipitation of phosphate salts on 

the collagen. Next, collagen sponges (20 mg) were immersed into the nanoparticle 

dispersions. The dispersions were shaken at 350 rpm and room temperature for 1, 3, 19 

and 24 h in a thermomixer (Biozym Scientific GmbH, Germany). After that, the collagen 

sponges were rinsed with ultrapure water to remove unbound NPSNPs and dried in a 

convection oven at 60 °C overnight.    

 

3.3.23 Preparation of collagen-NPSNP-BMP-2 nanocomposites  

Collagen-NPSNP-BMP-2 nanocomposites were prepared to study the release of BMP-2 

(Figure 25). All further steps were carried out in a clean bench following aseptic 

techniques. For that, NPSNPs were sterilized under UV light for 30 mins.  

To load BMP-2 on the surface of non-modified and aminopropylsilyl-modified NPSNPs, 

each type of NPSNPs (5 mg) were suspended in 0.5 ml of sterile-filtered phosphate 
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buffered saline (PBS) with 0.01% bovine serum albumin (BSA) under ultrasound 

treatment for 10 mins using a VWR Ultrasonic Cleaner (45 kHz, 60 W). BMP-2 was 

dissolved in phosphate buffered saline (PBS) with 0.01% bovine serum albumin (BSA) 

to a concentration of 10 µg ml−1. After that, 0.5 ml of a BMP-2 solution (10 µg ml−1) was 

added to the particle dispersion, and the mixture was shaken at 350 rpm and 4 °C for 24 

h in a thermomixer (Biozym Scientific GmbH, Germany) to produce BMP-2-loaded 

NPSNPs. Then, the BMP-2-loaded NPSNPs were separated by centrifugation and the 

supernatants were frozen for later ELISA measurements.  

Subsequently, collagen scaffolds were soaked in the dispersion of the BMP-2-loaded 

NPSNPs in 5 ml PBS containing 0.1% BSA and stirred for 24 h at room temperature. 

Taken together, 5 µg of BMP-2 were offered for loading on the surface of 5 mg NPSNPs 

resulting in the theoretically adsorbed BMP-2 amount of 5 µg BMP-2 per 5 mg NPSNPs 

and 1 collagen scaffold.  

 

Figure 25: Schematic procedure of the preparation of collagen-NPSNP-BMP-2 
nanocomposites.  

 

3.3.24 Release of BMP-2 from the surface of collagen-NPSNP-BMP-2 

nanocomposites  

The release of BMP-2 was carried out with the previously prepared collagen-NPSNP-

BMP-2 nanocomposites immersed into 2 ml of sterile-filtered PBS containing 0.1% BSA 

as stabilizing agent for BMP-2, pH 7.4 and 37 °C in a convection oven for a period of five 

weeks under aseptic conditions without shaking (Figure 26). At each time point, the 

collagen scaffold was removed and placed into a new vial containing 2 ml of fresh 

release medium. The left release solution was stored in vials at −20 °C for further 

analysis. The released BMP-2 amount in the supernatant was quantified by ELISA 

according to the manufacturer’s instructions. For each sample the experiments was 

performed in triplicates.  
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Figure 26: Schematic procedure of BMP-2 release from collagen-NPSNP-BMP-2 
nanocomposites.  

 

3.3.25 Osteogenic differentiation  

Cell culture experiments were performed by VINCENT COGER from the Kerstin Reimers 

Labor für Regenerationsbiologie, Klinik für Plastische, Ästhetische, Hand- und 

Wiederherstellungs-chirurgie, Medizinische Hochschule Hannover, Germany.  

Human adipose-derived mesenchymal stem cells (hASCs) were in DMEM with 10% fetal 

bovine serum and 1% penicillin/streptomycin and incubated at 37 °C with 5% CO2 in a 

humidified atmosphere.  

hASCs with a density of 10,000 cells per well were mixed with 100 µl rat tail collagen, 

seeded in a 96 well plate and cultivated for 1 day till a shrinkage of the collagen gel 

occurred.  

In order to further support osteogenic differentiation, a medium with and without 

dexamethasone was used (DMEM with 10% fetal bovine serum, 1 M Hepes buffer, 1 M 

β-glycerolphosphate, 50 mg ml−1 L-ascorbat-2-phosphate, 20 µg ml−1 dexamethasone 

and 1% penicillin/streptomycin). The cell-seeded collagen gels were placed below the 

collagen scaffold samples in a 6 well plate and poured with the cell medium as shown in 

Figure 27. During cultivation of either 2 or 4 weeks, 20% of the medium was carefully 

removed and replaced by the fresh medium three times a week.  

The collagen scaffolds used for all cell culture experiments were punched out by 

disposable skin punches (Stiefel ® Biopsy punch) with the size of 8 mm.  

The BMP-2 used here was purchased from Peprotech. The BMP-2 loading on 

aminopropylsilyl-modified NPSNPs was carried out as described in previous section. The 

integration of BMP-2-loaded NPSNPs into collagen scaffolds was performed overnight 

(≈ 12 h).   

To investigate the three dimensional osteogenic differentiation of hASCs in collagen 

scaffolds four groups of samples were tested: 1) pure collagen scaffolds; 2) collagen 

scaffolds with integrated aminopropylsilyl-modified NPSNPs (2 mg); 3) collagen 

Oven @ 37  C

without shaking

NPSNP-OH

NPSNP-propyl-NH2

5 µg mL−1 BMP-2 

in PBS/ 0.1% 

BSA 

solution

Shaking for 24 h at 4  C

Collagen 

membrane

Stirring for 24 h at rt

5 mg

2 mL PBS/0.1% BSA No centrifugation

Fresh 2 mL PBS/0.1% BSA 

Freezing

-20  C

Supernatants

1. Centrifugation

2. Washing with PBS

Collagen-NPSNP-OH-BMP-2

Collagen-NPSNP-propyl-NH2-BMP-2

Collagen-NPSNP-OH-BMP-2

Collagen-NPSNP-propyl-NH2-BMP-2



64                                                                                                       Methods and materials                                                                                                              

 

scaffolds with integrated, BMP-2-loaded aminopropylsilyl-modified NPSNPs (2 mg of 

NPSNPs with 800 ng mg−1 of BMP-2) and 4) collagen scaffolds soaked in BMP-2 solution 

(800 ng). Each sample group was tested in triplicates.  

 

Figure 27: Schematic illustration of the experimental set up for osteogenic differentiation 
of hASCs in collagen gel in contact with collagen scaffolds.  

  

3.3.26 Histochemical stainings  

To investigate the cell viability live/dead staining was performed. To analyse the 

differentiation towards osteogenic lineage von Kossa, Alizarin Red S, Calcein and DAPI 

stainings were carried out. All histological stainings were performed according to the 

manufacturer’s instructions. 

For that, collagen samples were fixed with 4% paraformaldehyde, embedded in paraffin 

wax and cut into 6 µm thick slides. The middle slides of each sample were examined 

after staining under the Olympus CKX41 microscope using appropriate filters and 

objectives.  
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4 Results and discussion  

4.1 Hydrolytic stability and reversible pore clogging    of 

aminopropylsilyl-modified NPSNPs 

Research on nanoporous silica nanoparticles (NPSNPs) as drug delivery systems have 

gained tremendous attention in the field of nanomedicine due to their unique textural and 

physicochemical properties [29, 31]. The presence of high surface areas and large pore 

volumes with tunable pore sizes allows nanoporous silica nanoparticles to encapsulate 

and deliver large quantities of various drugs, including antibiotics and anti-cancer 

therapeutics [266, 267]. Furthermore, tailoring the surface of the nanoporous silica 

nanoparticles with appropriate functional groups offers the opportunity to design 

customizable surface-drug interactions, resulting in controlled drug delivery [41, 268]. As 

the drug incorporation is highly dependent on the surface properties and the surface 

itself, more drugs can be loaded on particles with the higher quantity of functional groups 

covalently attached on the surface, higher specific surface areas and larger pore 

volumes [31]. However, it is questionable whether the surface modification really occurs 

(as commonly depicted in reaction schemes, e.g. Figure 29) between a surface silanol 

group and the modifying silane or whether self-condensation of the dissolved silane 

leads to the formation of organosilica moieties, which form in solution and deposit on the 

surface of the NPSNPs. Furthermore, NPSNPs may suffer from degradation and 

detachment of anchored functional groups upon exposure to aqueous environment 

accompanied by the reduction of porosity. On that account, maintaining highly porous 

particles with accessible pores throughout multiple modification steps and preparation of 

hydrolytically stable layers of functional groups on the surface of nanoporous silica 

nanoparticles are immediate challenges that need to be addressed if the high potential 

of these particles as drug reservoirs and carriers is to be realized.  

Most studies on the degradation of mesoporous silica materials have focused on non-

modified materials in aqueous systems [36, 37, 74]. The issue of hydrolytic stability of 

the anchored functional groups on the surface of NPSNPs as well as pore-clogging 

effects have not been addressed yet. Herein, we describe  a simple method to investigate 

the effect of aqueous media on the stability of (3-aminopropyl)triethoxysilane (APTES) 

functionalities tethered on the surface of nanoporous silica nanoparticles; we observe 

pore clogging and present an innovative solution to regain the porosity of 

aminopropylsilyl-modified nanoporous silica nanoparticles through subsequent reaction 

with succinic anhydride in DMF. 
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4.1.1 Characterization of non-modified and aminopropylsilyl-modified 

NPSNPs before and after hydrolytic stability testing and of carboxy-

modified NPSNPs 

Firstly, spherical, uniform and monodisperse nanoporous silica nanoparticles with an 

average particle diameter of 40 – 60 nm were synthesized [55], and the existence of the 

disordered porous structure was confirmed using transmission electron microscopy 

(TEM) (Figure 28a). The obtained non-modified NPSNPs were highly porous with a 

calculated specific surface area of 1000 m2 g−1 (SBET), an average pore width of 

approximately 3.2 nm (dNLDFT) and an accessible pore volume of 0.83 cm3 g−1 (Vtotal) 

determined on the nitrogen adsorption-desorption isotherms (Figure 28b). 

The presence of highly reactive silanol (−Si−OH) groups on the surface of NPSNPs 

allows for the attachment of different organosilane coupling reagents. In this study, the 

modification of silica materials with aminosilanes was carried out employing 

(3-aminopropyl)triethoxysilane (APTES) at 80 °C in toluene for 2 h.  

 

Figure 28: Characterization of non-modified nanoporous silica nanoparticles by (a) 
transmission electron microscopy; (b) nitrogen adsorption-desorption measurements: 
isotherms and pore size distribution according to the DFT theory; (c) thermogravimetric 
analysis. 
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Due to the potential application of surface-modified nanocarriers in an aqueous 

environment, the hydrolytic stability of the attached functional groups, as well as the 

porosity of the surface-modified nanoporous silica nanoparticles, are very important 

factors to know before proceeding with encapsulation of the therapeutic agents. To this 

end, the hydrolytic stability of the attached aminopropylsilyl groups on the surface of 

NPSNPs was examined by exposing the particles to ultrapure water at room temperature 

for 64 h. The applied method to investigate the hydrolytic stability of the aminopropylsilyl 

groups on the surface of NPSNPs and the synthesis of different surface-modified 

NPSNPs is demonstrated in Figure 29. 

 

 

Figure 29: Schematic representation of the modification procedure. The modification of 
NPSNPs was carried out by the attachment of aminopropylsilyl groups through a reaction 
with (3-aminopropyl)triethoxysilane (APTES). Afterwards, carboxylic groups were 
anchored by a ring-opening reaction with succinic anhydride. In the case of 
aminopropylsilyl-modified NPSNPs, hydrolytic stability of the attached aminopropylsilyl 
groups was investigated by the immersion of the particles in an aqueous medium 
followed by the reaction with succinic anhydride in DMF.  

 

The amount of detached aminopropylsilyl moieties upon water exposure was determined 

by thermogravimetric analysis (TGA) (see Table S1 in supporting information (SI)). As 

shown in Figure 30a, aminopropylsilyl-modified NPSNPs before water exposure (black 

curve) contained 3 wt.% more organic residues than those aminopropylsilyl-modified 

silica nanoparticles after water exposure (red curve): 13 wt.% vs. 10 wt.%, respectively. 

In contrast, non-modified NPSNPs showed no significant weight loss between 120 °C 

and 700 °C (Figure 28c). Knowing the original weight of the samples and assuming that 

all APTES molecules were hydrolysed, the amount of aminopropylsilyl groups added to 

the samples can be estimated. NPSNPs before and after water exposure had taken up 

hydrolysed and partly condensed aminopropylsilyl groups of 1.1 mmol g−1 and 

0.8 mmol g−1, respectively. As the initial amount of APTES in the reaction was about 
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1.1 mmol g−1, obviously all of the APTES molecules were bound to the surface of 

NPSNPs.  

 

Figure 30: Thermogravimetric analysis. a) TGA curves for aminopropylsilyl-modified 
nanoporous silica nanoparticles before and after immersion in water. (b) TGA curves for 
carboxy-modified NPSNPs derived from as-prepared aminopropylsilyl-modified 
NPSNPs and from aminopropylsilyl-modified NPSNPs, which had been immersed in 
water.   

 

In general, there are two models how APTES molecules can be bound on silica surfaces. 

On one hand, APTES molecules can form a liquid-like, non-oriented film that remodels 

to a covalently attached, ordered monolayer of aminopropylsilyl groups (Figure 31a). On 

the other hand, intermolecular condensation of hydrolysed APTES molecules in solution 

can occur resulting in the formation of small aminopropylsilyl oligomers [72] (Figure 31b). 

The formed small oligomers can be deposited on the surface of silica and grow into a 

thick and dense film, instead of generating a monolayer modification [269].   

After the aminopropylsilyl-modified NPSNPs were immersed into an aqueous medium, 

about 30 % (0.3 mmol g−1) of the initially tethered aminopropylsilyl groups were detached 

from the surface. The detachment of aminopropylsilyl entities can be associated with 

several reasons: the detachment of weakly bound (via hydrogen bond and electrostatic 

interactions) and small condensed aminopropylsilyl oligomers, which can be washed off 

upon immersion in water, and the catalysed hydrolysis of the siloxane (−Si−O−Si−) 

bonds of covalently grafted aminosilanes by a nucleophilic attack of the amine groups 

[270] (Figure 31c).  
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Figure 31: (a) Silanization of NPSNPs by partial hydrolysis of APTES and subsequent 
condensation on the silica surface [271]. (b) Intermolecular condensation of hydrolysed 
aminopropylsilyl molecules, resulting in oligomeric organosilica species, which can 
precipitate onto the surface of NPSNPs [72]. (c) A detachment of aminopropylsilyl groups 
from the surface of nanoporous silica nanoparticles caused by the catalytic hydrolysis of 
covalently attached aminopropylsilyl moieties via a nucleophilic attack of the amine 
groups due to water exposure and hydrolytically stable cyclic zwitterion-like species [75].   
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The persistence of hydrolytically stable aminopropylsilyl groups on the surface of silica 

gels was first observed by Zhmud [272] and then investigated by Etienne and Walcarius 

[75]. They proposed the formation of hydrolytically stable, cyclic zwitterion-like species 

between amine groups of covalently bound aminopropylsilyl moieties and residual 

surface silanol groups (Figure 31c). In such entities, siloxane bonds cannot be readily 

hydrolysed involving catalysis due to the absence of free electrons at the ammonium ion; 

these groups are stable in the aqueous medium. However, these authors demonstrated 

that only about one-third of the attached aminopropyl groups was hydrolytically stable. 

In contrast, we found that a higher proportion of hydrolytically stable aminopropylsilyl 

groups was formed on the surface of our NPSNPs since about 70% (0.8 mmol g−1) of 

the initially attached aminopropylsilyl moieties remained on the surface of the NPSNPs 

upon water exposure. We assume that these stable species are probably similar to the 

aforementioned cyclic zwitterion-like species.  

We hypothesize that the high amount presented in our study can be attributed to the high 

porosity of the nanoporous silica nanoparticles. Unlike the aminosilane moieties grafted 

on nonporous [273, 274] or low porous silica materials [75, 275], the aminosilane 

moieties reported here, especially those attached to the inner surface of highly porous 

silica nanoparticles, could not be readily washed off of the surface due to the steric 

hindrance. 

To determine whether aminopropylsilyl-modified NPSNPs can be equipped with further 

functionalities, linkers with terminal carboxy (−COOH) groups were covalently attached 

on the surface of aminopropylsilyl-modified silica nanoparticles before and after the 

immersion into the water by a ring-opening reaction of succinic anhydride with amine 

groups (Figure 32).  

 

Figure 32: Schematic illustration of the modification of aminopropylsilyl-modified 
NPSNPs with succinic anhydride in DMF by a ring-opening reaction. 

The success of this reaction has been previously shown for nonporous and porous 

aminopropylsilyl-modified silica nanoparticles [276, 277]. By comparing TGA graphs, 

shown in Figure 30a and b, significant differences in weight loss between 120 °C and 

700 °C can be observed (Table S2, SI). Thus, after modification with succinic anhydride, 

the mass fraction of organic groups increased by 7 wt.% and 8 wt.% for carboxy-modified 

NPSNPs derived from as-prepared aminopropylsilyl-modified NPSNPs and from 

aminopropylsilyl-modified NPSNPs, which had been immersed in water, respectively. 

These results point to the successful covalent attachment of carboxylic functionalities on 
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the surface of aminopropylsilyl-modified NPSNPs, regardless of whether or not they were 

exposed to water. The amount of the newly attached carboxy functionalities can be 

estimated by TG measurement to be about 0.7 mmol g−1 and 0.8 mmol g−1 for the 

corresponding particle types.  

Further evidence of successful functionalization was provided by pH-dependent zeta 

potential measurements (Figure 33). The titration curves from aminopropylsilyl-modified 

NPSNPs revealed different electrochemical behaviour before and after functionalization 

with succinic anhydride, pointing to the change of surface charge of NPSNPs. The 

surface of aminopropylsilyl-modified silica nanoparticles was strongly positive at acidic 

and neutral conditions and slightly negative at higher pH values. This is the result of the 

protonation of amine groups (−NH3
+) and deprotonation of silanol groups (−SiO−) at 

acidic and alkaline medium, respectively. In contrast, after reaction with the succinic 

anhydride, a negative surface charge was detected at neutral and alkaline conditions 

due to the presence of acidic carboxy groups, which can be readily deprotonated on the 

surface of NPSNPs. This zeta potential profile is therefore similar to the profile of the 

non-modified silica nanoparticles, which exhibit acidic silanol groups.  

 

Figure 33: pH-dependent zeta potential curves from non-modified, aminopropylsilyl-
modified NPSNPs before and after water exposure, and of carboxy-modified NPSNPs, 
derived from as-prepared and immersed aminopropylsilyl-modified NPSNPs.  
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surface of aminopropylsilyl-modified silica nanoparticles as described previously. In 

contrast, when immersed aminopropylsilyl-modified silica nanoparticles were 

subsequently modified with succinic anhydride, the surface became less negatively 

charged than the surface of the carboxy-modified silica nanoparticles, which had not 

been exposed to water. This outcome cannot be clarified at this point.  

As a result, it could be shown that through the simple reaction with the succinic 

anhydride, terminal amine functionalities on the surface of NPSNPs could be converted 

into carboxy moieties without applying higher temperatures or using catalysts [276].   

 

4.1.2 Studies on clogging and re-opening of pores  

Another important issue, which was addressed in the current study, was to identify the 

changes in porosity of the NPSNPs due to the aminopropylsilyl modification, the water 

exposure of the samples and the subsequent reaction with succinic anhydride. The 

sorption properties of differently surface-modified NPSNPs before and after water 

immersion were determined using nitrogen adsorption-desorption isotherms (Figure 34a 

and b) and compared with those of the non-modified NPSNPs (Figure 28b). The 

corresponding graphs reveal type IV isotherms according to the IUPAC classification 

[278], with narrow hysteresis loops between 0.2 - 0.4 and > 0.8 p/p0, indicating the 

condensation of nitrogen in the nanopores and interparticle volumes, respectively.  

After modification of the original NPSNPs with APTES, both specific surface area and 

pore volume were reduced by half (Table S3, SI). However, the average pore width 

remained invariable at 3.2 nm. Furthermore, a comparison of the values for specific 

surface areas and pore volumes of the aminopropylsilyl-modified NPSNPs before and 

after exposure to water revealed an additional decrease of the surface area from 

442 m2 g−1 to 160 m2 g−1 and of the pore volumes from 0.45 cm3 g−1 to 0.21 cm3 g−1, 

respectively (Figure 34a and c).   
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Figure 34: Nitrogen physisorption studies. (a, b) Adsorption-desorption isotherms and (c, 
d) pore size distributions according to the DFT theory. (a, c) Aminopropylsilyl-modified 
NPSNPs before and after water exposure; (b, d) carboxy-modified NPSNPs derived from 
as-prepared and immersed aminopropylsilyl-modified NPSNPs.  

 

The most striking observation to emerge from a comparison of the isotherms illustrated 

in Figure 34 was the increase of the specific surface area and pore volume of the 

immersed aminopropylsilyl-modified NPSNPs after their subsequent modification with 

succinic anhydride. In fact, the surface area and the pore volume increased threefold 

from 160 m2 g−1 to a value of about 530 m2 g−1 and from 0.21 cm3 g−1 to 0.59 cm3 g−1, 

respectively. The values are comparable with those obtained from carboxy-modified 

NPSNPs without water exposure (Figure 34b; Table S3, SI). Of note, both types of 

carboxy-modified NPSNPs point to a narrow pore size distribution with a smaller average 

pore width of 2.6 nm compared to aminopropylsilyl-modified silica nanoparticles with an 

average pore width of 3.2 nm, providing strong evidence for a structure where the 

functional groups line the pore walls (Figure 34d).  

To study the morphology of the investigated surface-modified NPSNPs and to shed 

additional light on their porosity characteristics, TEM analyses were performed. As 

shown in Figure 35b, the particle morphology of the immersed aminopropylsilyl-modified 

NPSNPs seems to remain intact; however, the mesostructure could not be clearly 
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observed. In comparison, in the TEM micrographs of the aminopropylsilyl-modified silica 

nanoparticles not subjected to the water exposure step, a disordered porous structure 

can be observed (Figure 35a). Furthermore, spherical nanoparticles with a mesoporous 

structure were evident for both types of carboxy-modified NPSNPs (Figure 35c and d). 

These results clearly affirm that the morphology and the porous system of 

aminopropylsilyl-modified nanoporous silica nanoparticles stayed intact even after 

extended water exposure at room temperature.  

 

 

Figure 35: Transmission electron microscopy images of (a, b) aminopropylsilyl-modified 
NPSNPs before and after water exposure, respectively; (c, d) carboxy-modified NPSNPs 
derived from as-prepared aminopropylsilyl-modified NPSNPs and from such 
nanoparticles after they had been exposed to water. Note that mesopore structures are 
clearly visible in a), c) and d) but not in b).  

In order to further clarify the mechanisms of pore clogging and reopening, we treated the 

immersed aminopropylsilyl-modified NPSNPs with the pure solvent DMF (without the 

addition of succinic anhydride) at 25 °C and at 155 °C. To prove whether the nanopores 

could be re-opened by these methods, nitrogen adsorption-desorption measurements 

and TEM analyses were performed. From the sorption isotherms shown in Figure 36a, 

specific surface areas of 229 m2 g−1 and 248 m2 g−1 were measured for the immersed 

NPSNPs after stirring in pure DMF at 25 °C and 155 °C, respectively. The corresponding 

values for the pore volume were around 0.29 cm3 g−1 in both cases (Figure 36b). 

Comparing these values with those of the aminopropylsilyl-modified NPSNPs directly 
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after the immersion (160 m2 g−1 and 0.21 cm3 g−1), a slight increase in the surface area 

and the pore volume could be detected. These are only modest, in contrast to the values 

obtained when the pore re-opening was carried out with a combination of DMF and the 

reactive agent succinic anhydride. TEM images further confirm the low porosity of 

aminopropylsilyl-modified NPSNPs treated with pure DMF. The images presented in 

Figure 36c and d reveal partially degraded and highly interconnected silica nanoparticles.  

 

 

Figure 36: (a) Nitrogen adsorption-desorption isotherms and (b) pore size distributions 
of the immersed aminopropylsilyl-modified NPSNPs stirred in DMF at 25 °C and at 
155 °C. (c) and (d) TEM images of the immersed aminopropylsilyl-modified NPSNPs 
stirred in DMF at 25 °C and at 155 °C, respectively.  

From the results given above, it appears that the presence of succinic anhydride plays 

an important role in the ability to reopen clogged pores. We hypothesize the following 

model, as depicted in Figure 37. In this model, condensed aminoorganosilica oligomers, 

which have precipitated onto the surface of the NPSNPs to clog the pores are mainly 

bound by hydrogen bonds between silanol surface groups and the amino groups of the 

aminoorganosilica deposits. When these amino groups react with succinic acid, the 

resulting amide and carboxylic acid groups exert considerably weaker hydrogen bonds, 

allowing the deposits to detach from the surface, resulting in free pore entrances and 

higher porosity. Such a pore clogging-reopening effect, to the best of our knowledge, has 

important consequences for stability studies on nanoporous silica materials [74, 279]. 
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When a loss of porosity is observed in such studies, this is not necessarily equivalent to 

the destruction of the mesostructure. 

 

 

Figure 37: Models for pore clogging in aminopropylsilyl-modified NPSNPs after water 
exposure and for the re-opening of the pores after reaction with succinic anhydride in 
DMF. 

In summary, hydrolytically highly stable aminopropylsilyl moieties on the surface of 

nanoporous silica nanoparticles were identified in the present study. Moreover, a 

possibility to reopen clogged nanopores and thus, to regain the porosity of 

aminopropylsilyl-modified nanoporous silica nanoparticles by subsequent 

functionalization with succinic anhydride in DMF was demonstrated. The results from this 

work not only provide unique insights into the hydrolytic stability of the aminopropylsilyl-

modified nanoporous silica nanoparticles but also show that the reduction of the porosity 

is not necessarily equivalent to the destruction of the pore system. Furthermore, our 

results will be of importance for the construction of NPSNP-based drug delivery devices, 

which often rely on an aminopropylsilyl modification. 
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4.2 BMP-2-loaded nanoporous silica nanoparticles (NPSNPs) 

Growth factor delivery is one of the powerful tools in tissue engineering. In this chapter, 

first, the influence of a variety of surface modifications of NPSNPs is investigated with 

regard to the binding capacity and the release kinetics of the growth factor bone 

morphogenetic protein 2 (BMP-2). In the second section, the differentiating action of 

BMP-2-loaded NPSNPs is tested in cell-culture studies. With regard to the future 

application for biomedical applications, the cytotoxicity of NPSNPs bearing different 

functional groups is investigated for two different cell lines.  

 

4.2.1 General concept: modified NPSNPs for controlled loading and 

release of BMP-2 

Nanoporous silica nanoparticles (NPSNPs) is a promising nanomaterial for the delivery 

of various therapeutics due to their unique properties such as the size, tunable surface 

chemistry, biocompatibility and -degradability [28-30]. Recently, NPSNPs have 

demonstrated a great potential for the loading and delivery of the growth factor BMP-2 

to induce osteogenic differentiation in vitro [33, 34]. However, the mechanisms of how 

the surface chemistry of NPSNPs controls growth factor loading capacities and release 

kinetics is not yet fully understood. Therefore, in this study, the surface chemistry of 

NPSNPs have been tailored by various functional groups possessing different 

physicochemical properties such as the different hydrophobicity/hydrophilicity and 

surface charge, following by the BMP-2 adsorption on the surface of differently modified 

NPSNPs and release studies of BMP-2 from the NPSNPs. The understanding of the 

adsorption-desorption mechanisms of growth factors can lead to universal NPSNP-

based platforms for adapted loadings and release profiles needed for different 

therapeutic applications.  

 

4.2.2 Characterisation of NPSNPs 

First, nanoporous silica nanoparticles were synthesized following the procedure 

described by Huo et al. [55]. In this procedure, the silica source tetraethylorthosilicate 

(TEOS) was added to an ethanol-water solution containing diethanolamine (DEA) as a 

complexing agent for silicate species and cetyltrimethylammonium bromide (CTAB) as 

a structure-directing agent to form the pores. The formation of nanoporous material 

occurs due to the condensation of hydrolysed TEOS molecules around the CTAB 
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micelles. However, in order to use the pores for possible drug loading and as CTAB 

surfactant is cytotoxic, it must be removed from the pores before using them for 

biomedical applications. Therefore, the prepared silica nanoparticles were calcined at 

550 °C to burn out the organic CTAB and to obtain bare nanoporous silica nanoparticles.  

The analysis by transmission electron microscopy (TEM) reveals the presence of 

spherical, uniform and monodisperse silica nanoparticles with diameters of 40 – 60 nm 

and confirms the existence of the disordered porous structure (Figure 38a). The obtained 

non-modified  NPSNPs were highly porous with a calculated specific surface area of 

1100 m2 g−1 (SBET), an average pore width of approximately 3.2 nm (dNLDFT) and an 

accessible pore volume of 0.92 cm3 g−1 (Vtotal) determined from the N2 adsorption-

desorption isotherm (Figure 38b), which shows a type IV isotherm, according to the 

IUPAC classification [278], with inflections between 0.05 – 0.30 and > 0.8 p/p0 indicating 

the condensation of nitrogen in the nanopores and interparticle volumes, respectively 

(Figure 38b).  

 

Figure 38: Characterization of non-modified nanoporous silica nanoparticles by means 
of (a) transmission electron microscopy; (b) nitrogen adsorption-desorption 
measurements: isotherms and pore size distribution according to the NLDFT theory. 

The presence of reactive silanol groups on the surface of NPSNPs allows the reaction 

with different organosilane coupling reagents, given in Figure 39, to obtain NPSNPs with 

versatile surface chemistries, namely NPSNP-propyl-NH2, NPSNP-methyl-NH-hexyl-

NH2, NPSNP-propyl-NH-hexyl-NH2 and NPSNP-propyl-SH. NPSNPs bearing terminal 

sulfonic acid groups (NPSNP-propyl-SO3H) were obtained by the reaction of NPSNP-

propyl-SH with H2O2. Additionally, NPSNP-propyl could be prepared by the reaction of 

NPSNPs with trimethoxy(propyl)silane. However, these nanoparticles were too 

hydrophobic and could not be dispersed in aqueous solution and therefore, were omitted 

from this study.  
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Figure 39: Different organosilanes used for the modification of NPSNPs.  

The successful attachment of organic groups on the surface of NPSNPs after the 

modification described above was confirmed by thermogravimetric analysis (TGA). 

Figure 40 shows the weight loss curves of non-modified and modified NPSNPs. First, 

non-modified NPSNPs reveal a weight loss only of 1 wt. % between 25 °C and 120 °C 

correlating with the removal of solvent molecules, water and ethanol. Further, slight 

weight loss was detected between 120 °C and 600 °C indicating the absence of organic 

residues such as the structure-directing agent CTAB. About 1 wt.% of water was lost due 

to dehydroxylation of silanol groups starting at 600 °C. In comparison, the solvents used 

for synthesis and washing are removed from organosilane-modified NPSNPs samples 

between 25 °C up to 120 °C. Furthermore, TG curves of the organosilane-modified 

samples clearly exhibit the decomposition of grafted organic groups with the mass 

fraction of 13 wt.% to 20 wt.% between 150 °C and 700 °C. In all samples, about 1 wt.% 

of water was lost due to dehydroxylation of silanol groups starting between 600 °C and 

700 °C.  

Based on these results, the amount of the silanol and grafted organic groups on the 

surface of each type of NPSNPs were calculated. The affiliated values, summarized in 

Table 5, are ranging from 0.56 mmol g−1 for the silanol groups of non-modified NPSNPs 

to 0.87 mmol g−1 for the decomposed -propyl-SH groups. It can be also seen that the 

amount of all grafted functional group exceeded the amount of silanol groups pointing to 

a multilayer coverage by organosilanes on the nanoparticle surface. In addition, the 

quantitative amounts of the thiol and sulfonate groups could be assessed using C/S 

analysis (Table 5). The sulphur content of both NPSNP-propyl-SH and -propyl-SO3H was 
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around 3% clearly indicating a successful grafting. In the other samples, no sulphur was 

detected. 

  

Figure 40: Thermogravimetric analysis curves of non-modified and differently modified 

NPSNPs.  
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Table 5: Physicochemical properties of the non-modified and differently modified 
NPSNPs determined by different types of methods.   

Sample 

NPSNP- 

n / 

mmol g−1 

(a) 

cS / 

% 

(b) 

SBET / 

m2 g−1 

(c) 

Vtotal / 

cm3g−1 

(d) 

dPore / 

nm 

 

ζ  / mV 

(e) 

 

r  / 

nm 

(f) 

OH 0.56 - 1100 0.92 3.2 −9.2 ± 0.1 70 ± 5 

propyl-NH2 0.62 - 442 0.45 3.2 27.6 ± 1.3 77 ± 9 

propyl-SH 0.87 3.4 496 0.44 2.6 −15.1± 0.4 2268± 515 

propyl-

SO3H 

0.77 3.1 473 0.45 2.6 −24.4± 0.5 62 ± 29 

methyl-NH-

hexyl-NH2 

0.84 - 373 0.38 2.9 15.3 ± 0.8 110 ± 19 

propyl-NH-

hexyl-NH2 

0.62 - 343 0.37 2.9 29.4 ± 1.0 62 ± 12 

 

(a) Functional groups content calculated from the TGA weight loss curves. (b) Sulphur content 

measured by C/S analysis. (c) Specific surface area determined by BET analysis of the nitrogen 

sorption isotherms (0.05 ≤ p/p0 ≤ 0.30).  (d) Total pore volume calculated via DFT analysis of the 

nitrogen adsorption isotherm (p/p0 ≤ 0.90). (e) Zeta potential in MES buffer at pH 5. (f) 

Hydrodynamic radius in MES buffer at pH 5 measured by DLS.  

 

Figure 41 shows the FTIR spectra of all samples. All spectra exhibit two intensive bands 

at around 1220 cm−1 and 1085 cm−1, corresponding to the asymmetric Si−O−Si covalent 

bond vibrations and indicating the presence of the silica network [280]. Furthermore, the 

band at 800 cm−1 belongs to the symmetric Si−O stretching mode. The Si−OH and 

SiO−H stretching modes of terminal silanol groups on the surface of the silica 

nanoparticles appear at 966 cm−1 and at around 3400 cm−1 [280]. The latter overlaps 

with the strong O−H stretching vibration of water molecules [280]. In addition, the band 

at 1647 cm−1 can be assigned to the deformation mode of the O−H groups of the water 

molecules or of the N−H groups of the modified silica nanoparticles [280]. Furthermore, 

several very weak bands corresponding to the C−H symmetric and asymmetric 

stretching vibrations (2980 - 2850 cm−1) and asymmetric deformation vibrations 

(1490 - 1325 cm−1) of the CH2 groups in the alkyl chains can be observed [281].  
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The FTIR spectra of modified NPSNPs containing amino groups further revealed bands 

at 1560 cm−1 and 1475 cm−1 corresponding to N−H and -NH3
+ deformation modes, 

respectively [282]. The bands at 3340 cm−1 and 3100 cm−1 of the amino groups could 

not be identified due to the overlap with the strong bands of the hydroxyl and silanol 

groups [283].   

The S−H stretching vibration (2500 cm−1) of the thiol group as well as the and S=O 

stretching vibration (1060 -1020 cm−1) of the sulfonic acid group were not observed the 

corresponding FTIR spectra, probably due to the weak band intensity and an overlap 

with other stronger bands, respectively [284, 285]. For a better overview, all 

characteristic IR bands of all samples are given in Table S6 in supporting information 

(SI). 

 

Figure 41: FTIR spectra of the non-modified and differently modified NPSNPs showing 
characteristic IR bands of silica and functional groups.   

Nitrogen physisorption measurements were used to investigate the changes in porosity 

of the obtained modified nanoparticles. There is a strong indication that both the length 

and type of the functional group have an influence on the porosity of the modified 

NPSNPs. The calculated surface areas SBET and the total pore volumes Vtotal of NPSNPs 

revealed the reduction of the porosity by half in case of NPSNPs consisting of the short-

chained functional groups such as -propyl-NH2, -propyl-SH and -propyl-SO3H, and by 

one-third in case of NPSNPs with the long-chained functionalities, namely -methyl-NH-

hexyl-NH2 and -propyl-NH-hexyl-NH2 (Table 5). However, the average pore width dPore 

of the NPSNP-propyl-NH2 remained constant at 3.2 nm, while the pore widths of the 
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NPSNPs bearing -propyl-SH and -propyl-SO3H moieties were calculated to be 2.6 nm. 

In contrast, the average pore widths of the long-chained NPSNPs were slightly larger 

(2.9 nm). The decrease of the pore widths after the modification of NPSNPs with different 

organosilanes points to the lining of the functional groups along the pore walls inside the 

nanopores.  

The surface chemistry of NPSNPs is crucial for their interaction with the growth factors. 

Therefore, pH-dependent zeta potential measurements were used to assess the surface 

properties of non-modified and differently modified NPSNPs (Figure 42). 

 

Figure 42: pH-dependent zeta potential curves of non-modified and differently modified 
NPSNPs showing different electrochemical behaviours.  

 

Figure 42 illustrates three distinguishable electrochemical behaviours: a) modified 

NPSNPs bearing terminal amino groups, which show positive charge above pH 7 due to 

the protonation of -NH2 groups; b) NPSNP-OH and -propyl-SH, which exhibit negative 

charge below pH 2 due to the deprotonation of silanol and thiol groups; c) NPSNP-propyl-

SO3H, which are strongly negatively charged over the entire pH range due to the 

deprotonation of strongly acidic sulfonic acid groups. It is noteworthy that zeta potential 

curves of NPSNPs bearing -methyl-NH-hexyl-NH2 and -propyl-NH-hexyl-NH2 groups are 

parallel to each other and keep a constant distance along the entire pH range. It seems 

that in case of NPSNP-propyl-NH-hexyl-NH2 both amines can be deprotonated resulting 

in the higher zeta potential, while for NPSNP-methyl-NH-hexyl-NH2 only the terminal 

amino groups are deprotonated. Taken together, a silica nanoparticle type with the most 
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suitable surface chemistry can be selected for the loading of growth factors when 

electrostatic interactions are considered.  

 

4.2.3 Characterisation of the aggregation behaviour of BMP-2 

Besides the surface chemistry of the NPSNPs, physicochemical properties of growth 

factors should be understood when designing growth factor delivery systems. For the 

present study, BMP-2 was chosen as the model growth factor with regard to its 

osteoinductive capability. BMP-2 is a homodimeric protein with an approximate 

molecular mass of 26 kDa, large hydrophobic areas and a modelled dimension of 7.0 x 

3.5 x 3.0 nm [219]. For biomedical purposes, high quantities of recombinant human 

BMP-2, rhBMP-2, can be produced using mammalian cells such as Chinese Hamster 

Ovary (CHO) cells [286] or bacteria such as Escherichia coli (E. coli) [222, 287]. While 

the CHO-derived rhBMP-2 dimers are glycosylated, rhBMP-2 dimers expressed in E. coli 

lack this functionality. Based on that, rhBMP-2 from different sources exhibit different 

physicochemical properties. For example, the isoelectric point (pI), which has an 

influence on the solubility and the release kinetics of proteins, was slightly higher for 

CHO-derived rhBMP-2 (pI ≈ 9) than for E. coli-derived rhBMP-2 (pI ≈ 8.5) [221].  

Several studies have analysed the stability, integrity and aggregation of CHO-derived 

rhBMP-2 at different pH values [288, 289]. Luca et al. demonstrated that CHO-derived 

rhBMP-2 dimers formed small aggregates (100 nm) at pH 4.5 and aggregated strongly 

(up to 2 µm) at pH 6.5  that was close to the pI of the rhBMP-2 [288]. However, 

Schwartz et al. showed that the aggregation was reversible when the pH was lowered 

down to 4.5 and 3 again and that dissolved, aggregated and re-dissolved rhBMP-2 did 

not reveal any conformational changes [289]. In addition, he also showed that BMP-2 

aggregates were more stable against denaturation than dissolved BMP-2 dimers when 

stored at 5 °C and 25 °C for 6 months. A recent study compared the biological activities 

of CHO-derived rhBMP-2 purchased from two different providers [290]. The authors 

could show large differences in biological activities between seemingly identical CHO-

derived rhBMP-2 both in vitro and in vivo due to their different aggregation behaviours at 

the same storage conditions and pH. However, less is still known about the behaviour of 

E. coli-derived rhBMP-2. Therefore, E. coli-derived rhBMP-2 from two different sources 

were analysed within the DFG research group FOR 2180, including our group. It was 

observed that the commercially available E. coli-derived rhBMP-2 purchased from 

Peprotech (Hamburg, Germany) was of lower quality according to the results from the 

gel electrophoresis, which showed that the sample mainly contained biologically inactive 

rhBMP-2 monomer instead of the functional dimer (Figure S3, SI). In comparison, E. coli-

derived rhBMP-2 that was produced by our cooperation partners (Institut für Technische 
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Chemie, Leibniz Universität Hannover) within the DFG research group FOR 2180 [224], 

consisted of bioactive rhBMP-2 dimers. In addition, the in-house produced rhBMP-2 

exhibited higher biological activity according to the results from the cell-based BRE-Luc 

assay than the purchased E. coli-derived rhBMP-2 (Figure S3, SI). In general, with 

regard to the routine clinical application of BMP-2 for bone regeneration, the use of 

E. coli-derived rhBMP-2 is more favourable due to its low-cost mass-production 

compared with the more costly production of CHO-derived thBMP-2.   

In this study, the in-house produced rhBMP-2 expressed in E. coli (referred to as “BMP-

2”) was used to investigate its physicochemical properties at different pH. We believe 

that it is favourable to have a stable colloidal dispersion of BMP-2 dimers in order to 

achieve a homogeneous coverage of nanoparticles by BMP-2 dimers and to control the 

BMP-2 loading capacity.    

To investigate the aggregation behaviour, dynamic light scattering (DLS) measurements 

were performed on BMP-2 that was dissolved in different buffers in the pH range of 

between 4 and 11 (Figure 43).  

 

Figure 43: Results derived from DLS measurements of BMP-2 dissolved in different 
buffers at different pH values with a concentration of 25 µg ml−1. Results are shown as 
means ± standard deviation of triple measurements for three representative samples. 

It can be observed that BMP-2 aggregation is highly dependent on the pH. While BMP-

2 dimers of around 10 nm and small aggregates of around 30 nm could be detected at 

pH values lower than 7, large BMP-2 aggregates of 1.5-1.7 µm were present at pH values 

higher than 7. At pH 11, BMP-2 aggregates of the size of 1 µm and 100 nm could be 

detected. The pH-dependent aggregation of BMP-2 is schematically illustrated in Figure 

44. 
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This behaviour is typical for proteins [291] and depends on their pI and the 

hydrophobicity. When the pH of the buffer is significantly lower than the pI, protein 

molecules are positively charged and repel each other through electrostatic repulsion. At 

pH = pI ± 1, the electric charge of protein molecules is compensated, so that they are 

attracted to each other through hydrophobic forces resulting in aggregation and 

precipitation. When pH of the buffer is higher than pI, protein molecules become 

negatively charged and can repel each other again. In general, proteins are amphipathic 

species, which have both hydrophilic (charged) and hydrophobic regions. For 

hydrophobic proteins with a high pI like BMP-2 (pI ≈ 8.5), interactions between the 

hydrophobic regions of the molecules are favoured at physiological pH (7.4) due to the 

charge compensation on the surface of BMP-2. In addition, the aggregation of 

hydrophobic BMP-2 results in the increase of the entropy, which is energetically favoured 

[141, 142]. Therefore, BMP-2 is more prone to fast aggregation at pH near the pI and 

even above it.  

 

Figure 44: Schematic illustration of the pH-dependent aggregation of BMP-2 dimers 
showing interactions between them. The illustration of the surface potential of a BMP-2 
dimer was adapted from [219].    
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45a). It can be seen that the mean size of BMP-2 aggregates is strongly dependent on 

the BMP-2 concentration. In fact, the lower the BMP-2 concentrations, the smaller the 

BMP-2 aggregate size. Thus, the BMP-2 solution at the concentration of 66 µg ml−1 

contained mostly aggregates with the mean size of 35 ± 16 nm. When the BMP-2 

concentration was reduced by half to 33 µg ml−1, the mean size of BMP-2 aggregates 

dropped to 25 ± 11 nm. At the lowest concentration of about 16 µg ml−1, the minimal 

concentration needed for DLS measurements, mostly BMP-2 dimers with the means size 

of 10 ± 2 nm were detected. In addition, zeta potential measurements were performed 

with BMP-2 dissolved in MES buffer at a concentration of 130 µg ml−1, minimal for zeta 

potential measurements, showing highly positively charged BMP-2 species with the 

measured zeta potential of 42.8 ± 4.7 mV (Figure 45b). These results demonstrate 

successful stabilisation of individually solubilised BMP-2 dimers by simply exploiting 

electrostatic repulsion. Therefore, we suggest that in order to achieve homogeneous 

adsorption of BMP-2 on the surface of NPSNPs, BMP-2 should be dissolved in a buffer 

with maximal pH 5 and at low concentrations.  

The results derived from DLS and zeta potential measurements represent an initial step 

towards the understanding of the physicochemical properties of E. coli-derived rhBMP-2.  

 

Figure 45: (a) Size distribution of BMP-2 at different concentrations and (b) zeta potential 
of BMP-2 molecules in MES buffer at pH 5 at the concentration of 130 µg ml−1. Results 
are shown as means ± standard deviation of triple measurements for one representative 
sample.  
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As the solution of BMP-2 in MES buffer at pH 5 provided favourable properties, zeta 

potential and DLS measurements were performed with all nanoparticle types also in MES 

buffer at pH 5, providing corresponding zeta potentials, apparent particle sizes and 

possible aggregation phenomena (Table 5). As expected, NPSNPs bearing terminal -
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NH2 groups showed positively charged surfaces. The particles sizes of all particle types, 

except NPSNP-propyl-SH, were in the range of between 60 nm and 110 nm, evidencing 

colloidally stable dispersions in MES buffer at pH 5. Only NPSNP-propyl-SH formed large 

aggregates in the range of between 2 µm and 3 µm. This could be due to the strong van 

der Waals interactions between the thiol groups.   

After the assessment of the physicochemical properties of both NPSNPs, as the carrier 

material of choice, and the growth factor BMP-2, as its cargo, the possible growth factor-

NPSNP interactions are discussed. Depending on the modification of the NPSNPs, 

BMP-2 could bind on their surface via electrostatic, hydrophobic and hydrogen bonding 

interactions or a combination of those (Figure 46). Both non-modified and differently 

modified NPSNPs could interact with growth factors through hydrogen bonds formed by 

hydroxyl and amino groups. Possibly, this way of interaction may not be favourable for 

the adsorption of BMP-2 due to the hydrophobic nature of large regions on the surface 

of BMP-2 dimers (see section 2.4.2 for more details). Instead, hydrophobic regions of 

BMP-2 molecules could interact with hydrophobic propyl and hexyl chains on the surface 

of NPSNPs. In addition, electrostatic interactions could play a role: positively charged 

BMP-2 might be attracted to NPSNPs bearing negatively charged -OH, -SH or -SO3H 

groups. In contrast, positively charged ammonium functionalities should be repellent to 

the equally charged BMP-2. In general, the non-covalent attachment of growth factors 

on biomaterial surfaces is a complicated process, which has not been fully understood 

yet (section 2.1.6). Therefore, adsorption mechanisms of growth factor BMP-2 on the 

surface of NPSNPs exhibiting versatile surface chemistries were assessed in this study.  
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Figure 46: Schematic representation of possible interactions between the functional 
groups on the surface of NPSNPs and BMP-2. 

 

4.2.5 Quantification of BMP-2 adsorbed on the surface of NPSNPs 

To investigate the adsorption mechanisms of BMP-2 on the surface of non-modified and 

differently modified NPSNPs, a study of protein adsorption was conducted by soaking 5 

mg of NPSNPs in the BMP-2 solution (5 µg ml−1 in 1 ml MES buffer at pH 5). The 

adsorbed BMP-2 amounts on the surface of each nanoparticles type was quantified by 

two different methods: by means of an antibody-based enzyme-linked immunosorbent 

assay (ELISA) and a cell-based assay based on the BMP-responsive element with 

luciferase transporter gene (BRE-Luc) (Figure 47). In case of ELISA, BMP-2 amounts in 

the supernatants were determined and subsequently subtracted from the initial BMP-2 

amount resulting in an indirect quantification of adsorbed BMP-2. In contrast, adsorbed 

BMP-2 was quantified directly by a BRE-Luc assay by adding the BMP-2-loaded 

NPSNPs to the cells.   

According to the results derived from ELISA measurements, non-modified NPSNPs 

adsorbed the least amount of BMP-2, namely around 37 ng mg−1. This could be due to 

the weak interactions via hydrogen bonds between the silanol groups of the silica 

nanoparticles and BMP-2. Interestingly, all modified NPSNPs showed much higher 
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adsorbed amounts of BMP-2 in the range of between 700 ng mg−1 to 1100 ng mg−1 

(Figure 47, left).  

 

Figure 47: Quantification of BMP-2 that was adsorbed on the surface of non-modified 
and differently modified NPSNPs: indirect and direct by means of  ELISA (left) and BRE-
Luc assay (right), respectively. The data represent the mean ± standard deviation (n=3). 

The ELISA results for NPSNP-OH and NPSNP-propyl-NH2 are in line with our previous 

findings, demonstrating higher loading capacities of BMP-2 on the surface of silica 

surfaces equipped with the aminopropylsilyl functionalities [33, 105]. We proposed that 

on the one hand, propyl chains on the surface of modified silica interact with BMP-2 via 

hydrophobic interactions. On the other hand, positively charged amine groups could be 

electrostatically attracted to the negatively charged or polarized regions of BMP-2 

dimers. The latter hypothesis will become clearer by looking at the crystal structure of 

the BMP-2 dimer reported by Scheufler et al. [219], presented earlier in section 2.4.2, in 

Figure 11. In his work, he described BMP-2 dimers exhibiting negatively charged regions 

on the fingertips and in the middle of the concave side of a BMP-2 dimer. This so-called 

cavity II was suggested to be the binding site for one of two BMP-2 receptors. Therefore, 

it is probable that positively charged ammonium groups of NPSNP-propyl-NH2, as well 

as of NPSNP-methyl-NH-hexyl-NH2 and -propyl-NH-hexyl-NH2 tethered on the NPSNPs 

surface, interact with the negatively charged cavity II of the BMP-2 dimer, resulting in the 

electrostatic attraction. In addition, a positively charged cavity I on the convex side of a 

BMP-2 dimer was identified as a heparin binding site [219]. Heparin is a naturally 

occurring glycosaminoglycan, which consists of repeating disaccharide units bearing 

negatively charged sulphate groups and exhibits very high affinity to BMP-2 [292, 293]. 

It seems that similar to heparin, NPSNP-propyl-SO3H from this study have adsorbed 

BMP-2 molecules by interacting with their positively charged cavity I region. The 

attraction can then be additionally strengthened by the hydrophobic interaction between 

the propyl chains of the NPSNPs and the hydrophobic areas on the surface of BMP-2. It 

can be hypothesized that a similar binding mechanism of BMP-2 is responsible for the 

high BMP-2 loading on the surface of negatively charged NPSNP-propyl-SH.  
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As such, the results derived from ELISA measurements offer compelling evidence for 

the binding mechanisms of BMP-2 on the surface of modified NPSNPs through 

hydrophobic interactions and electrostatic attraction, regardless of the charge of the 

functional groups, while hydrogen bonding interactions seemed to play only a minor role 

in BMP-2 adsorption (Figure 48).  

 

 

Figure 48: Schematic illustration of BMP-2 adsorption on the surface of hydrophobic 
NPSNPs bearing either positive or negative charge. The illustration of the surface 
potential of a BMP-2 dimer was adapted from [219].   

The results derived from the BRE-Luc assay, probing the biological activity of the BMP-

2, provide generally similar findings (Figure 47, right). In this case, the least BMP-2 

amount was also detected on the surface of non-modified NPSNPs (around 2.5 ng mg−1), 

whereas the highest BMP-2 amount was measured on the surface of NPSNP-propyl-SH 

(221 ng mg−1), closely followed by NPSNP-methyl-NH-hexyl-NH2 (169 ng mg−1) and 

NPSNP-propyl-NH-hexyl-NH2 (136 ng mg−1). Among NPSNPs bearing terminal amino 

groups, NPSNP-propyl-NH2 adsorbed the least BMP-2, namely around 86 ng mg−1. 

Unfortunately, no biologically active BMP-2 could be quantified on the surface of NPSNP-

propyl-SO3H by the BRE-Luc assay. On the one hand, BMP-2 might have been bound 

too strongly on the surface of NPSNPs, became biologically inactive and could not be 

detected by the cell receptors. On the other hand, NPSNP-propyl-SO3H could have 

slowed down the metabolism of the BRE-Luc cells, so that the BMP-2 signal could not 

be transmitted to the cells. This issue will be discussed later in section 4.4.1.    

The results derived from the BRE-Luc assay provide additional support for the previous 

hypothesis that more BMP-2 is bound on the surface of NPSNPs bearing hydrophobic 
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functionalities. In addition, it can be seen that more BMP-2 could be bound on the surface 

of NPSNPs bearing hydrophobic propyl chain with negatively charged thiol groups.  

It is interesting to note that the values of BMP-2 amounts quantified by BRE-Luc assay 

are much lower than those quantified by ELISA. There are several possible explanations 

for this outcome. First, while BRE-Luc assay identifies only biologically active BMP-2 

dimers, ELISA detects immunologically active species, including both biologically active, 

as well as partially denatured BMP-2, which still exhibits the recognition epitope. Second, 

as BMP-2-loaded NPSNPs were added directly to the cells for the BRE-Luc assay and 

the experiment was carried out for 24 h, probably not all BMP-2 could be released from 

the NPSNPs during this time and detected by the cells, resulting in lower quantified BMP-

2 amounts. In contrast, BMP-2 detected by ELISA is dissolved in MES buffer and can be 

quantified entirely. Further, cell viability and metabolic activity of the cells used for the 

BRE-Luc assay could vary due to the exposure to differently modified NPSNPs, so that 

the nature of the particles influences the outcome of the test. This issue will be discussed 

later in detail in the chapter 4.4.   

 

4.2.6 Effect of the surface chemistry of NPSNPs on BMP-2 binding and 

particle aggregation  

To further prove the successful loading of BMP-2 on the surface of NPSNPs, the 

changes of particle sizes and surface charges before and after loading of different 

amounts of BMP-2 were examined by zeta potential and DLS measurements in MES 

buffer (Figure 49). Here, the concentration of the NPSNPs was fixed at 50 µg ml−1, while 

the offered BMP-2 concentrations were increased from 0.05 µg ml−1 to 2.5 µg ml−1. The 

studies for BMP-2 adsorption described previously were carried out at the BMP-2 

concentration of 0.05 µg ml−1.   

The zeta potential of BMP-2-loaded NPSNPs bearing negatively charged groups in MES 

buffer, namely NPSNP-OH, -propyl-SH and -propyl-SO3H (Table 5), shifted from 

negative to positive with increasing BMP-2 concentrations (Figure 49a, b and c, left). 

This was anticipated for NPSNP-propyl-SH and -propyl-SO3H, because of their high 

loading capacity determined before by ELISA, but was surprising for NPSNP-OH due to 

their poor BMP-2 adsorption properties.  

The reason for that is still not entirely clear, but could be explained by the rather low 

initial zeta potential of NPSNP-OH (around −9 mV) and relatively high zeta potential of 

BMP-2 in MES (around +43 mV). When BMP-2 is being adsorbed on the surface of these 

NPSNPs, small amounts of highly positive BMP-2 could probably compensate for the 

small negative surface charge of NPSNP-OH resulting in the zeta potential increase.  



Results and discussionnnnnnnnnnn                                                                                                     93                                                                                                                

 

 

 

Figure 49: Zeta potentials (left column) and corresponding particle sizes (right column) 
of non-modified and differently modified NPSNPs as measured in MES buffer at pH 5 
before and after loading of BMP-2, with various concentrations of the protein in the 
incubation solution. Results are shown as means ± standard deviation of triple 
measurements for one representative sample. 

The particle sizes of NPSNP-OH and -propyl-SO3H measured by DLS increased with 

increasing BMP-2 concentrations, correlating well with the respective zeta potential 
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between +20 mV and −20 mV are considered colloidally unstable and tend to aggregate. 

Therefore, the increase of the particle size can be attributed to the aggregation of BMP-

2-loaded NPSNPs, which becomes more pronounced at higher BMP-2 concentrations.  

By contrast, NPSNP-propyl-SH revealed large aggregates even before BMP-2 loading. 

This can be due to the attraction of hydrophobic propyl groups on the surface of the 

NPSNPs, the low zeta potential of around −15 mV and van der Waals interactions 

between thiol groups. With increasing BMP-2 concentration, the particle sizes varied 

between 2 µm and 4 µm (Figure 49b, right).  

Only positive zeta potential values were observed for the three NPSNPs bearing 

positively charged terminal amine groups, regardless of the offered BMP-2 amounts for 

loading, since BMP-2 dimers were also positively charged (Figure 49d, e and f, left). 

According to DLS measurements, the particle sizes of the NPSNPs with propyl-NH2 and 

propyl-NH-hexyl-NH2 groups were slightly below or above 100 nm at all BMP-2 

concentrations (Figure 49d and f, right). These results can be associated with the 

relatively high zeta potential values of above +25 mV, indicating the presence of stable 

colloidal dispersions. In contrast, the particle sizes of NPSNPs containing methyl-NH-

hexyl-NH2 functionalities increased with increasing BMP-2 concentration from 100 nm 

up to 800 nm, but then dropped to 200 nm at the highest BMP-2 concentration (Figure 

49e, right). The zeta potential values of this particles were below +20 mV at every BMP-2 

concentration, indicating an incipient instability of the particle dispersions.  

Overall, it was demonstrated that zeta potential measurements offered an additional 

method to prove a successful loading of positively charged BMP-2 on the surface of 

negatively charged NPSNPs, in particular of NPSNP-OH, -propyl-SH and -propyl-SO3H. 

However, this method was not suitable to observe BMP-2 adsorption on positively 

charged NPSNPs bearing terminal amino groups. In addition, DLS measurements of 

NPSNPs with all negatively charged and with positively charged methyl-NH-hexyl-NH2 

functional groups demonstrated the tendency for particle aggregation especially at high 

BMP-2 concentrations. However, when high BMP-2 amounts are needed to be 

adsorbed, NPSNPs with propyl-NH2 and propyl-NH-hexyl-NH2 groups would be suitable 

candidates due to the formation of colloidally stable nanoparticle dispersions at low and 

high BMP-2 concentrations. 
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4.2.7 Release kinetics of BMP-2  

To learn about the release behaviour of BMP-2 from the different types of nanoparticles, 

release experiments were carried out with all previously BMP-2-loaded NPSNPs 

possessing different surface functionalities. Preliminary release experiments were 

performed at physiological conditions, pH 7.4 and 37 °C. However, very low amounts of 

released BMP-2 could be detected via ELISA due to the precipitation of BMP-2 under 

these conditions (Figure S4, SI). Therefore, MES buffer at pH 5 was chosen as the 

release medium to study the BMP-2 release behaviour due to the good colloidal stability 

of BMP-2 shown before. The amount of the released BMP-2 was measured at scheduled 

time points and quantified directly by means of ELISA.  

According to the ELISA results, different released BMP-2 amounts were determined in 

MES buffer at pH 5 (Figure 50). While very small amounts of BMP-2 (up to 0.5 ng mg−1) 

were released from NPSNPs bearing -propyl-SH, -propyl-SO3H and -methyl-NH-hexyl-

NH2 functionalities, considerably higher BMP-2 amounts were released from NPSNPs 

bearing -propyl-NH2 (75 ng mg−1) and -propyl-NH-hexyl-NH2 (35 ng mg−1) moieties after 

a period of two weeks. The BMP-2 amount set free from the NPSNP-OH was around 6 

ng mg−1. The release kinetics of NPSNP-OH and NPSNP-propyl-NH2 were similar 

showing a sustained release up to one week followed by no or slow release. The BMP-

2 release rates up to one week could be determined by means of the linear regression 

to 0.9 ng mg−1 per day and 10.0 ng mg−1 per day for NPSNP-OH and NPSNP-propyl-

NH2, respectively (Figure S5, SI). In the second week, the release rates were 

0.0 ng mg−1 per day and 1.0 ng mg−1 per day for NPSNP-OH and NPSNP-propyl-NH2, 

respectively. In contrast, NPSNP-propyl-NH-hexyl-NH2 revealed a sustained release of 

BMP-2 for the entire release period of two weeks with the BMP-2 release rate of around 

2.7 ng mg−1 per day (Figure S5, SI).  

The differences in released BMP-2 amounts and release kinetics could be explained by 

three main reasons. These are i) the binding strength between BMP-2 and distinct 

functional groups on the surface of NPSNPs, ii) colloidal stability of NPSNPs and iii) 

conformational changes of adsorbed BMP-2.  
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Figure 50: Release of BMP-2 from the surface of non-modified and differently modified 
NPSNPs in MES buffer at pH 5 and 37 °C as measured by ELISA. The data represent 
the mean ± standard deviation (n=3).
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It can be hypothesized that the weak hydrogen bonding interactions between BMP-2 and 

silanol and amine groups on the surface of NPSNP-OH and NPSNP-NH2 were probably 

responsible for the fast BMP-2 release within one week. Since more BMP-2 was 

adsorbed on the surface of NPSNP-propyl-NH2 than on NPSNP-OH, 10 times more 

BMP-2 was released during the period of 2 weeks. In contrast, the very small amounts 

of BMP-2 released from NPSNP-propyl-SH, -SO3H and -methyl-NH-hexyl-NH2 may be 

attributed to the strong electrostatic or/and hydrophobic interactions between BMP-2 and 

the functional groups on the surface. In these cases, BMP-2 appears to be bound too 

strongly and therefore could be retained on the surface of the NPSNPs. In addition, it is 

also possible that BMP-2 underwent conformational changes due to the strong 

interactions and could not be recognized by the antibody used for BMP-2 quantification 

in an ELISA. For example, the thiol groups could have interacted with the cystine knots 

of BMP-2 dimers; this could have led to irreversible conformational changes of BMP-2. 

As a result, only small amounts of BMP-2 were detected by ELISA. Interestingly, only 

NPSNP-propyl-NH-hexyl-NH2 revealed a sustained release of BMP-2 for the period of 

two weeks. Here, a beneficial synergistic effect of electrostatic repulsion of positively 

charged amine groups and BMP-2 molecules and hydrophobic interactions between 

hexyl chains and BMP-2 might have been responsible for the controlled BMP-2 release. 

Further investigations would be needed to determine exactly how different functional 

groups on the surface of NPSNPs affect the binding and the release kinetics of BMP-2. 

For example, computational approaches could provide further information into protein 

adsorption-desorption mechanisms at the molecular scale [145]. The adsorption-

desorption mechanisms of one or several protein molecules on the surface of NPSNPs 

could be simulated with different degrees of exactness by different computational 

approaches. However, very large, detailed and precise simulations will result in the 

increase of the computational costs.    

Further, we compare the DLS results shown in Figure 49 for the BMP-2 concentration of 

0.05 µg ml−1 with the release profiles presented in Figure 50. The particle types that 

formed stable colloidal dispersions, namely NPSNP-propyl-NH2 and NPSNP-propyl-NH-

hexyl-NH2, showed a significant release of BMP-2 according to the ELISA results (Figure 

50). The released amount of BMP-2 decreased upon increasing aggregation of the 

nanoparticles, e.g. in case of the NPSNP-OH. The reason for that is probably the 

encapsulation of BMP-2 in the interparticle space which allowed for the reasonably fast 

detachment of BMP-2 only from the outer surface of the particle aggregates but 

hampered the release of the BMP-2 from the inside of such aggregates. This might be 

understood as a series of adsorption equilibria, where BMP-2 molecules which detach 

from occluded particle surfaces becomes re-adsorbed on adsorption sites on the 
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particles located nearer to the outer part of the aggregates. However, also the NPSNPs 

bearing -propyl-SO3H and -methyl-NH-hexyl-NH2 groups released only very small 

amounts of BMP-2 in spite of only slight aggregation at the lowest BMP-2 concentration 

of 0.05 µg ml−1. As mentioned before, this could be attributed to the strong binding of the 

BMP-2 via electrostatic interactions with the sulfonic acid groups and hydrophobic 

interactions with -methyl-NH-hexyl-NH2 groups. Furthermore, the inhibition of BMP-2 

release from NPSNP-propyl-SH could have been caused by the entrapment of BMP-2 

by particle aggregation or conformational changes of BMP-2, as discussed above.   

As far as we know, it is the first time that the release of BMP-2 from NPSNPs can be 

controlled by tuning the nanoparticle surface with functionalities having different 

properties. In which manner BMP-2 should be released from a delivery system to result 

in successful bone healing is still a matter of debate. A generally accepted concept, in 

which a high initial release of BMP-2 should be followed by a sustained release of low 

doses of BMP-2 to induce bone regeneration, was proposed by several studies [294-

296]. In contrast, more recent investigations show that a controlled release of low doses 

of BMP-2 without proceeding fast release could successfully promote new bone 

formation as well  [297, 298]. In addition, some studies found out that the BMP-2 is not 

only active when being released, but also when it is retained at the scaffold [26], however, 

this issue remains under debate. Not only the release kinetics but also the released 

BMP-2 amounts are crucial for successful application of BMP-2-loaded NPSNPs. 

According to the literature [299], the minimal BMP-2 concentration needed to induce 

osteogenic differentiation of bone marrow-derived mesenchymal stem cells (BM-MSCs) 

is about 100 ng ml−1. This was supported by the previously conducted study in our group 

[33]. Here, osteogenic differentiation of adipose tissue-derived MSCs was successfully 

promoted by using aminopropylsilyl-modified, BMP-2-loaded NPSNPs with a total BMP-

2 concentration of about 110 ng ml−1 presented to the cells. In this work, the ability to 

induce the osteogenic differentiation of BM-MSCs was tested for BMP-2-loaded 

NPSNPs bearing -propyl-NH-hexyl-NH2 functionalities with the total BMP-2 

concentration of about 200 ng ml−1 and will be presented and discussed in the next 

chapter 4.3.   

Apart from the fact that the reasons for the different release behaviours observed for 

differently modified NPSNPs cannot be fully clarified yet and need further investigations, 

we can conclude that we have been able to engineer different types of nanoporous silica 

nanoparticles featuring different release behaviours: fast initial, sustained and slow 

release (retention) of BMP-2. These can be used alone or in combination for bone tissue 

engineering. For this purpose, the BMP-2-loaded NPSNPs with the desired BMP-2 

release kinetics can be integrated into an appropriate scaffold, e.g. collagen or poly(ε-
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caprolactone) (PCL) scaffolds (see chapter 4.5), to provide osteoinductive properties to 

the scaffold materials.  

 

4.3 Effect of BMP-2-loaded NPSNPs on early targeted gene 

induction in bone marrow-derived mesenchymal stem cells 

(BM-MSCs) 

Primary bone marrow-derived mesenchymal stem cells (BM-MSCs) are promising 

candidates for tissue engineering [174]. They can differentiate into lineages of different 

tissues such as bone, cartilage, tendon, fat and muscle [172]. Bone morphogenetic 

protein 2 (BMP-2) has been shown to promote osteogenic differentiation of BM-MSCs in 

vitro and in vivo [210, 235, 300-302]. BMP-2-induced gene expression of various specific 

markers is one of the tools used to monitor the commitment and differentiation progress 

of BM-MSCs towards the osteogenic lineage [234]. Among these markers, the inhibitor 

of differentiation (Id) genes have been proposed to play a role in the control of 

mammalian cell growth, differentiation and tumorigenesis. The BMP-2-induced increase 

of Id gene expression may work as a molecular switch for osteoblastic differentiation by 

encoding certain negative transcription factors, which functionally block the 

differentiation of BM-MSCs into other cell lineages [303, 304].  

In the present study, BM-MSCs were treated with either dissolved BMP-2 (200 ng) or 

BMP-2 that was adsorbed on the surface of NPSNPs bearing propyl-NH-hexyl-NH2 

groups (200 ng of BMP-2 adsorbed on the surface of 250 µg NPSNPs) for 2 h and 24 h. 

The NPSNP-propyl-NH-hexyl-NH2 were chosen due to the sustained BMP-2 release 

behaviour (Figure 50), which was deemed favourable. The expression of two typical 

immediate responsive genes for osteogenesis, Id1 and Id3, was analysed using 

quantitative real-time polymerase chain reaction (qRT-PCR) (Figure 51). The 

measurements were performed by LAURA BURMEISTER from the Klinik für Orthopädie im 

Annastift, Medizinische Hochschule Hannover, Germany. 

The present study focused on the early responses of BM-MSCs associated with the 

duration and the way of BMP-2 treatment. Non-treated and NPSNP-treated BM-MSCs 

cultures displayed only a slight increase of Id1 and Id3 gene expressions after 2 h and a 

slight decrease of the gene expression after 24 h of cultivation compared with the control. 

In contrast, the exposure with BMP-2 induced a higher increase of Id1 and Id3 

expression, which was dependent on both the duration of exposure and the way BMP-2 

was administered to the cells. Thus, after the exposure for 2 h slightly higher gene 

expression was caused by 200 ng of BMP-2 adsorbed on the surface of 250 µg NPSNPs 

than by the same amount of dissolved BMP-2 for both Id1 and Id3. However, after BMP-2 
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treatment for 24 h similar levels of Id1 and Id3 gene expression were observed for 

adsorbed and dissolved BMP-2.  

 

 

Figure 51: Expression of typical early genes for osteogenesis, Id1 and Id3, as measured 
by qRT-PCR upon BMP-2 treatment for 2 h and 24 h. Fold differences for each gene 
were calculated using a normalized CT value for the housekeeping gene, Rps29, 
according to the manufacturer’s instructions. The data represent the mean ± standard 
(triplicates of one independent experiment).  

Previous studies have shown that a continuous BMP-2 exposure for at least 14 days is 

needed for maximal effect on mineralization of BM-MSCs [235, 302]. In addition, 

Neumann and Christel et al. reported a successful osteogenic differentiation of hASCs 
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upon the exposure with BMP-2-loaded NPSNPs (aminopropylsilyl modification) for up to 

21 days [33].  Therefore, the duration of the BMP-2 exposure of 2 h and 24 h in this study 

was probably not sufficient to achieve mineral deposition on BM-MSCs. However, based 

on the results showing upregulated expression of Id1 and Id3, it was demonstrated that 

short exposure times could already induce the commitment of BM-MSCs towards the 

osteogenic lineage. In addition, we found that the effect of BMP-2 adsorbed on the 

surface of NPSNPs on gene expression was slightly stronger than that of the dissolved 

BMP-2 after 2 h of exposure. We hypothesize that the physicochemical properties of 

BMP-2 and NPSNPs may be responsible for this outcome (Figure 52). It is known that 

BMP-2 tends to aggregate under physiological conditions. Therefore, when dissolved 

BMP-2 is added to the cell, rapid BMP-2 aggregate formation takes place. Thus, only 

BMP-2 molecules at the outer aggregate surface can be detected by the cells. In 

contrast, NPSNPs bearing propyl-NH-hexyl-NH2 groups, used here, showed relatively 

high colloidal stability owing to the high zeta potential at physiological pH and were 

equally distributed over the cells (see Figure 42). Consequently, more BMP-2 could 

interact with the cell receptors resulting in higher levels of gene expression after 2 h. 

However, similar levels of gene expressions for dissolved and adsorbed BMP-2 were 

detected after 24 h probably due to the similar diffusion rates of BMP-2 from the 

aggregates and NPSNPs. 

 

 

Figure 52: Availability of adsorbed BMP-2 on the surface of a NPSNP versus aggregated 
BMP-2.   

In addition, higher levels of Id1 genes were expressed in comparison to Id3 after 2 and 

24 h regardless of the way of BMP-2 administration. This fact is known from the literature 
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for BMP-9-induced expression of Id1 and 3, however, the reasons for that are unclear to 

this point [209, 236]. 

In conclusion, we could show that BMP-2 that was adsorbed on the surface of NPSNPs 

was slightly more effective in upregulating the expression of the early targeted Id1 and 

Id3 genes, which are typical for the osteogenic differentiation of BM-MSCs, than 

dissolved BMP-2. Although this is the result of only a single experiment, the findings 

suggest that the adsorption of BMP-2 on NPSNPs did not affect its biological functionality 

to promote osteogenesis of BM-MSCs. This study was the first step towards enhancing 

our understanding of how non-covalently adsorbed BMP-2 promotes osteogenic 

differentiation in MSCs. Future work will explore the synergistic effect of BMP-2 and 

dexamethasone on BM-MSCs. Further experiments with BMP-2 on dental pulp stem 

cells are planned to study the BMP-2-mediated odontogenesis.  

 

 

4.4 Cytotoxicity investigations of non-modified and differently 

modified NPSNPs  

4.4.1 Murine C2C12 BRE-Luc cells  

The C2C12 cells belong to an immortalised mouse myoblast cell line and are often used 

to study the osteogenic differentiation upon the exposure to various BMPs. In this study, 

the murine cell line C2C12 BRE-Luc (BMP-Responsive-Element-Luciferase)-pGL3 was 

used to quantify BMP-2 on the surface of non-modified and differently modified NPSNPs 

by the so-called BRE-Luc assay (section 4.2.5). Therefore, the cytotoxicity of these 

NPSNPs towards the C2C12 BRE-Luc cells was examined. For that, a modified MTT (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was used [305]. In this 

test, viable cells with active metabolism convert yellow water-soluble MTT into purple 

coloured insoluble formazan with an absorbance maximum of 570 nm. The absorbance 

is detected by the UV-Vis spectrophotometry. All measurements and light microscopic 

images were performed and taken by LAURA BURMEISTER from the Klinik für Orthopädie 

im Annastift, Medizinische Hochschule Hannover, Germany. 

MTT assay results of the C2C12 BRE-Luc cells exposed to varying concentrations of 

non-modified and differently modified NPSNPs for 24 h (1 day) are shown in Figure 53.  
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Figure 53: Relative metabolic cell activity or viability of C2C12 BRE-Luc cells determined 
by the MTT assay (n=3), in the presence of varying concentrations of different types of 
NPSNPs after 24 h (1 day). The relative metabolic activity/viability of the cells in absence 
of NPSNPs was used as a control and set as 100%.  

According to the ISO 10993:5-2009, the reduction of cell viability by more than 30% is 

considered a cytotoxic effect [306]. While the relative cell viability of the tested cells was 

only slightly affected by the presence of non-modified NPSNPs (NPSNP-OH) being 

above or slightly below 70% of the control for all concentrations, the relative cell viability 

decreased more strongly by contact with modified NPSNPs. Thus, the strongest 

reduction of the cell viability (less than 60%) was caused by NPSNP-propyl-SO3H for all 

concentrations. Exposure to NPSNPs bearing terminal amine groups caused the 

decrease of the cell viability to less than 55% when concentration exceeded 100 µg ml−1. 

Finally, NPSNP-propyl-SH were the least cytotoxic among all modified NPSNPs causing 

a reduction of the cell viability to around 55% above the concentration of 250 µg ml−1. 

Taken together, all types of modified NPSNPs were slightly cytotoxic to the C2C12 BRE-

Luc cells after 24 h of exposure at concentrations higher than 100 − 250 µg ml−1. 

Ideally, the amount of reduced MTT is proportional to the number of metabolic active 

viable cells and thus, to the cell viability. However, when the growth of viable cells 

becomes inhibited, e.g. when exposed to nanoparticles, metabolism of the cells may 

slow down resulting in a reduced metabolic activity of the cells [307]. Furthermore, 

stressed cells could also show an increased metabolic activity. Other factors such as 
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altered pH of the cell culture medium or removal of essential nutrients can additionally 

change the metabolic activity of the cells. In these cases, the cell viability results 

measured by the MTT assay are not directly proportional to the real number of viable 

cells, but to their metabolic activity. In particular, in case of NPSNPs, it was hard to 

distinguish between the reduction of the cell viability and the metabolic activity of viable 

cells.   

To shed more light on this issue, light microscopy images of the C2C12 BRE-Luc cells 

upon exposure to varying concentrations of different types of NPSNPs for 24 h were 

taken to assess cell morphology (Figure 54). It can be seen that cell growth was inhibited 

for nearly all types of NPSNPs, especially at higher concentrations, due to the presence 

of nanoparticle aggregates covering the surface of the cells. As reported previously by 

Wittmaack, the supply of oxygen and nutrients to the cells, as well as the removal of the 

cell wastes, could have been inhibited by nanoparticle coverage causing cytotoxic effects 

[90]. Interestingly, NPSNP-propyl-SO3H showed a different aggregation behaviour in the 

cell medium unlike all other types of NPSNPs. At high concentrations of 500 µg ml−1 and 

1000 µg ml−1, NPSNPs formed small nanoparticle aggregates and were equally 

distributed over the cells. We believe that the cell coverage together with the toxicity of 

the negatively charged sulfonic acid groups amplified the decrease of the relative 

metabolic cell activity/viability detected by the MTT assay.  
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Figure 54: Light microscopy images of C2C12 BRE-Luc cells exposed to varying 
concentrations of different types of NPSNPs for 24 h (1 day). At the images, cell 
morphology and aggregation behaviours of NPSNPs in cell medium can be observed.   

To verify whether NPSNPs showed chronic toxicity, MTT assays were performed after 3 

days upon exposure of the C2C12 BRE-Luc cells to varying concentrations of different 

types of NPSNPs (Figure 55). The relative cell viability of the cells exposed to NPSNP-

propyl-NH2, -propyl-SH and -methyl-NH-hexyl-NH2 for 3 days passed or reached towards 

70% of the control, indicating a quick recovery of the cells from the initial cytotoxicity. 

The corresponding light microscopy images of the cells revealed confluent cell layers 

and thus, a successful cell proliferation (Figure 56). In contrast, NPSNP-propyl-SO3H 

and NPSNP-propyl-NH-hexyl-NH2 showed a persistent cytotoxicity at higher 
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concentrations (250-1000 µg ml−1) after the exposure for 3 days (Figure 55). The 

corresponding light microscopy images showed no confluent cell layer at higher NPSNPs 

concentrations confirming reduced cell viability (Figure 56). According to the results of 

pH-dependent zeta potential measurements (Figure 42), these two types of NPSNPs 

revealed high colloidal stability at physiological pH. Thus, it seems that the cytotoxic 

effect of these NPSNPs is intensified by the presence of highly concentrated and 

colloidally stable NPSNPs, which were equally distributed over the cells and probably 

inhibited the cell proliferation, as already described above.    

 

Figure 55: Relative metabolic cell activity or viability of C2C12 BRE-Luc cells determined 
by the MTT assay (n=3), in the presence of varying concentrations of different types of 
NPSNPs after 72 h (3 days). The relative metabolic activity/viability of the cells in 
absence of NPSNPs was used as a control and set as 100%. 
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Figure 56: Light microscopy images of C2C12 BRE-Luc cells exposed to varying 
concentrations of different types of NPSNPs for 72 h (3 days). Confluent cell layer 
indicates quick recovery from the initial cytotoxicity.  

 

Finally, relative cell viability results were derived from the MTT assays performed after 7 

days of the exposure of the C2C12 BRE-Luc cells to varying concentrations of different 

types of NPSNPs (Figure 57). Besides a slight cytotoxic effect of the NPSNP-propyl-

SO3H and NPSNP-propyl-NH-hexyl-NH2 at high concentrations, high relative metabolic 

cell activity/viability values above 70% of the control can be observed for all types of 

NPSNPs. The corresponding light microscopic images provided similar information 

compared to images after 3 days of exposure and therefore, are not shown here. In 
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conclusion, the results demonstrate a recovery of the C2C12 BRE-Luc cells from the 

initial cytotoxicity caused by differently modified NPSNPs within 7 days of cultivation.  

 

Figure 57: Relative metabolic cell activity or viability of C2C12 BRE-Luc cells determined 
by the MTT assay (n=3), in the presence of varying concentrations of different types of 
NPSNPs after 168 h (7 days). The relative metabolic activity/viability of the cells in 
absence of NPSNPs was used as a control and set as 100%. 

In general, amorphous and porous silica nanoparticles are considered to exhibit low 

cytotoxicity in vitro [39]. This is in good agreement with our findings showing a low 

cytotoxic effect of non-modified NPSNPs on C2C12 BRE-Luc cells. However, the surface 

modification of NPSNPs is needed to change their physicochemical properties according 

to the desired biomedical application. In this study, the surface modification was carried 

out to achieve higher BMP-2 loading capacities on the surface of NPSNPs. Several 

studies have been conducted to study the cytotoxic effects of nanoparticles without or 

with further modifications on biological systems [308-310]. It is commonly accepted that 

positively charged nanoparticles cause cytotoxicity by cell membrane damage, while 

negatively charged nanoparticles cause intracellular damage [82, 83]. However, owing 

to the various reported synthesis and modification procedures of NPSNPs and various 

applied biological testing systems, it is not possible to compare the results derived from 

cytotoxicity investigations of the modified NPSNPs in our study with the literature [77]. In 

addition, the cytotoxicity of NPSNPs bearing methyl-NH-hexyl-NH2 and propyl-NH-hexyl-

NH2 groups is reported for the first time in this study.   
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To sum up, cytotoxic effects of non-modified and differently modified NPSNPs on C2C12 

BRE-Luc cells could be roughly assessed in this study. Whereas NPSNP-OH were not 

cytotoxic at any concentrations and any time, NPSNPs equipped with different functional 

groups showed a reduction of the relative cell viability of C2C12 BRE-Luc cells above 

the particle concentrations of 100 − 250 µg ml−1 after 24 h of exposure. Further, 

colloidally well-stabilized NPSNPs bearing strong positive or negative charge (NPSNP-

propyl-NH-hexyl-NH2 or NPSNP-propyl-SO3H, respectively) showed a chronic 

cytotoxicity after 3 days of exposure, probably associated with the inhibition of the cell 

proliferation. However, after 7 days of the exposure, a quick recovery of C2C12 BRE-

Luc cells from the cytotoxic effect caused by differently modified NPSNPs could be 

detected. Further studies will be needed to clarify the role of the functional groups and 

the surface chemistry on cytotoxicity of NPSNPs. 

 

  

4.4.2 Human bone marrow-derived mesenchymal stem cells (BM-MSCs)  

The MSCs used in this study were obtained from the human bone marrow of the femoral 

head. As multipotent cells, they can differentiate into lineages of different tissues such 

as bone, cartilage, tendon, fat and muscle [172], which makes them an attractive 

therapeutic tool for tissue engineering. With regard to the future application in bone tissue 

engineering, the cytotoxicity of different types of NPSNPs towards BM-MSCs was 

examined by a modified MTT assay [305]. In this assay, the relative metabolic cell 

activity/viability could be determined upon exposure of BM-MSCs to varying 

concentrations of NPSNPs for 1, 3 and 7 days. All measurements and light microscopic 

images were performed and taken by LAURA BURMEISTER from the Klinik für Orthopädie 

im Annastift, Medizinische Hochschule Hannover, Germany.  

According to the ISO 10993:5-2009, a biomaterial causing a reduction of the relative 

metabolic cell activity/viability by more than 30% is considered as cytotoxic [306]. Similar 

to previous results, NPSNP-OH did not show cytotoxic effects towards BM-MSCs at any 

concentration and any time. Among modified NPSNPs, NPSNP-propyl-SH were the least 

cytotoxic after 24 h of exposure showing relative cell viabilities/metabolic activities over 

70% of the control at concentrations between 10 and 500 µg ml−1 (Figure 58).  Only at 

the highest concentration of 1000 µg ml−1, a slight cytotoxic effect could be detected for 

NPSNP-propyl-SH. This effect was probably caused by the cell coverage through 

nanoparticles resulting in the inhibition of the supply of oxygen and nutrients to the cells, 

as well as the removal of the cell wastes [90]. In contrast, NPSNP-propyl-NH2, -propyl-

SO3H, -methyl-NH-hexyl-NH2 and -propyl-NH-hexyl-NH2 can be considered non-

cytotoxic only at the lowest concentration of 10 µg ml−1. The exposure to higher particle 
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concentrations up to 1000 µg ml−1 for 24 h resulted in a concentration-dependent 

reduction of the relative metabolic cell activity/viability by more than 30% of the control.  

 

Figure 58: Relative metabolic cell activity or viability of BM-MSCs determined by the MTT 
assay (n=3), in the presence of varying concentrations of different types of NPSNPs after 
24 h (1 day) of exposure. The relative metabolic activity of the cells in absence of 
NPSNPs was used as a control and set as 100%.  

To examine whether NPSNPs cause chronic cytotoxicity, MTT assays were performed 

after 3 days upon exposure of the BM-MSCs to varying concentrations of different types 

of NPSNPs (Figure 59). It could be observed that BM-MSCs exposed to NPSNP-propyl-

SH at all concentrations and NPSNP-propyl-SO3H up to 250 µg ml−1 could quickly 

recover from the acute cytotoxicity caused during the first 24 h upon nanoparticle 

exposure. However, the NPSNP-propyl-NH2 at all concentrations, the NPSNP-propyl-

SO3H above the concentration of 500 µg ml−1, the NPSNP-methyl-NH-hexyl-NH2 and -

propyl-NH-hexyl-NH2 above the concentration of 100 µg ml−1 still caused a reduction of 

the relative metabolic cell activity under 70% of the control. 
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Figure 59: Relative metabolic cell activity or viability of BM-MSCs determined by the MTT 
assay (n=3), in the presence of varying concentrations of different types of NPSNPs after 
72 h (3 days) of exposure. The relative metabolic activity of the cells in absence of 
NPSNPs was used as a control and set as 100%. 

Interestingly, after the exposure of the NPSNP-propyl-SH and NPSNP-propyl-SO3H for 

7 days the measured values increased drastically up to 400% in comparison to the 

control sample (Figure 60). In this case, light microscopy images could provide more 

information (Figure 61). According to the images, no increased cell proliferation was 

observed upon exposure to NPSNP-propyl-SH and -propyl-SO3H. Therefore, we believe 

that the MTT results show an increased relative metabolic activity of viable cells 

associated with cell stress rather than the actual cell viability. A slight increase towards 

70% of the control could be detected for NPSNP-propyl-NH-hexyl-NH2. In contrast, the 

cytotoxic effect of NPSNP-propyl-NH2 and -methyl-NH-hexyl-NH2 after the exposure for 

7 days was similar to the previous results on day 3 indicating persistent reduction of the 

relative metabolic cell activity of the BM-MSCs.  

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

 

R
e

la
ti
v
e

 m
e

ta
b

o
lic

 a
c
ti
v
it
y
 /
 c

e
ll 

v
ia

b
ili

ty
 /
 %  10 µg ml

1

 100 µg ml
1

 250 µg ml
1

 500 µg ml
1

 1000 µg ml
1



112                                                                                                     Results and discussion                                                                                                              

 

 

Figure 60: Relative metabolic activity of BM-MSCs determined by the MTT assay (n=3), 
in the presence of varying concentrations of different types of NPSNPs after 168 h 
(7 days) of exposure. The relative metabolic activity of the cells in absence of NPSNPs 
was used as a control and set as 100%. 

 

Figure 61: Light microscopy images of BM-MSCs exposed to varying concentrations of 
NPSNP-propyl-SH and -propyl-SO3H for 72 h (3 days).  

It is generally accepted that the effect of nanoparticles on the metabolic cell 

activity/viability is cell-dependent [311]. In this regard, primary cells such as 

mesenchymal stem cells are known to be more sensitive than other cell types. However, 

mechanisms of nanoparticle-cell interactions are not fully understood [82, 84, 312]. We 

believe that differently modified NPSNPs influence both the cell viability and metabolic 
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activity of the viable BM-MSCs in our study. However, a reduction of cell viabilities or 

metabolic activities of viable cells upon nanoparticle exposure does not have to indicate 

that NPSNPs cause a cytotoxic effect. The osteoinductive ability of silica nanoparticles, 

shown by Neumann and Christel et al. for hASCs [33] and Shi et al. [313], should be 

taken into account. Thus, the reduction of the cell proliferation and metabolic activity of 

BM-MSCs could have been caused by the incipient osteogenic differentiation due to the 

exposure to NPSNPs and not by the cytotoxicity of NPSNPs, in this study. To clarify this 

issue, further investigations of the differentiation of BM-MSCs due to the exposure of 

NPSNPs will be needed. Moreover, at high nanoparticle concentrations, the cytotoxic 

effect may have been caused by the NPSNPs coverage of the cells inhibiting the supply 

of oxygen and nutrients to the cells as well as the removal of the cell wastes [90]. This is 

not an issue when in future applications for bone tissue engineering the NPSNPs loaded 

with the osteogenic growth factor are attached on a three-dimensional scaffold (see 

chapter 4.5). The scaffolds implanted at the site of the bone defect should, in principle, 

attract stem cells from the surrounding bone tissue and induce their differentiation into 

osteoblasts.  

 

 

4.5 Fabrication of nanocomposites for bone tissue engineering  

Common bone tissue engineering approaches is based on three-dimensional scaffolds, 

which provide a friendly microenvironment for the attachment of cells and growth factors 

to restore form and functionality of damaged bone tissue [11-13]. In addition, the scaffold 

should enable cell ingrowth and vascularization of the newly formed tissue [8]. In this 

chapter, two different types of scaffolds are described. Although basically different in 

their structure and composition, both use BMP-2-loaded NPSNPs for controlled delivery 

of this growth factor. In the first approach, the basic structure of the scaffold consists of 

electrospun poly(ε-caprolactone) fibres; in the second, it is made up of a collagenous 

sponge.  

It is of note that the conditions for BMP-2 loading on the surface of nanoporous silica 

nanoparticles (NPSNPs) were constantly improved during the entire period of the present 

work. A very important finding with regard to the loading of BMP-2 on NPSNPs was made 

in the last third of the working period, namely that BMP-2 derived from E. coli used in 

this work tends to aggregate at physiological conditions, e.g. when dissolved in 

phosphate buffered saline (PBS), at pH 7.4, and shows only low aggregation tendency 

at lower pH values, e.g. in 2-(N-morpholino)ethanesulfonic acid (MES) buffer at pH 5. 

For more information, see section 4.2.3. Therefore, some results presented and 
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discussed in the following chapter were derived from the experiments before this 

discovery, where PBS was used as medium for BMP-2 loading on NPSNPs and release 

from the scaffolds. Further, it was found that the BMP-2 quantification by means of 

enzyme-linked immunosorbent assay (ELISA) is not suitable for aggregated BMP-2. 

Instead, cell-based assay based on BMP-responsive element fused to luciferase reporter 

gene (BRE-Luc) is able to detect aggregated BMP-2 when it is still biologically active. 

However, the possibility to employ BRE-Luc assay provided by cooperation partner at 

the Hannover Medical School, in the work group of Prof. Dr. Andrea Hoffmann, occurred 

later during this work and thus could not be used for the majority of the experiments.  

 

4.5.1 Bone tissue regeneration scaffolds based on electrospun 

poly(ε-caprolactone) and BMP-2-loaded nanoporous silica 

nanoparticles    

Scaffolds made of poly(ε-caprolactone) (PCL) have gained attention for their use in bone 

regeneration in the last few years due to its good mechanical properties, biocompatibility 

and -degradability [197, 314, 315]. To provide a PCL scaffold with osteoinductive 

functionality, bone morphogenetic protein 2 (BMP-2) can be attached to it by means of 

tricalcium phosphate coating [316] or covalent attachment [25]. The former approach 

demonstrated fast and uncontrolled BMP-2 release. A fast burst release of the growth 

factor can cause uncontrolled bone formation and inflammation and is, therefore, not 

desired [259]. The latter approach resulted in a more controlled release of BMP-2, 

however, the covalent attachment of proteins to the scaffold is a complicated process 

that can lead to the loss of their bioactive properties due to harsh conditions sometimes 

required for satisfactory functionalization [317]. Herein, we report an optimised delivery 

system for controlled release of small BMP-2 amounts from the surface of differently 

modified nanoporous silica nanoparticles (NPSNPs) attached to the surface of modified 

electrospun PCL scaffolds. The modified PCL scaffolds decorated with BMP-2-loaded 

NPSNPs should be applied as one section of a graded implant for tendon-bone bridging 

in case of a rotator cuff rupture repair (for more details see section 2.3.3). The special 

focus of this work was placed on the regeneration of the bone site.  

 

4.5.1.1 General concept 

Biomaterials made of PCL show excellent properties as biomaterials such as 

biocompatibility and slow biodegradability. They can be easily processed into three-

dimensional porous structures by electrospinning techniques. However, the hydrophobic 

and smooth surface of the electrospun PCL fibres is not beneficial for cell adhesion [318]. 
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To make the surface of PCL fibres rough and hydrophilic and thus more attractive for the 

cell attachment they were coated  with a chitosan-PCL graft copolymer to produce so 

called “shish-kebab” structures [35]. However, after the “shish-kebab” coating, the PCL 

surface became positively charged. Therefore, these PCL fibres were additionally coated 

with alginate to introduce a negative charge on the surface (hereafter referred to as 

“PCLSK-Alg”). This surface modification was needed to enable electrostatic attraction of 

positively charged drug delivery systems, in our case of NPSNPs loaded with BMP-2. In 

addition to the direct attachment of drug delivery systems, the modification with chitosan 

graft copolymers or alginate leads to an improved biological performance. The cellular 

attachment can be significantly increased. PCL scaffolds used in this study were 

electrospun and modified by DOMINIC DE CASSAN from the Institut für Technische 

Chemie, Technische Universität Braunschweig, Germany. 

 

 

Figure 62: Schematic diagram illustrating the preparation of the PCLSK-Alg-NPSNP-BMP-2 
nanocomposites.  

   

4.5.1.2 Morphology and porosity of the PCLSK-Alg scaffolds 

In a scaffold suitable for bone regeneration, pores are needed to enable the migration 

and proliferation of the mesenchymal stem cells and osteoblasts as well as the ingrowth 

of new blood vessels. Further, porous scaffolds allow for better connection between the 

scaffold and the existing bone tissue [319]. This is why pore size and porosity of the 

scaffolds play a crucial role in a successful bone tissue regeneration. Earlier studies 
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showed that the pore size should be about 100 µm to allow the generation of mineralized 

bone in dog femoral [163]. In contrast, later studies pointed to pore sizes of > 300 µm for 

enhanced bone formation and vascularization of the scaffold [164]. However, the 

mechanical properties of the scaffolds can be compromised by the large pore sizes due 

to the high void volume. For this reason, PCL scaffolds used in this study were highly 

porous (with a fibre diameter of about 3 µm and pore sizes in the range of 10-100 µm.  

The morphology and the porosity of the “shish-kebab”-structured and alginate-coated 

PCL fibre mats was investigated by scanning electron microscopy (SEM) indicating 

rather smooth fibres (Figure 63). The total porosity of PCLSK-Alg fibre mats is about 80%, 

as determined by a gravimetric method using the volume and the weight of the mats as 

well as the density of the PCL (for details see section 3.3.18). This simple and fast 

method served as a rough estimation of the porosity [265].  

 

 

Figure 63: SEM images of “shish-kebab”-structured, alginate-coated PCL fibres.  

 

4.5.1.3 Characterisation of PCLSK-Alg-NPSNP nanocomposites  

To introduce drug delivery vehicles on the PCLSK-Alg scaffolds, NPSNPs were loaded on 

the surface of the PCL SK-Alg fibres. Since the fibres were negatively charged, positively 

charged NPSNPs with three different functionalities, namely -propyl-NH2, -methyl-NH-

hexyl-NH2 and -propyl-NH-hexyl-NH2, were chosen to be electrostaticly attached to the 

fibres. Hereby, the scaffolds were simply immersed into a dispersion of the NPSNPs for 

12 h. The unbound NPSNPs were washed off of the scaffolds with ultra-pure water.   

The morphology of the as-prepared PCLSK-Alg-NPSNP nanocomposites were analysed 

by SEM (Figure 64). SEM images illustrate a rough fibre surface indicative of the 

coverage of the fibre surface by NPSNPs. Furthermore, it seems that NPSNP-methyl-

NH-hexyl-NH2 formed multilayers on PCLSK-Alg fibres demonstrating a strong electrostatic 

attraction between PCLSK-Alg and NPSNPs.   

10 µm 1 µm
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Figure 64: SEM images of “shish-kebab”-structured, alginate-coated PCL fibres 
decorated with BMP-2-loaded nanoporous silica nanoparticles. The NPSNPs were 
modified with different aminosilanes. 

To further characterise the nanocomposites, Fourier transform infrared (FTIR) 

spectroscopy investigations were carried out. The corresponding FTIR spectra of the 

PCLSK-Alg fibre mats before and after loading with NPSNPs are shown in Figure 65, data 

are given in Table 6. The characteristic band for poly(ε-caprolactone) is the carbonyl 

stretching mode at 1722 cm−1 and a symmetric C−O−C stretching mode between 

1190 cm−1 and 1150 cm−1. The strong carboxylate stretching modes of chitosan and 

alginate can be identified at 1590 cm−1 before loading the NPSNPs on the PCLSK-Alg fibre 

mat (red curve). After loading with NPSNPs, this band became very weak, probably due 

to the interaction between negatively charged carboxylate groups of alginate coating with 

the positively charged amine groups on the surface of the NPSNPs. In addition, in the 

black spectrum, a strong asymmetric Si−O−Si stretching band can be identified, while in 

the other two spectra (blue and green) this band is less pronounced. The functional 

groups, in particular, amine groups, of the NPSNPs were hard to identify due to the very 

low intensity. It can be concluded that the IR spectra provided insights into a successful 

coating of the PCL fibres by alginate as well as the attachment of NPSNP-propyl-NH2 on 

the surface of PCLSK-Alg fibre mats.  

NPSNP-propyl-NH2 NPSNP-methyl-NH-hexyl-NH2

NPSNP-propyl-NH-hexyl-NH2

5 µm 5 µm
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Figure 65: FTIR spectra of “shish-kebab”-structured, alginate-coated PCL fibres 
functionalized with BMP-2-loaded nanoporous silica nanoparticles. 

 

Table 6: Characteristic IR bands of PCL [320], alginate [321], chitosan [322] and silica 

[323].  

Position (cm−1) Vibrator Abbreviation Component 

2935 Asymmetric CH2 stretching 𝜐𝑎𝑠(CH2)  

2861 Symmetric CH2 stretching 𝜐𝑠(CH2)  

1722 Carbonyl stretching 𝜐(C=O) PCL 

1590 Asymmetric COO− stretching 

C−N stretching and N−H 

bending 

𝜐𝑎𝑠(COO−)  

𝜐(C-N) 

𝛿(N-H) 

Alginate, 

chitosan 

1468, 1417 Symmetric COO− stretching 𝜐𝑠(COO−)  Alginate, 

chitosan 

1291 C−O and C−C stretching in 

the PCL crystalline phase 

𝜐𝐶𝑟 PCL 

1239 Asymmetric C−O−C 

stretching 

𝜐𝑎𝑠(C−O−C) PCL 

1190-1150 Symmetric C−O−C stretching 𝜐𝑠(C−O−C) PCL 

1120-1000 Asymmetric Si−O−Si 

stretching 

𝜐𝑎𝑠(Si−O−Si) Silica 
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The amounts of loaded NPSNPs on the PCLSK-Alg scaffolds were determined by means 

of thermogravimetric analysis (TGA). Since PCLSK-Alg scaffolds consist of only organic 

materials, they should become completely oxidized in air. In contrast, the NPSNPs-

loaded PCLSK-Alg scaffolds should leave behind an inorganic residue which is related to 

the amount of loaded NPSNPs.  

TGA curves of all samples highlighted two-step thermal degradation of PCL (Figure 66). 

According to the literature [324], ester pyrolysis reaction of the polyester chains takes 

place resulting in the release of H2O, CO2 and 5-hexenoic acid within the first step. At 

the second step, cyclic ε-caprolactone monomers are formed as a result of the 

depolymerisation process. Whereas the pure PCLSK-Alg scaffold was oxidized completely 

as described above (Figure 66a), very low NPSNPs to PCL weight ratios of 1 wt.% and 

0.5 wt.% could be determined for samples loaded with NPSNPs bearing propyl-NH2 and 

propyl-NH-hexyl-NH2 groups, respectively (Figure 66b and d). No inorganic residues 

were found after the decomposition of PCLSK-Alg-silica nanocomposites loaded with 

NPSNP bearing methyl-NH-hexyl-NH2 groups (Figure 66c). However, the SEM images 

in Figure 64 showed a successful loading of all types of NPSNPs on the surface of PCLSK-

Alg scaffolds. Therefore, it can be proposed that a PCLSK-Alg scaffold can maximally load 

about 1 wt.% of NPSNPs. This value is very low and was not anticipated, since around 

14 wt.% of NPSNPs could have been loaded into the scaffolds.  

In general, the amounts of NPSNPs were too low to be determined precisely by TGA. 

Therefore, the data derived from this analysis should be interpreted with caution.  
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Figure 66: Thermogravimetric analysis curves derived from (a) “shish-kebab”-structured, 
alginate coated PCL fibre mat without NPSNPs and with differently modified NPSNPs 
bearing (b) propyl-NH2, (c) methyl-NH-hexyl-NH2 and (d) propyl-NH-hexyl-NH2 groups. 

 

4.5.1.4 BMP-2 loading capacity on NPSNPs and release from the PCLSK-Alg-

NPSNP-BMP-2 nanocomposites  

The PCLSK-Alg-NPSNP nanocomposites in this study were intended to be applied for the 

bone-tendon bridging in case of a rotator cuff rupture. The special focus of this work was 

placed on the bone tissue regeneration. Earlier studies have shown that silica-coated 

PCL scaffolds revealed enhanced cell viability and proliferation of pre-osteoblast cells as 

well as accelerated calcium deposition compared to the pure PCL scaffold [198, 325]. 

To provide additional osteoinductive function, BMP-2 molecules were adsorbed on the 

surface of differently modified NPSNPs before integration into the PCLSK-Alg scaffolds. By 

means of the different functional groups on the surface of NPSNPs we sought to control 

the loading capacity and the release behaviour of BMP-2. 

First, the BMP-2 amounts in the supernatants were determined by ELISA and BRE-Luc 

assay after BMP-2 was loaded on NPSNPs in MES buffer (Figure 67a). Hereby, much 

lower BMP-2 concentrations were measured by ELISA than by BRE-Luc assay. This 

finding can be explained by the different measurement concepts of the assays. An ELISA 

can only detect molecularly dissolved BMP-2, as the responsible epitope may be masked 

in aggregated molecules; on the other hand, aggregated, but still biologically active, 

BMP-2 can be identified by a BRE-Luc assay, provided that there is an aggregation 
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equilibrium from which individual functional BMP-2 dimers can be attached to the 

extracellular receptor. The finding thus indicates that aggregation of BMP-2 takes place 

in the MES buffer solution used for the loading of BMP-2 on NPSNPs.  

Therefore, the adsorbed BMP-2 amounts on the surface of the NPSNPs were 

determined by subtracting BMP-2 amounts, which were measured by the BRE-Luc assay 

in the supernatants, from the initially present BMP-2 amount of around 1000 ng mg−1 

(Figure 67b). The results derived from BRE-Luc assay revealed different loading 

capacities dependent on the functional group of the NPSNPs. In fact, the NPSNPs 

bearing hydrophobic methyl-NH-hexyl-NH2 and propyl-NH-hexyl-NH2 groups seemed to 

adsorb more BMP-2, namely 916 ± 34 and 956 ± 3 ng mg−1, respectively. The NPSNPs 

bearing less hydrophobic propyl-NH2 groups adsorbed less BMP-2 (842 ± 23 ng mg−1). 

As stated earlier, these results offer a compelling evidence for the binding mechanism of 

BMP-2 on the surface of the modified NPSNPs through hydrophobic interactions and 

electrostatic attraction (see the section 4.2.5 for a detailed discussion).   

 

Figure 67: (a) Amounts of BMP-2 in the supernatant after the loading procedure and (b) 
of adsorbed BMP-2 on the surface of differently modified NPSNPs. The data represent 
the mean ± standard deviation (n=3). 

To study the BMP-2 release behaviour from the PCLSK-Alg fibre mats, release experiments 

with the prepared PCLSK-Alg-NPSNP-BMP-2 nanocomposites were carried out for the 

period of 5 weeks. Preliminary release experiments of BMP-2 were performed at 

physiological conditions in PBS, pH 7.4 and 37 °C. However, no released BMP-2 could 

be detected via ELISA. Through collaborations within the DFG research group “Graded 

implants”, it was found out later that this was due to the precipitation of BMP 2 in PBS 

(for more details see section 4.2.3). Therefore, another medium was chosen for the 

release experiments consisting of PBS (pH 7.4), 0.1% bovine serum albumin (BSA) and 

0.02% Tween 20 as stabilizing agents for BMP-2. This medium is a part of the ELISA kit 

(Peprotech) called “diluent”, which should be used for the dilution of BMP-2 and prevent 

aggregation. The release temperature was kept at 37 °C. The amount of the released 
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BMP-2 was measured at scheduled time points and could be quantified directly by 

means of ELISA.  

The results derived from ELISA measurements revealed similar release profiles for the 

differently modified NPSNPs, but with strongly different amounts (Figure 68). In general, 

BMP-2 amounts released from the PCLSK-Alg-NPSNP-BMP-2 nanocomposites were 

rather small. The highest cumulative BMP-2 amount of about 8 ng ml−1 after a period of 

5 weeks was released from the nanocomposites containing NPSNP-methy-NH-hexyl-

NH2, whereas smaller amounts of 4 ng ml−1  and 2 ng ml−1  were set free from the 

nanocomposites loaded with NPSNP-propyl-NH-hexyl-NH2 and -propyl-NH2 during the 

same time frame, respectively. These findings correlate well with the SEM images of the 

nanocomposites (Figure 64) showing multilayer coverage of PCLSK-Alg fibres by NPSNP-

methyl-NH-hexyl-NH2 vs. monolayer formation by the two other nanoparticle types.    

 

Figure 68: Release of BMP-2 from the surface of differently modified NPSNPs loaded on 
PCLSK-Alg scaffolds into PBS, 0.1% bovine serum albumin and 0.02% Tween 20 at pH 7.4 
and 37 °C as measured by ELISA. The medium volume was 1 ml. The average weight 
of a PCL SK-Alg scaffold was around 14 mg. The data represent the mean ± standard 
deviation (n=3). 

TG measurements shown before revealed that only low amounts of NPSNPs (up to 

0.14 mg) could be loaded on the surface of PCLSK-Alg resulting in a total BMP-2 amount 

of around 100 - 150 ng per PCLSK-Alg scaffold (14 mg). However, the released BMP-2 

amounts are considerably smaller, implying that from all samples only less than 5% of 

the initially loaded BMP-2 is released. On the one hand, BMP-2 could be bound too 

strongly on the surface of differently modified NPSNPs, preventing the release of BMP-2 
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into the medium. On the other hand, BMP-2 could have been released from the scaffold, 

but immediately aggregated and thus could not be detected by ELISA. Although a special 

medium based on PBS with stabilizing additives such as BSA and Tween 20 was chosen 

for the release experiments, the attempt to stabilize BMP-2 in this way might have failed.  

To shed more light on this issue, the released BMP-2 amounts were determined by the 

cell-based BRE-Luc assay, which can also detect aggregated BMP-2, when it is still 

biologically active. The detection limit of the BRE-Luc assay, however, is around 

2 ng ml−1, which makes it around 10000-fold less sensitive compared to ELISA 

(30 pg ml−1).  In fact, for all three particle types, no released BMP-2 could be detected 

by the BRE-Luc assay at any time (data not shown) since all released BMP-2 amounts 

detected by ELISA are at or below the detection limit of the BRE-Luc assay. Therefore, 

based on the results derived from the ELISA and BRE-Luc assays, we assume that small 

BMP-2 amounts were released from the PCLSK-Alg-NPSNP-BMP-2 nanocomposites.  

  

4.5.1.5 Degradation of PCLSK-Alg-NPSNP nanocomposites during the release  

To study their degradation behaviour, PCL SK-Alg fibre mats loaded with differently 

modified NPSNPs were immersed into the release medium (“diluent”) for the period of 5 

weeks. After 1, 2, 3 and 5 weeks of the immersion small pieces were cut out of the 

samples and the morphology of the silica coatings and PCLSK-Alg fibres were analysed by 

means of SEM. The SEM images made of scaffolds after degradation for 1, 2 and 3 

weeks are given in supporting information (Figure S6-8). According to the SEM images, 

a detachment of the silica coating from the PCLSK-Alg fibres can be observed for all three 

samples. 

After 5 weeks of immersion, it seems that only low amounts of silica nanoparticles with 

propyl-NH2 groups are still attached on the surface of PCLSK-Alg fibres (Figure 69a). In 

contrast, the PCLSK-Alg scaffolds loaded with NPSNPs bearing methyl-NH-hexyl-NH2 and 

propyl-NH-hexyl-NH2 groups exhibit a homogeneous coverage of PCLSK-Alg fibres by 

silica nanoparticles (Figure 69b and c). The reason for that might be a strong interaction 

between the hydrophobic regions of PCL fibres and hexyl chains of the functional groups 

on the surface of the NPSNPs resulting in stronger attachment of the first silica 

nanoparticle layer.  

In general, no degradation of PCLSK-Alg fibres during the period of 5 weeks of immersion 

into the release medium could be observed. Therefore, to study the degradation 

behaviour of the scaffolds, prolonged studies together with cell culture investigations of 

the PCLSK-Alg-NPSNP nanocomposites should be conducted for an extended period of 

time.  
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Figure 69: SEM images of PCLSK-Alg fibre mat loaded with NPSNPs bearing (a) -propyl-
NH2 , (b) -methyl-NH-hexyl-NH2 and (c) -propyl-NH-hexyl-NH2 groups after 5 weeks of 
the immersion into the release medium (PBS,  0.1% BSA and 0.02% Tween 20) at 37 °C. 
Scale bar: 5 µm.  

To sum up, this study was part of the first steps towards the fabrication of a graded 

implant for the treatment of a rotator cuff rupture. Hereby, nanocomposites made of 

three-dimensional, “shish kebab”-structured, alginate-coated PCL scaffolds and BMP-2-

loaded nanoporous silica nanoparticles with different functional groups were successfully 

prepared. However, apparently, only low amounts of NPSNPs (1 wt.%) and BMP-2 

(around 100 - 150 ng per scaffold) could be loaded on the PCLSK-Alg scaffolds. Even lower 

BMP-2 amounts (up to 8 ng ml−1) were released from the surface of PCLSK-Alg-NPSNP-

BMP-2 nanocomposites in the period of 5 weeks. To verify whether this BMP-2 amount 

is enough to induce osteogenic differentiation of MSCs, cell culture investigations should 

follow. Moreover, future work will focus on optimisation of the loading and release 

amounts of BMP-2.  

    

4.5.2 Bone tissue regeneration scaffolds based on collagen sponges and 

BMP-2-loaded nanoporous silica nanoparticles   

Among natural scaffold materials, three-dimensional collagen scaffolds are the most 

prominent ones due to their inherent biological recognition through receptor-ligand 

interactions, biocompatibility and -degradability. In combination with osteoinductive bone 

morphogenetic protein 2 (BMP-2), a collagen scaffold-based medical product INFUSE® 

Bone Graft (Medtronic) was approved by the FDA for the interbody spinal fusion in 2002 

as the first medical preparation employing a growth factor [27]. However, more recently, 

concerns have been raised regarding the use of this product due to severe side effects 

associated with supraphysiological doses of BMP-2, especially in other non-topical 

applications [16].  

Here, we report a novel scaffold system with a built-in delivery system for the controlled 

release of small BMP-2 doses from the surface of nanoporous silica nanoparticles 

(NPSNPs) attached directly to the surface of collagen scaffolds for bone regeneration.  

a b c

5 µm 5 µm 5 µm



Results and discussionnnnnnnnnnn                                                                                                     125                                                                                                                

 

 

 

 

 

Figure 70: Schematic diagram illustrating four steps on the way to an engineered scaffold 
for bone regeneration based on collagen sponges, BMP-2-loaded NPSNPs and hASCs. 
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The present work is a continuation of the previous study conducted by Anne Neumann 

and Anne Christel et al. [33]. They demonstrated the successful osteogenic 

differentiation of adipose tissue-derived mesenchymal stem cells (ASCs) by using 

aminopropylsilyl-modified, BMP-2-loaded NPSNPs.  

In this work, after the integration of BMP-2-loaded NPSNPs into the collagen scaffolds, 

we sought to evaluate the ability of the prepared collagen-NPSNP-BMP-2 

nanocomposites to induce osteogenic differentiation of human ASCs (Figure 70). hASCs 

are derived from adipose tissue, which makes them an abundant and autologous cell 

source with relatively low donor site morbidity [175]. In addition, hASCs have 

demonstrated rapid osteogenic differentiation after stimulation with BMP-2, making them 

a promising option for bone tissue engineering [326, 327].    

 

4.5.2.1 Characterisation of collagen-NPSNP nanocomposites  

First, collagen-NPSNP nanocomposites were prepared and characterized, as previously 

described in [328]. A short summary of the results will be given below. The morphology 

of collagen scaffolds were investigated by SEM. The collagen scaffolds were highly 

porous with a pore size of about 100 µm (Figure 71a). After loading of non-modified 

NPSNPs, collagen fibres were completely covered with NPSNPs (Figure 71b). 

Corresponding IR spectra of collagen-NPSNP nanocomposites showed characteristic 

bands of silica after the loading into the collagen scaffold (Figure 71c). In addition, 

successful fabrication of collagen-NPSNP nanocomposites was verified by fluorescence 

microscopy (Figure 71d). For this purpose, fluorescent silica nanoparticles equipped with 

the fluorescent dye Alexa Fluor® 488 were loaded into collagen scaffolds resulting in 

strong fluorescence of the initially non-fluorescent collagen scaffold.  
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Figure 71: Characterization of collagen scaffolds. (a) Cross-section SEM image of a 
collagen scaffolds. (b) SEM image of a collagen-NPSNP nanocomposite. (c) IR spectra 
of a pure collagen scaffolds and a collagen-NPSNP nanocomposite. (d) Fluorescence 
microscopic image of the collagen-NPSNP nanocomposite loaded with fluorescent silica 
nanoparticles.  

In the present work, one of the aims was to further characterize collagen-NPSNP 

nanocomposites in terms of the loading of NPSNPs into the collagen scaffolds as a 

function of exposure time. Since collagen scaffolds consist of organic materials only, they 

should become completely oxidized into water and carbon dioxide when being heated 

up to 1000 °C in air. In contrast, collagen-NPSNP nanocomposites should reveal 

inorganic residues that correspond to the amounts of loaded NPSNPs. The amounts of 

non-modified NPSNPs that were loaded into the collagen scaffolds in the periods of 1, 

3, 19 and 24 h exposure time, were determined by TG measurements (Figure 72 and 

Table 7).  

According to the TG measurements, NPSNPs amounts between 31 wt.% and 37 wt.% 

were integrated into collagen scaffolds. Based on the obtained results, collagen scaffolds 

could already incorporate around 33 wt.% of NPSNPs after 1 h of the immersion. The 

nanoparticle integration into the collagen scaffolds seems to be completed after 1 h. This 

result points to a high affinity of NPSNPs towards collagen. 
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These findings should be considered for the incorporation of BMP-2-loaded NPSNPs 

into the collagen sponges. To prevent BMP-2 from the premature release, the integration 

time of the NPNSPs into the scaffold should be kept as short as possible, in our case 1 h 

would be enough.  

 

 

 

Figure 72: Thermogravimetric analysis curves derived from (a) pure collagen scaffold 
and non-modified NPSNPs loaded into the collagen scaffolds in the period of 1, 3, 19 
and 24 h.  
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Table 7: Evaluation of thermogravimetric analysis data. Normalized amounts of NPSNPs 
loaded into collagen scaffolds for different periods of time.  

 

 

 

 

 

 

 

 

4.5.2.2 BMP-2 loading capacity on NPSNPs and release from collagen-NPSNP-

BMP-2 nanocomposites  

Since one of the aims was to engineer composites suitable for bone regeneration, BMP-2 

molecules were immobilized on the surface of NPSNPs to provide osteoinductive 

properties to osteoconductive collagen-NPSNP nanocomposites.  

BMP-2 loading on the surface of non-modified and aminopropylsilyl-modified NPSNPs 

took place in PBS with 0.1% BSA in this study. Only very small amounts of BMP-2 could 

be measured in the supernatants by ELISA indicating a high loading of BMP-2 on 

NPSNPs (Figure S9, SI). However, as stated earlier, BMP-2 molecules tend to aggregate 

under the given conditions (see section 4.2.3). Therefore, the conclusions derived from 

ELISA measurements should be treated with caution.  

After BMP-2 was loaded on the surface of the non-modified and aminopropylsilyl-

modified NPSNPs, nanoparticles (5 mg) were integrated into collagen scaffolds (20 mg, 

1.8 cm x 3.6 cm) by an immersion process. To study BMP-2 release behaviour from the 

collagen scaffolds, release experiments with the prepared collagen-NPSNP-BMP-2 

nanocomposites were conducted for the period of 5 weeks. The release experiments 

took place in PBS with 0.1% bovine serum albumin (BSA) and at 37 °C to mimic the 

physiological conditions. BSA was added in order to prevent BMP-2 aggregation [329]. 

The amount of the released BMP-2 was measured at scheduled time points and 

quantified directly by means of ELISA.  

BMP-2 release was lower with around 35 ng being released from a collagen scaffold 

containing non-modified NPSNPs compared to the released BMP-2 amount from 

scaffolds loaded with aminopropylsilyl-modified NPSNPs of around 75 ng for the period 

of 5 weeks (Figure 73). The released BMP-2 amounts were rather low. One of the 

reasons may be the precipitation of BMP-2 in PBS making it not possible to detect via 

ELISA. In addition, it is also possible that some BMP-2 was released prematurely from 

Samples Integrated NPSNPs / wt.% 

Pure Collagen 0 

Coll-NPSNP_1h 33 

Coll-NPSNP_3h 31 

Coll-NPSNP_19h 37 

Coll-NPSNP_24h 33 
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the surface of NPSNPs while being loaded into the collagen scaffold (24 h). BMP-2 may 

have also been precipitated during this time.  

The aim of this study was to slow down and inhibit the burst release of BMP-2 typically 

shown by BMP-2-loaded collagen scaffolds by delivering BMP-2 in a controlled manner 

from the surface of NPSNPs integrated into the collagen scaffold. The BMP-2 release 

from collagen-based scaffolds without NPSNPs usually undergoes a three-stage 

process: i) an initial burst release (some hours) followed by ii) a sustained release (up to 

14 days) and iii) a release plateau [330]. The release profile can be fitted by a bi 

exponential model (first-order kinetics). Although in some cases like wound treatment, 

initial burst release with high drug release rates is desired, in case of growth factor 

delivery a high initial burst release will be economically and therapeutically wasteful and 

will shorten the total release time [331]. In addition, minimizing the burst release of BMP-

2 can help to reduce undesired side effects [259]. Moreover, a positive correlation 

between the BMP-2 retention at the scaffold and the osteoconductive activity in vivo have 

been previously demonstrated [221].  

 

Figure 73: Release of BMP-2 from collagen-NPSNP-BMP-2 nanocomposites with two 
different nanoparticles types: non-modified and aminopropylsilyl-modified NPSNPs, as 
measured by ELISA. Release medium is 2 ml of PBS containing 0.1% bovine serum 
albumin at pH 7.4 and 37 °C. The average weight of a collagen scaffold was around 
20 mg. The data represent the mean ± standard deviation (n=3).  

In this study, the release kinetics of two different types of collagen-NPSNP-BMP-2 

nanocomposites were similar showing a i) strong release during the first 3 days, followed 

by ii) a sustained release of smaller BMP-2 amounts up to day 21 and from there iii) a  
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period, in which almost no BMP-2 was released (Figure 73). Subsequently, BMP-2 

release profiles were fitted by the first-order release kinetics equations (Figure S9, SI) 

and compared with those from the in vivo BMP-2 release study using only collagen 

scaffolds [330]. As a result, the strong release of 25% of the initial BMP-2 amount was 

slowed down from 3 h for collagen-BMP-2 scaffolds to up to 1.4 days and 15 h for 

collagen nanocomposites containing non- and aminopropylsilyl-modified NPSNPs, 

respectively (Table 8). In addition, the first and the second t1/2 values, referred to as the 

time at which 50% and 75% of the initially loaded BMP-2 is released, could be 

significantly delayed for collagen-NPSNP-BMP-2 composites in comparison to collagen-

BMP-2 scaffolds (Table 8).  

 

Table 8: Comparison of the released BMP-2 amounts fitted by the first-order release 
kinetics equation from a collage-BMP-2 scaffold from ref. [330] and the present study.  

Released BMP-2 

amount / % 

Collagen-BMP-2 

scaffold 

Collagen-NPSNP-BMP-2 

nanocomposites 

NPSNP-OH NPSNP-propyl-NH2 

t1/4 3 h 1.4 days 15 h  

First t1/2 ≈ 1 day 3 days 2.3 days 

Second t1/2 5.9 days 9.4 days  8.8 days 

 

In conclusion, by the loading of BMP-2 on the surface of non-modified and 

aminopropylsilyl-modified NPSNPs and subsequent integration into collagen scaffolds, 

it was possible to control the release of BMP-2.  

Despite promising results in terms of the BMP-2 release kinetics, the BMP-2 loading 

procedure should be optimized by using another buffer to prevent BMP-2 aggregation. 

Thus, after conducting the above described experiment, it was found that BMP-2 tends 

to aggregate under physiological conditions (PBS). In contrast, BMP-2 forms stable 

dispersions at lower pH, e.g. at pH 5 in MES buffer (see section 4.2.3). Therefore, future 

experiments should be conducted by employing MES buffer for loading of BMP-2.    
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4.5.2.3 BMP-2 release profiles of PCLSK-Alg- and collagen-NPSNP-BMP-2 

nanocomposites in comparison   

To compare the BMP-2 release profiles of PCLSK-Alg- and collagen-NPSNP-BMP-2 

nanocomposites, the data were modified and now refer to ng of the released BMP-2 per 

10 mg of the corresponding scaffold (Figure 74).   

  

Figure 74: BMP-2 release profiles of PCLSK-Alg and collagen-NPSNP-BMP-2 
nanocomposites in comparison. The released BMP-2 amounts refer to ng per 10 mg of 
the respective scaffold. 

In case of PCLSK-Alg-NPSNP-BMP-2 nanocomposites, low BMP-2 amounts (up to ≈ 6 ng 

per 10 mg scaffold) were released in the period of 5 weeks. In the same period, 3- to 20-

times more BMP-2 was released from the collagen-NPSNP-BMP-2 nanocomposites. 

This can be explained by the strong difference in nanoparticle amounts integrated into 

the scaffolds as shown previously in Figure 66 and Figure 72: 1 wt.% vs. 33 wt.% for 

PCLSK-Alg and collagen scaffolds, respectively. The reason behind the strong differences 

in loading capacities may have several explanations. On the one hand, it could be seen 

on the SEM images that the collagen fibres are thinner (about 1 µm) than the electrospun 

fibres of PCL scaffolds (around 3 µm). Since the lateral surface of a cylinder (outer fibre 

surface) is directly proportional to the cylinder radius (fibre radius), 3-times higher 

amount of the NPSNPs could be theoretically attached on the surface of the collagen 

fibres compared to the PCL fibres. On the other hand, the pore sizes of the collagen 

scaffolds are 10-times larger than the pore sizes of the PCL scaffolds (100 µm vs. 

10 µm). Therefore, large NPSNP-BMP-2 aggregates could easily diffuse into the 

collagen scaffolds through the large pore entrances resulting in higher loading capacity 

(Figure S12, SI).          

The effective BMP-2 concentrations and release kinetics necessary for the induction of 

osteogenic differentiation are still a matter of debate. According to the literature [299], 

the minimal BMP-2 concentration needed to induce osteogenic differentiation of bone 
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marrow mesenchymal stem cells (BM-MSCs) is about 100 ng ml−1. This finding can be 

supported by the previously conducted study in our group [33]. Herein, osteogenic 

differentiation of adipose tissue-derived MSCs was successfully promoted by using 

aminopropylsilyl-modified, BMP-2-loaded NPSNPs with a total BMP-2 concentration of 

about 110 ng ml−1 presented to the cells. However, the BMP-2 release from NPSNPs 

was not measured in the previous study.   

However, opposing findings were reported for other growth factors, which were bound to 

a matrix, showing their bioactivity not only when being released, but also when bound on 

the scaffold by interacting with receptors on the surface of adjacent cells [332]. 

Subsequent studies with conjugated BMP-2 on different biomaterials have demonstrated 

that BMP-2 stays bioactive and promotes cell proliferation and differentiation [333-335]. 

Consequently, our BMP-2 delivery approach may provide a universal way to reduce 

BMP-2 dosage by remaining on the surface of the scaffold, interacting with the cells and 

thus facilitating the osteogenesis.  

To further explore this issue, cell culture investigations are required to evaluate the 

PCLSK-Alg- and collagen-NPSNP-BMP-2 nanocomposites regarding their biological 

activity and the ability to induce osteogenic differentiation of MSCs when bound on the 

scaffold.  

While such investigation are currently in planning for PCLSK-Alg-NPSNP-BMP-2 

nanocomposites, they have been already conducted for collagen-NPSNP-BMP-2 

nanocomposites within this study and are presented in the next chapter.   

 

4.5.3 Cell culture investigations of collagen-NPSNP-BMP-2 scaffolds for 

bone regeneration  

Cell culture experiments were performed by VINCENT COGER from the Kerstin Reimers 

Labor für Regenerationsbiologie, Klinik für Plastische, Ästhetische, Hand- und 

Wiederherstellungschirurgie, Medizinische Hochschule Hannover, Germany.  

The induction of osteogenic differentiation of mesenchymal stem cells by bone 

morphogenetic proteins (BMPs) is one of the promising approaches in the field of bone 

tissue engineering [27]. Several studies, also by our group, have shown that adipose 

tissue-derived mesenchymal stem cells (hASCs) are able to differentiate towards bone 

tissue in the presence of BMP-2 [33, 176, 177, 326, 336, 337]. In the current study, we 

sought to evaluate the ability of collagen-NPSNP-BMP-2 nanocomposites to promote 

osteogenic differentiation of hASCs in a three-dimensional collagen scaffold. Therefore, 

collagen-NPSNP-BMP-2 nanocomposites with 8 mm in diameter containing 2 mg of 

aminopropylsilyl-modified NPSNPs with 800 ng of BMP-2 per 1 mg were cultivated 

together with hASCs for 2 or 4 weeks. As controls, the same experiments were carried 
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out with pure collagen scaffolds, collagen scaffolds with NPSNPs not carrying BMP-2 

and collagen scaffolds containing a comparable amount of BMP-2.  

After 4 weeks, cell viability was determined using live/dead viability assay, in which live 

cells appear green and dead cells are red. According to the images in Figure 75a, the 

majority of the cells was viable for all samples. In addition, hASCs were evenly distributed 

throughout the entire collagen scaffold (Figure 75b). These results reveal that regardless 

of the presence of NPSNPs and BMP-2, collagen scaffolds offer a cell-friendly 

environment for hASCs. This is probably due to the scaffold pore size of about 100 µm, 

which allows for the cell ingrowth, migration and proliferation [338]. 

 

 

Figure 75: Results derived from live/dead viability assay of adipose tissue-derived 
mesenchymal stem cells (hASCs) seeded on (a) 4 different collagen scaffold samples 
and (b) a cross-section of the pure collagen scaffolds after 4 weeks of cultivation.  

The progress of osteogenic differentiation of the hASCs inside the collagen-NPSNP-

BMP-2 nanocomposites samples after 2 weeks of cultivation was analysed by Alizarin 

Red S, von Kossa and Calcein stainings (Figure 76a, b and c, respectively). In case of 

successful osteogenetic differentiation, samples stained with Alizarin Red, von Kossa 

and Calcein should show intensive red, brownish and green colour, respectively. 

Together with Calcein staining, samples were treated with DAPI reagent colouring cell 

nuclei into blue (Figure 76c).  

Based on the affiliated images, no osteogenic differentiation of hASCs after 2 weeks of 

cultivation could be observed for all samples and staining methods.  
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Figure 76: (a) Alizarin red S, (b) von Kossa and (c) Calcein with DAPI staining of hASCs 
seeded on collagen scaffolds after 2 weeks of cultivation without dexamethasone. The 
dashed line indicates the border between the collagen gel and the collagen scaffold, for 
details see Figure 70.  

There are several possible reasons leading to this outcome. In contrast to bone marrow 

mesenchymal stem cells (BM-MSCs), the effect of BMP-2 on osteogenic differentiation 

of hASCs is yet to be fully understood. Besides osteoinductive BMPs, in particular  BMP-

2, -4, -6, -7 and -9 [165],  several other growth factors such as insulin-like growth factor 

(IGF)-1, fibroblast growth factor (FGF)-2, vascular endothelial growth factor (VEGF) and 

transforming growth factor beta (TGF-β) are present within the extracellular matrix of 

bones. Therefore, it appears possible that for the osteogenic differentiation of hASCs not 

only one of the growth factors, e.g. BMP-2, has to be applied, but a combination of the 

different factors [177]. However, the approach of using a combination of several growth 

factors might be too complicated and too expensive. As a convenient alternative, the 

osteoinductive steroid drug dexamethasone could be used in combination with BMP-2 

to enhance the osteogenic differentiation of hASCs [339-341]. Therefore, future 

experiments will be performed with the addition of dexamethasone to support the 

osteogenic differentiation of hASCs.  

In addition, the BMP-2 source might play an important role. Thus, recombinant human 

(rh) BMP-2 can be produced using mammalian cells such as Chinese Hamster Ovary 

(CHO) cells [286] or bacteria such as Escherichia coli (E. coli) [222, 287]. While the CHO-

derived rhBMP-2 dimer is glycosylated, rh-BMP-2 expressed in E. coli lacks this 

functionality. Based on that, rhBMP-2 from different sources exhibit different 

physicochemical properties. For example, the isoelectric point (pI), which has an 

influence on the solubility and release kinetics of proteins, was slightly bigger for CHO 
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rhBMP-2 (pI ≈ 9), than for E. coli rhBMP-2 (pI ≈ 8.5).[221] Another study compared the 

biological activity of CHO derived rhBMP-2 purchased from two different providers [290]. 

The authors could show large differences in activity between seemingly identical CHO-

derived rhBMP-2 both in vitro and in vivo. To evaluate the osteogenic differentiation in 

this study, commercially available E. coli derived BMP-2 from Peprotech (Hamburg, 

BMP-2) was used. However, in later studies, it could be demonstrated that the purchased 

E. coli rhBMP-2 was of lower quality according to the results from gel electrophoresis, 

which showed that the sample mainly contained the BMP-2 monomer instead of the 

functional dimer; correspondingly, it exhibited lower biological activity according to the 

results from BRE-Luc assay when compared to rhBMP-2 from E. coli produced by our 

cooperation partners (Institut für Technische Chemie, Leibniz Universität Hannover) 

(Figure S3, SI).  

In addition, the BMP-2 loading was performed using PBS. However, at later time points, 

it was detected that BMP-2 forms large (1 - 2 µm) aggregates and precipitates in this 

buffer (see section 4.2.3).  

Therefore, next experiments on the osteogenic differentiation of hASCs will be performed 

with the in-house produced E. coli-derived rhBMP-2 and an appropriate buffer, e.g. MES 

buffer, and are currently in progress. In addition, for ongoing experiments the cultivation 

time of hASCs on different collagen scaffold samples will be increased to 4 weeks to give 

the cells enough time for differentiation [336].  

In summary, in this study a potentially osteoinductive nanocomposite for bone tissue 

regeneration based on three-dimensional collagen scaffolds and nanoporous silica 

nanoparticles loaded with the osteoinductive growth factor BMP-2 could be produced. 

By using NPSNPs with and without additional functional groups it was possible to control 

the BMP-2 release. However, first cell culture investigations with the collagen-NPSNP-

BMP-2 nanocomposites seeded with adipose tissue-derived mesenchymal stem cells 

have not shown the desired osteoinductive capability. Research into solving this issue is 

already in progress.  
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5 Summary and outlook 

The main aim of this work was the development of a universal delivery platform by using 

nanoporous silica nanoparticles (NPSNPs) for applications in the field of tissue 

engineering and regenerative medicine. For this purpose, the osteoinductive growth 

factor bone morphogenetic protein 2 (BMP-2) was loaded on the surface of NPSNPs. By 

tailoring the surface chemistry of the NPSNPs, the loading capacity and the release of 

BMP-2 should be engineered. With regard to the possible use for bone regeneration and 

for the treatment of rotator cuff ruptures, first steps were undertaken towards the 

fabrication of engineered implants by the integration of BMP-2-loaded NPSNPs into two 

different types of scaffolds made up of collagen and electrospun poly(ε-caprolactone) 

fibres, respectively. This approach should enable the delivery of low doses of BMP-2 in 

a controlled manner and induce osteogenic differentiation of mesenchymal stem cells 

leading to the regeneration of the damaged tissue.   

First, spherical, uniform, monodisperse and highly porous NPSNPs with a particle 

diameter of 40 - 60 nm and a measured specific surface area of 1000 m2 g−1 were 

synthesised by a modified sol-gel process using the structure-directing agent (SDA) 

cetyltrimethylammonium bromide (CTAB) that was removed after the nanoparticle 

synthesis by calcination to open the nanopores. All further experiments were performed 

using this starting material.  

Due to the potential application of surface-modified NPSNPs as delivery systems for 

therapeutic applications, the hydrolytic stability of the attached functional groups, as well 

as the porosity of the NPSNPs, were examined upon exposure to ultrapure water 

(chapter 4.1). For this purpose, aminopropylsilyl groups were successfully introduced on 

the surface of NPSNPs by post-synthetic grafting employing (3-aminopropyl)-

triethoxysilane (APTES). It was shown that about 70% of the initially anchored 

aminopropylsilyl groups were hydrolytically stable and remained on the surface of 

NPSNPs upon water exposure for 64 h. While the particle morphology remained intact, 

a significant reduction in porosity of the aminopropylsilyl-modified NPSNPs was 

observed. It was proposed that the nanopores were clogged by aminopropylsilyl 

oligomers deposited on the surface of NPSNPs. However, the lost porosity could be 

recovered during the subsequent functionalization of the aminopropylsilyl-modified 

NPSNPs with succinic anhydride in dimethylformamide (DMF). In this process, the 

presence of the succinic anhydride seems to play a decisive role in the ability to reopen 

the clogged pores. Therefore, we hypothesize that the condensed aminoorganosilica 

oligomers, which have precipitated on the surface of the NPSNPs, were probably mainly 
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bound by hydrogen bonds between silanol surface groups and the amino groups of the 

oligomers. After the reaction with succinic anhydride, amino groups were converted into 

amide groups which exert considerably weaker hydrogen bonding interactions. 

Consequently, the pore-clogging aminoorganosilica oligomers were detached from the 

surface, resulting in free pore entrances and higher porosity. This hypothesis could be 

verified in the future by employing other organic acid anhydrides like acetic or benzoic 

acid anhydrides instead of succinic anhydride, which should react in a similar way with 

the amino groups of the aminoorganosilica oligomers and convert them into amide 

groups.  

To sum up, the findings derived from this part of the work not only provide unique insights 

into the hydrolytic stability of aminopropylsilyl-modified NPSNPs, which are commonly 

used for biomedical applications and are important for the construction of NPSNP-based 

drug delivery devices, but also show that the reduction of the porosity due to the water 

exposure is not necessarily equivalent to the destruction of the pore system.  

The main aim of the second part of the thesis was to develop a strategy to control the 

binding capacity and the release of the osteoinductive BMP-2 by exploiting NPSNPs with 

versatile surface chemistries (chapter 4.2). It was assumed that in order to achieve a 

homogeneous BMP-2 coverage on the surface of NPSNP, it is favourable to have a 

stable colloidal solution of BMP-2 dimers. For this purpose, the aggregation behaviour 

of BMP-2 in dependence of pH and concentration was determined by dynamic light 

scattering (DLS) and zeta potential measurements in different buffers. In general, the 

pH-dependent aggregation behaviour strongly depends on the isoelectric point (pI) and 

the hydrophobicity of the protein. For hydrophobic proteins with a high pI like BMP-2 

(pI ≈ 8.5), interactions between the hydrophobic regions of the molecules are favoured 

at physiological pH (7.4). Therefore, BMP-2 was more prone to fast aggregation at pH 

values near its pI, i.e. at pH 7 and above, showing large BMP-2 aggregates with 

diameters of 1.5 − 1.7 µm. In contrast, at pH values below 7, equally charged BMP-2 

dimers repel each other due to the electrostatic repulsion resulting in a stable colloidal 

solution of BMP-2. As a result, the best conditions to load BMP-2 on the surface of 

NPSNPs were identified to be at pH 5 using the 2-(N-morpholino)ethanesulfonic acid 

(MES) buffer showing highly positively charged BMP-2 dimers of around 10 nm and small 

aggregates of around 30 nm. Further, it was shown that the BMP-2 concentration played 

a crucial role in the formation of BMP-2 aggregates in MES buffer at pH 5.  Naturally, the 

lower the BMP-2 concentrations were, the smaller were the BMP-2 aggregates. 

The characterization of BMP-2 in different buffers and at different concentrations by DLS 

and zeta potential measurements represents a major initial step towards the 

understanding of the physicochemical properties of BMP-2. The approach used here can 

be adapted to other biomolecules used for biomedical applications. Further research is 
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being undertaken within the DFG research group FOR 2180 “Graded implants for 

tendon-bone junction” with the focus on the pH-dependent solubility, stability and 

biological activity of BMP-2.  

As next, mechanisms of how the surface chemistry of NPSNPs controls the BMP-2 

loading capacity and the release behaviour were extensively studied. Besides non-

modified (NPSNP-OH) and aminopropylsilyl-modified NPSNPs (NPSNP-propyl-NH2) 

that have already been used in the first part of the work, NPSNPs were equipped with 

four other functional groups, namely -propyl-SH, -propyl-SO3H, -methyl-NH-hexyl-NH2 

and -propyl-NH-hexyl-NH2 providing different physicochemical properties, e.g. 

hydrophobicity/hydrophilicity and surface charge, to the NPSNPs. To identify the loading 

capacities of BMP-2 on the surface of non-modified and all types of modified NPSNPs, 

adsorbed BMP-2 amounts were quantified by means of an antibody-based enzyme-

linked immunosorbent assay (ELISA) and a cell-based assay containing the BMP-

responsive element fused to the luciferase reporter gene (BRE-Luc). Following important 

findings can be drawn from both methods. Non-modified NPSNPs adsorbed the least 

amount of BMP-2, namely around 37 ng mg−1 (ELISA) and 2.5 ng mg−1 (BRE-Luc assay), 

whereas much higher BMP-2 amounts were adsorbed on the surface of modified 

NPSNPs, namely between 700 ng mg−1 and 1000 ng mg−1 (ELISA) and between 140 ng 

mg−1 and 220 ng mg−1 (BRE-Luc assay). Therefore, we hypothesize that the presence 

of hydrophobic functionalities on the surface of the NPSNPs is the major factor 

controlling the BMP-2 loading capacity. In addition, it was demonstrated that BMP-2 was 

adsorbed on the surface of modified NPSNPs bearing both positively (-NH2) and 

negatively charged (-SH and -SO3H) terminal functional group probably due to the 

presence of both negatively and positively charged regions on the surface of BMP-2.  

Furthermore, zeta potential measurements of NPSNPs that were loaded with increasing 

BMP-2 amounts offer an additional method to prove the successful loading of positively 

charged BMP-2 (in MES buffer, at pH 5) on the surface of negatively charged NPSNPs, 

in particular, of NPSNP-OH, -propyl-SH and -propyl-SO3H. However, this method was 

not suitable to observe BMP-2 adsorption on positively charged NPSNPs with terminal 

amino groups. DLS measurements of NPSNPs bearing -propyl-NH2 and -propyl-NH-

hexyl-NH2 groups showed a formation of colloidally stable nanoparticle dispersions at 

low and high BMP-2 concentrations. In contrast, NPSNPs bearing negatively charged 

functional groups (-OH, -SH and -SO3H), as well as the positively charged NPSNP-

methyl-NH-hexyl-NH2, demonstrated the tendency for particle aggregation, especially at 

high BMP-2 concentrations. During the aggregation, it is very likely that some BMP-2 

was trapped in the interparticle space of the aggregates and thus, would not be available 
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for the cells. Therefore, only NPSNPs bearing -propyl-NH2 and -propyl-NH-hexyl-NH2 

groups will be suitable candidates for future biomedical applications.  

After the determination of the binding mechanisms of BMP-2, the BMP-2 release 

behaviour from the surface of differently modified NPSNPs was evaluated based on the 

results derived from the ELISA measurements. Depending on the modification of 

NPSNPs, three different types of BMP-2 release behaviours were identified. However, 

the observed release behaviour could not be fully clarified. 1) NPSNP-OH and NPSNP-

propyl-NH2 revealed a fast initial release within the first week followed by a sustained 

release within the second week. The weak hydrogen bonding interactions between BMP-

2 and silanol and amino groups on the surface of NPSNP-OH and NPSNP-propyl-NH2 

could be responsible for this fast BMP-2 release. 2) Only NPSNP-propyl-NH-hexyl-NH2 

revealed a sustained release of BMP-2 for the entire period of two weeks. Here, a 

beneficial synergistic effect of electrostatic repulsion of positively charged amino groups 

and BMP-2 molecules and hydrophobic interactions between hexyl chains and BMP-2 

might have been responsible for the controlled BMP-2 release. 3) The very small 

amounts of BMP-2 released from NPSNPs bearing -propyl-SH, -SO3H and -methyl-NH-

hexyl-NH2 moieties could be attributed to the strong electrostatic or/and hydrophobic 

interactions between BMP-2 and the functional groups on the surface. In these cases, 

BMP-2 seemed to be bound too strongly and therefore was retained on the surface of 

the NPSNPs. The strong binding could have also led to irreversible conformational 

changes of BMP-2. As a result, BMP-2 could not be recognized by the antibody-based 

ELISA and therefore, only small amounts of BMP-2 were detected. 

In general, very low released amounts of BMP-2 (less than 10%) were detected for 

modified NPSNPs if compared to the initially loaded BMP-2 amounts (up to 1000 ng mg−1 

for modified NPSNPs). One of the reasons could be the precipitation of BMP-2 during 

the release procedure. However, an ELISA can only detect molecularly dissolved BMP-2, 

as the responsible epitope may be masked in aggregated molecules. For the future 

experiments, aggregated but still biologically active BMP-2 should be quantified by the 

cell-based BRE-Luc assay.  

Further investigations would be needed to determine exactly how different functional 

groups on the surface of NPSNPs affect the binding and the release kinetics of BMP-2. 

For example, computational approaches could provide further information into protein 

adsorption-desorption mechanisms at the molecular scale. These mechanisms could be 

simulated with different degrees of exactness by the different computational approach. 

However, very large, detailed and precise simulations will result in the increase of the 

computational costs.    

With regard to the future biomedical applications of BMP-2-loaded NPSNPs for bone 

regeneration, the release kinetics of BMP-2 should be studied at physiological 
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conditions. Because of the fast precipitation of BMP-2 under these conditions, released 

BMP-2 amounts should also be quantified by the BRE-Luc assay. Moreover, to increase 

the amount of the released BMP-2, more BMP-2 can be loaded on the surface of 

modified NPSNPs. Knowing the external surface area of the NPSNPs (around 

200 m2 g−1) and the dimension of one BMP-2 dimer (7.5 nm x 3.5 nm), around 26 µg of 

BMP-2 dimers are needed to cover 100% of the surface of 1 mg of NPSNPs by BMP-2 

dimer monolayer. In the present study, up to 1 µg mg−1 were adsorbed on the surface of 

modified NPSNP corresponding to the surface coverage of less than 4%. Therefore, in 

future studies much more BMP-2 could be adsorbed on the surface of modified NPSNPs 

to achieve higher BMP-2 release amounts. However, it should be kept in mind that the 

use of more BMP-2 will lead to increased costs to produce BMP-2-loaded NPSNPs and 

could cause severe side effects when employed for bone regeneration.   

In general, it would be possible to modify the surface of NPSNPs by numerous 

commercially available organosilanes possessing versatile physicochemical properties 

that can be chosen according to the needs. Therefore, the application of NPSNPs with 

versatile surface chemistries could provide a universal solution for engineering 

nanoparticles with desired loading capacity and release kinetics for any biomolecules. 

For example, besides BMP-2, transcription factor Smad8 Linker region + Mad Homology 

Region 2 (Smad8 (L+MH2) and transforming growth factor (TGF)-β3 should be loaded 

on NPSNPs and integrated into a scaffold within the research group “Graded implants 

for tendon-bone junction” to re-establish the tendon-bone junction as a novel therapy to 

restore the functionality of the rotator cuff after a rupture. The approach described above 

can be useful in combination with other methods to study the binding capacities and the 

release behaviours of these biomolecules when loaded on the surface of modified 

NPSNPs.  

To study the potential of BMP-2-loaded NPSNPs for bone regeneration, BMP-2-

mediated early targeted gene expression of inhibitor of differentiation 1 and 3 (Id1 and 

Id3) genes was used to monitor the commitment of human bone marrow-derived 

mesenchymal stem cell (BM-MSCs) towards the osteogenic lineage (chapter 4.3). In this 

study, the effect of dissolved BMP-2 and BMP-2 adsorbed on the surface of NPSNP-

propyl-NH-hexyl-NH2 were compared with each other. It was demonstrated that BMP-2-

loaded NPSNPs were slightly more effective in upregulating early targeted Id1 and Id3 

gene expression after the short exposure of 2 h than dissolved BMP-2. It was 

hypothesized that BMP-2 adsorbed on NPSNPs could intensively interact with the cell 

receptors due to the even distribution of the nanoparticles over the cells. In contrast, free 

BMP-2, known for strong aggregation at physiological conditions, would be in contact 

only with the limited number of cells. However, similar levels of gene expressions for 
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dissolved and adsorbed BMP-2 were detected after 24 h probably due to the similar 

diffusion rates of BMP-2 from the aggregates and NPSNPs. These results provide first 

insights into the understanding of how non-covalently adsorbed BMP-2 promotes 

osteogenic differentiation in BM-MSCs. However, for a deeper understanding of the 

involved processes, further experiments are needed. In addition, the effect of adsorbed 

BMP-2 on the osteo- or odontogenic differentiation of dental pulp stem cells will be in 

focus of future research.  

With regard to the future application in tissue engineering, a modified MTT assay was 

used to assess the cytotoxicity of non-modified and all five types of modified NPSNPs 

towards murine cell line C2C12 BRE-Luc (BMP-Responsive-Element-Luciferase)-pGL3 

and BM-MSCs by the exposure to various concentrations of NPSNPs for 1, 3 and 7 days 

(chapter 4.4). Additionally, cell morphology and proliferation were examined by the light 

microscopy. Following findings can be drawn from these studies. NPSNP-OH were not 

cytotoxic at any concentrations, any time and for any cell line. Moreover, all types of 

modified NPSNPs were not cytotoxic towards both cell lines up to the nanoparticle 

concentration of 10 µg ml−1 throughout 7 days of the exposure. However, above this 

concentration, all types of modified NPSNPs showed a strong reduction of the metabolic 

activity of viable C2C12 BRE-Luc cells, in particular, after 24 h of the exposure. It is 

noteworthy that the colloidally stable NPSNP-propyl-NH-hexyl-NH2 and NPSNP-propyl-

SO3H at high concentrations, which were evenly distributed over the cells, showed the 

strongest reduction of the metabolic activity of viable C2C12 BRE-Luc cells after 3 days 

of the exposure. It was proposed that at high nanoparticle concentrations and even 

distribution over the cells, the reduction was caused by the NPSNPs coverage of the 

cells inhibiting the supply of oxygen and nutrients, as well as the removal of the cell 

wastes. After 7 days of the exposure to differently modified NPSNPs, a quick recovery 

of C2C12 BRE-Luc cells from the initial cytotoxic effect could be observed.  

As primary cells, BM-MSCs were more sensitive towards exposure to high 

concentrations of modified NPSNPs. Thus, a strong reduction of the metabolic activity of 

viable BM-MSCs could be demonstrated throughout the period of 7 days. Especially, 

NPSNPs bearing terminal amino groups showed a strong effect above the nanoparticle 

concentration of 10 µg ml−1. These effects were probably caused by the coverage of the 

cells with NPSNPs preventing the cell from growth and regular metabolic activity. In 

addition, the reduction of the cell proliferation and metabolic activity of BM-MSCs could 

have been caused by the incipient osteogenic differentiation due to the exposure to 

NPSNPs, which are known to induce the differentiation towards the osteogenic lineage 

on their own. However, further studies will be needed to clarify this issue and the exact 

role of each functional groups on the NPSNP-induced reduction of the metabolic activity 

of BM-MSCs.  
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The development of optimised implants for tissue regeneration enabling the delivery of 

low doses of the BMP-2 in a controlled manner by using NPSNPs was also in focus of 

this thesis (chapter 4.5). To this aim, first steps have been done towards the fabrication 

of a graded implant for the treatment of a rotator cuff rupture within the DFG research 

group FOR 2180 “Graded implants for tendon-bone junction”. Here, nanocomposites 

made of three-dimensional, “shish kebab”-structured, alginate-coated PCL scaffolds and 

BMP-2-loaded NPSNPs with different functional groups were successfully prepared by 

the electrostatic attraction. However, apparently, only low amounts of NPSNPs (1 wt.%) 

and BMP-2 (around 100 -150 ng per scaffold) could be loaded on the PCLSK-Alg scaffolds. 

Even lower BMP-2 amounts (up to 8 ng ml−1) were released from the surface of 

PCLSK-Alg-NPSNP-BMP-2 nanocomposites in PBS containing (pH 7.4), 0.1% bovine 

serum albumin (BSA) and 0.02% Tween 20 within the period of 5 weeks. The PBS buffer 

was chosen to mimic the physiological conditions, whereas the BSA and the surfactant 

Tween 20 were supposed to prevent BMP-2 aggregation. However, this approach was 

not successful. Therefore, future work needs to focus on the optimisation of the medium 

to mimic BMP-2 release under physiological conditions. Moreover, research should be 

undertaken to improve the integration of the BMP-2-loaded NPSNPs into the PCLSK-Alg 

scaffolds. After that, first cell culture investigations should be performed to evaluate the 

PCLSK-Alg-NPSNP-BMP-2 nanocomposites regarding their ability to induce osteogenic 

differentiation in mesenchymal stem cells.   

In comparison to PCL-based scaffolds, higher amounts of NPSNPs were integrated into 

collagen scaffolds (≈ 33 wt.%). Consequently, much higher BMP-2 amounts, namely 

35 ng ml−1 for NPSNP-OH and 75 ng ml−1 NPSNP-propyl-NH2, were released within a 

period of 5 weeks. The BMP-2 release followed first-order kinetics in both cases and the 

release curves could be fitted by using logarithmic equations. After the comparison with 

BMP-2 release data from the literature, it could be shown that the fast initial release of 

BMP-2, typically shown by BMP-2-loaded collagen scaffolds, was slowed down by using 

NPSNPs as delivery carriers for BMP-2.  

Unfortunately, BMP-2 amounts released from the collagen-NPSNP-BMP-2 

nanocomposites were not sufficient to promote osteogenic differentiation of human 

adipose-derived stem cells (hASCs) after 2 weeks of cultivation, as confirmed by Alizarin 

Red S, von Kossa and Calcein stainings. Nevertheless, live/dead cell viability assay of 

the collagen scaffolds with or without BMP-2-loaded NPSNPs showed a good distribution 

of viable stem cells across entire collagen scaffolds after the cultivation for 4 weeks. As 

such, collagen scaffolds offered a cell-friendly environment and were, in principle, 

suitable for cell attachment and proliferation.     
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In these studies, commercially available E. coli-derived BMP-2 was used. However, in 

later studies, it could be demonstrated that the purchased E. coli-derived BMP-2 was of 

lower quality and exhibited lower biological activity when compared to the E. coli-derived 

BMP-2 produced by the cooperation partners within the DFG research group FOR 2180. 

Moreover, BMP-2 loading on NPSNPs was performed using PBS. However, at later time 

points, it was detected that BMP-2 forms large (1 - 2 µm) aggregates and precipitates in 

this buffer. Therefore, next experiments on the osteogenic differentiation of hASCs will 

be performed using the in-house produced E. coli-derived BMP-2 and an appropriate 

buffer, e.g. MES buffer, and are currently in progress. In addition, osteoinductive drug 

dexamethasone could be incorporated into the nanopores of NPSNPs and used in 

combination with BMP-2 to support the osteogenic differentiation of hASCs. Besides 

BMP-2, several other growth factors such as insulin-like growth factor (IGF)-1, fibroblast 

growth factor (FGF)-2, vascular endothelial growth factor (VEGF) and transforming 

growth factor beta (TGF-β), which are present within the extracellular matrix of bones, 

could also increase the chance of the osteogenic differentiation of hASCs when applied 

in combination with BMP-2. 
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7 Supporting information 

Table S1: Summary of the weight loss of the aminopropylsilyl-modified nanoporous silica 
nanoparticles before and after water exposure obtained from thermogravimetric 
analyses.  

Temperature 

range / °C 

Weight loss with and without solvent / % Components  

NPSNP-propyl-NH2 NPSNP-propyl-NH2 

after immersion  

25 – 120  4 - 7 - Solvent 

120 – 800  13 14 10 12 Organic 

groups 

Residues 83 86 83 88 Silica 

 

Table S2: Summary of the weight loss of the carboxy-modified nanoporous silica 
nanoparticles before and after water exposure obtained from thermogravimetric 
analyses. 

Temperature 

range / °C 

Weight loss with and without solvent / % Components 

NPSNP-COOH NPSNP-COOH derived from 

immersed NPSNP-propyl-

NH2 

  25 – 120 2 - 3 - Solvent 

120 – 250 4 - 5 - DMF 

250 – 750 16 17 13 14 Organic 

groups 

Residues 78 83 79 86 Silica 
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Table S3: Characterization of the porosity of non-modified and surface-modified 
nanoporous silica nanoparticles. 

Samples Specific 

surface area 

SBET (m2 g−1) 

(a) 

Average 

pore width 

dPore (nm) 

(b) 

Total pore 

volume  

Vtotal 

(cm3 g−1) 

(c) 

NPSNP-OH 1000 3.2 0.83 

NPSNP-propyl-NH2 442 3.2 0.45 

NPSNP-COOH 570 2.6 0.55 

NPSNP-propyl-NH2 after 

immersion 

160 3.2 0.21 

NPSNP-COOH derived from 

immersed NPSNP-propyl-NH2 

233 3.2 0.27 

Immersed NPSNP-propyl-NH2 

stirred in DMF, 12h, 25 °C 

229 3.2 0.28 

Immersed NPSNP-propyl-NH2 

stirred in DMF, 1h, 155 °C 

248 3.2 0.29 

(a) Determined by BET analysis of the nitrogen sorption isotherms (0.05 ≤ p/p0 ≤ 0.30).  
(b) Calculated via DFT analysis of the nitrogen adsorption isotherm (p/p0 ≤ 0.90).  

 

Table S4: Summary of the weight loss of the aminopropylsilyl-modified nanoporous silica 
nanoparticles after water exposure stirred in DMF for 12 h at 25°C and for 1 h at 155 °C 
obtained from thermogravimetric analyses.  

Temperature 

range / °C 

Weight loss with and without solvent / % Components 

Immersed NPSNP-

propyl-NH2 stirred in 

DMF, 1h, 155 °C 

Immersed NPSNPs-

propyl-NH2 stirred in 

DMF, 12h, rt 

  25 – 120 3 - 4 - Solvent  

120 – 250 2 - 1 - DMF 

250 – 750 12 13 13 14 Organic 

groups 

Residues 83 87 82 86 Silica 
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Figure S 1: Thermogravimetric analysis curves for aminopropylsilyl-modified nanoporous 
silica nanoparticles after water exposure stirred in DMF for 1 h at 155 °C and for 12 h at 
25 °C. 

 

Table S 4: Summary of the weight loss of the NPSNP-OH, -propyl-NH2 and -propyl-SH 
obtained from thermogravimetric analyses. 

Temperature 

range / °C 

Weight loss with and without solvent / % Decomposition 

NPSNP-

OH 

NPSNP-

propyl-NH2 

NPSNP-

propyl-SH 

25−120 °C 1  4  2  Solvents 

120−700 °C − 14  18  Organic groups 

700−1000 °C 1  − − Dehydroxylation 

− 98  83  80  Residues 
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Table S 5: Summary of the weight loss of NPSNP-propyl-SO3H, -methyl-NH-hexyl-NH2- 
and -propyl-NH-hexyl-NH2 obtained from thermogravimetric analyses. 

Temperature 

range / °C 

Weight loss with and without solvent / % Decomposition 

NPSNP-

propyl-

SO3H 

NPSNP-

methyl-NH-

hexyl-NH2 

NPSNP-

propyl-NH-

hexyl-NH2 

25−200 °C 4  3 4 Solvents 

200−700 °C 20 20 19 Organic groups 

700−1000 °C - − − Dehydroxylation 

− 76 77 77 Residues 

 

Table S 6: Characteristic IR bands of non-modified and differently modified NPSNPs. 

Position (cm−1) Vibrator Abbreviation 

3000 - 3700 O−H, Si−OH stretching 𝜐(OH) 

2976 Asymmetric CH3 stretching 𝜐𝑎𝑠(CH3) 

2935 Asymmetric CH2 stretching 𝜐𝑎𝑠(CH2) 

2854 Symmetric CH3 stretching 𝜐𝑠(CH3) 

1647 N−H, O−H deformation 𝛿(OH), 𝛿(NH) 

1560 N−H deformation 𝛿(NH) 

1475 −NH3
+ deformation 𝛿(NH3

+) 

1490 - 1325 Asymmetric CH2 deformation 𝛿𝑎𝑠(CH2) 

1085 Asymmetric Si−O−Si stretching 𝜐𝑎𝑠(Si−O−Si) 

1041 COH deformation 𝛿(COH) 

966 Si−OH and SiO−H stretching 
 𝜐(Si−OH) and 

𝜐(SiO−H) 

800 Symmetric Si−O−Si stretching 𝜐𝑠(Si−O−Si) 

688 Symmetric SiO4 stretching 𝜐𝑠(SiO4) 
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Figure S 2: Nitrogen adsorption-desorption isotherms and correlating pore size 
distributions according to the DFT theory of differently modified nanoporous silica 
nanoparticles.   
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Figure S 3: Results from gel electrophoresis and BRE-Luc assay of E. coli-derived 
rhBMP-2 purchased from Peprotech (Hamburg, Germany) and provided by the Institut 
für Technische Chemie, Leibniz Universität Hannover. 

 

Figure S 4: In vitro release profiles of BMP-2 from the surface of non-modified and 
differently modified  NPSNPs in Soerensen buffer at pH 7.4 and 37 °C as measured by 
ELISA. The data represent the mean ± standard deviation (n=3). 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

C
u
m

u
la

ti
v
e
 r

e
le

a
s
e
 o

f 
B

M
P

-2
 /
 n

g
 m

g
-1

t / d

 NPSNP-OH

1%

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

C
u

m
u

la
ti
v
e

 r
e

le
a

s
e

 o
f 

B
M

P
-2

 /
 n

g
 m

g
-1

t / d

 NPSNP-propyl-NH
2

 NPSNP-propyl-SH

 NPSNP-propyl-SO
3
H

0.003%

0.01%

0.007%



168                                                                                                      Supporting information                                                                                                              

 

 

Figure S 5: Release of BMP-2 from NPSNP-OH, -propyl-NH2 and -propyl-NH-hexyl-NH2 
as measured by ELISA and fitted by zero-order release kinetics equations. 

 

Table S 7: Measured weight and thickness of the PCLSK-Alg scaffolds with the diameter of 
15 mm to roughly estimate the porosity of the scaffolds.    

Nr. Weight / mg Thickness / mm 

1 13.3 
 

0.30 

2 13.9 
 

0.34 

3 14.5 
 

0.44 

4 13.5 
 

0.35 

5 14.3 
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6 13.5 
 

0.37 

7 13.5 
 

0.28 

8 13.8 
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9 14.7 
 

0.46 
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Nr. Weight / mg Thickness / mm 

14 14.7 
 

0.41 

15 13.2 
 

0.25 

16 14.3 
 

0.39 

17 14.3 
 

0.32 

18 12.5 
 

0.29 

19 14.1 
 

0.30 

20 13.3 
 

0.32 

Average 13.84 
 

0.35 

Standard 

deviation 

0.61 
 

0.06 

 

 

Figure S 6: SEM images of PCLSK-Alg fibre mat loaded with NPSNPs bearing propyl-NH2 
groups after (a) one week, (b) two weeks, (c) three and (d) five weeks of the immersion 
into the release medium (PBS,  0.1% BSA and 0.02% Tween 20) at 37 °C. 

a b

c d
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Figure S 7: SEM images of PCLSK-Alg fibre mat loaded with NPSNPs bearing methyl-NH-
hexyl-NH2 groups after (a) one week, (b) two weeks, (c) three and (d) five weeks of the 
immersion into the release medium (PBS,  0.1% BSA and 0.02% Tween 20) at 37 °C. 
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Figure S 8: SEM images of PCLSK-Alg fibre mat loaded with NPSNPs bearing propyl-NH-
hexyl-NH2 groups after (a) one week, (b) two weeks, (c) three and (d) five weeks of the 
immersion into the release medium (PBS,  0.1% BSA and 0.02% Tween 20) at 37 °C. 

 

 

 

Figure S 9: (a) Amounts of adsobed BMP-2 on the surface of non-modified (red) and 
aminopropylsilyl-modified (black) NPSNPs and (b) BMP-2 release from NPSNPs derived 
from the ELISA measurements. As medium PBS and 0.1 % BSA were used. The data 
represent the mean ± SD (n=3). 
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Figure S 10:  Release of BMP-2 from the surface of differently modified NPSNPs loaded 
on PCLSK-Alg scaffolds into PBS, 0.1% bovine serum albumin and 0.02% Tween 20 at 
pH 7.4 and 37 °C as measured by ELISA. Release profiles from NPSNP-propyl-NH2 and 
-propyl-NH-hexyl-NH2 were fitted by first-order release kinetics equations. Release curve 
from NPSNP-methyl-NH-hexyl-NH2 were fitted first by the linear curve followed by fitting 
the data with an exponential equation.  
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Figure S 11: Release of BMP-2 from collagen-NPSNP-BMP-2 nanocomposites with two 
different nanoparticles types: non-modified and aminopropylsilyl-modified NPSNPs, as 
measured by ELISA and fitted by first-order release kinetics equations. Release medium 
is 2 ml of PBS containing 0.1% bovine serum albumin at pH 7.4 and 37 °C. 

 

Table S 8: Comparison of the released BMP-2 amounts from the PCLSK-Alg- and collagen-
NPSNP-BMP-2 nanocomposites derived from the fitting.  

Days  PCLSK-Alg-NPSNP-BMP-2 

nanocomposites 

Collagen-NPSNP-

BMP-2 nanocomposites 

NPSNP-

propyl-NH2 

NPSNP-

methyl-NH-

hexyl-NH2 

NPSNP-

propyl-NH-

hexyl-NH2 

NPSNP-

OH 

NPSNP-

propyl-NH2 

t1/4 - 2.1 days  - 1.4 days 15 h  

First t1/2 5.0 days 4.2 days 5.7 days 3 days 2.3 days 

Second t1/2 12.4 days 7.4 days 18.9 days 9.4 days  8.8 days 
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Figure S 12: Collagen scaffold (left) and PCL fibre mat after loading with NPSNP-OH 
and NPSNP-methyl-NH-hexyl-NH2 for 12 h.  

 

100 µm 100 µm
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8 Appendix  

Appendix A Adsorption of BSA and BMP-2 on glass and plastic 

surfaces  

A1 General concept  

Proteins in aqueous solution readily adsorb to the most surfaces due to their amphiphilic 

nature. When the quantification of proteins is needed, protein adsorption to surfaces may 

lead to inaccurate results of the protein amounts [342]. The addition of bovine serum 

albumin (BSA) is commonly used to prevent adsorption of the quantified protein. 

However, for some quantification methods, this approach is not feasible [343].  

In this work, bone morphogenetic protein 2 (BMP-2) was adsorbed on the surface of 

nanoporous silica nanoparticles (NPSNPs). Despite the addition of BSA, BMP-2 could 

not be accurately quantified. Therefore, we sought to verify whether BMP-2 and BSA 

were adsorbed on commonly used surfaces such as glass and plastic (polypropylene). 

    

A2 Materials and methods 

BMP-2 (Peprotech, Hamburg, Germany) was dissolved in phosphate buffered saline 

(PBS), pH 7.4 (Sigma Aldrich Chemie GmbH, Munich, Germany) to the final 

concentration of 5 µg ml−1. In addition, 0.1% and 1% BSA solutions were prepared using 

PBS, pH 7.4. Glass slides for microscopy, 1x1 cm glass platelets and plastic vessels 

made of polypropylene were purchased from VWR International GmbH (Darmstadt, 

Germany).  

To investigate the protein adsorption on the surface of glass and plastic, plastic vessels 

were filled with appropriate protein solutions (BMP-2 or BSA), and the glass slide was 

placed into the protein solution, as illustrated in Figure A 1. Subsequently, samples were 

placed into the refrigerator at 4 ° for 24 h. After that, the protein solution was removed, 

the plastic vessels and glass slides were rinsed with ultrapure water and dried under the 

nitrogen gas.  

Static contact angle measurements were performed on the plastic vessel bottoms and 

glass slides using a Surftens universal contact angle goniometer (OEG, Frankfurt/Oder, 

Germany) with water as the probing liquid. On every sample, the contact angle was 

measured at three different positions.  
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Figure A 1: Set up of the experiments.  

 

A3 Results and discussion  

To assess protein adsorption on the surface of glass and plastic, BSA was chosen as 

the model protein. The measured water contact angles on glass and plastic surfaces 

after immersion into 0.1% and 1% BSA solutions in PBS are demonstrated in Figure A 2. 

It can be seen that pure glass surfaces revealed a contact angle of about 13 ° evidencing 

a strongly hydrophilic surface. After the immersion into BSA solutions, the contact angle 

of the glass increased drastically up to 70 ° and 67 ° for 0.1% and 1% solution, 

respectively. These results offer compelling evidence for the adsorption of BSA on glass 

surfaces regardless of the BSA concentration.  

In contrast, the water contact angle on the surface of pure plastic was about 78 ° 

demonstrating hydrophobic properties. After the immersion into the 0.1% BSA solution, 

no difference in contact angles could be detected pointing to no or very small adsorption 

of BSA. In case of the immersion into the 1% BSA solution, two different contact angles 

at 83 ° and 65 ° could be measured indicating a heterogeneous distribution of BSA 

molecules on the plastic surface.    
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Figure A 2: Water contact angles on glass and plastic surfaces before and after the 
immersion into 0.1% or 1% BSA in PBS. Results are represented as mean ± standard 
deviation of triple measurements.  
 

Next, the adsorption of BMP-2 molecules on glass and plastic surfaces was investigated 

by the contact angle measurements of water (Figure A 3). The contact angle of the glass 

used in these experiments was around 37 ° indicating a hydrophilic surface. When the 

glass slides were immersed in PBS only, the water contact angle changed slightly to 

35 °. After the immersion into the BMP-2 solution in PBS, the contact angle increased 

up to 54 ° offering an indisputable evidence of BMP-2 adsorption on the glass surface.  

In case of the plastic surface, contradictory results were obtained. As shown previously 

for BSA adsorption, two contact angles were measured here as well, namely 69 ° and 

80 °. Therefore, it cannot be ruled out that BMP-2 was adsorbed on the plastic surface.    
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Figure A 3: Water contact angles on glass and plastic surfaces before and after the 
immersion in PBS or in PBS containing BMP-2 (5 µg ml−1). Results are represented as 
mean ± standard deviation of triple measurements.  
 

In conclusion, an easy method to verify protein adsorption on glass and plastic surfaces 

was demonstrated. The results of this study suggest that both BSA and BMP-2 were 

adsorbed on a glass surface. However, our study was not successful in proving whether 

BSA and BMP-2 were adsorbed on the plastic surface. Future work will concentrate on 

that.    

 

Appendix B TEM investigations of BMP-2 and BMP-2-loaded 

NPSNPs 

 

B1 General concept  

Negative staining is a widely used technique to study viruses, purified enzyme, soluble 

protein molecules, isolated cell organelles etc., by transmission electron microscopy 

(TEM). The principle of the negative staining is based on that a thin layer of biological 

material is surrounded, permeated, supported and embedded by a dried thin amorphous 

layer of heavy metal-containing salt. This layer generates differential electron scattering 

due to the density differences between the electron-transparent biological material and 

the electron-opaque stain layer [344]. 
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The most commonly used negative stains are ammonium molybdate, sodium/potassium 

phosphotungstate and uranyl acetate/formate. These negative stains commonly used as 

1 wt.%  or 2 wt.% in aqueous solutions. However, uranyl acetate/formate solutions are 

toxic and radioactive and therefore, were not used in the present study. A protective 

carbohydrate such as trehalose can be added to the negative stain solution creating a 

thicker layer of the stain and protecting biological sample during the drying process. For 

preliminary TEM assessments of biological materials air-drying is often used.   

 

B2 Materials and methods  

Ammonium molybdate, 99.98%; phosphotungstic acid, reagent grade; trehalose, for 

molecular biology; were purchased from Sigma-Aldrich Chemie GmbH (Munich, 

Germany) and used without further purification.   

Cu grids with continuous carbon film and anti-adhesive forceps to hold the Cu grids were 

purchased from Plano GmbH (Wetzlar, Germany).  

For visualization of soluble BMP-2 molecules and BMP-2 on the surface of non-modified 

NPSNPs, single-droplet negative staining technique was used according to [345]. 

Transmission electron microscopy (TEM) images were taken using TEM Tecnai G2 F20 

TMP from FEI (Oregon, USA) operating at 200 kV.  

 

B2.1 Applied protocol 

Following aqueous negative staining solutions were prepared and used to stain BMP-

2and BMP-2-loaded NPSNPs:  

-5 wt.% ammonium molybdate / phosphotungstic acid  with 0.1 wt.% and 1 wt.% 

trehalose 

-2 wt.% and 1 wt.% ammonium molybdate / phosphotungstic acid   

Before applying the sample to the Cu grids, the grids were not glow discharged, as 

recommended. Instead, they were placed into a convection oven at 70 °C for 12 h to 

remove adsorbed water.  

A The non-modified NPSNPs with adsorbed BMP-2 (40 ng mg−1) were dispersed in a 

MES buffer at pH 5.  

B 2 µl of dispersed sample were placed on the shiny site of the Cu grid. The sample was 

allowed to stay there for 1 minute. The droplet was removed by touching the edge of the 

grid to a filter paper edge.  

C On a piece of PARAFILM® M, 2 droplets of water and one droplet of the staining solution 

(20 µl) were placed.  
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D The grid with previously adsorbed sample was washed subsequently with these 2 

water droplet by touching them with the site of the grid, where the sample was applied. 

E The excessed water was removed each time by blotting the grid on the filter paper.  

F At the last step, the grid touched the droplet with the appropriate staining solution for 

about 20 s. After that, the grid was blot on the filter paper to remove the excess of the 

solution.  

G The grid was allowed to dry on the air for about 5 mins, before it was stored in a small 

plastic container for TEM grids.  

H TEM images were taken next day.  

 

B3 Results and discussion  

 

B3.1 Negative staining of BMP-2  

BMP-2 samples (concentration 5 µg ml−1, in MES buffer at pH 5) were stained with 

2 wt.% phosphotungstic acid. In Figure B 1, the best TEM images are presented 

probably showing a BMP-2 aggregate. The white spots might show BMP-2 dimers. 

However, the images should be interpreted with caution. To this point, no TEM images 

of BMP-2 molecules have been reported yet. In general, the chosen BMP-2 

concentration was probably too low for this experiment. 
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Figure B 1: TEM images of BMP-2 stained with 2 wt.% phosphotungstic acid.  

 

 

B3.2 Negative staining of BMP-2-loaded NPSNPs with ammonium molybdate 

On TEM image of BMP-2-loaded NPSNPs stained with 5 wt.% ammonium molybdate 

with 1 wt.% trehalose, no white spots of BMP-2 were observed (Figure B 2).  
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Figure B 2: TEM image of BMP-2 loaded on non-modified NPSNPs stained with 5 wt.% 
ammonium molybdate with 1 wt.% trehalose. 
 

On the TEM image of BMP-2-loaded NPSNPs stained with 5 wt.% ammonium molybdate 

with 0.1 wt.% trehalose, white spots on the surface of the particles could be observed 

(Figure B 3). These might be BMP-2 dimers. However, in this sample the electron beam 

was burning away organic residues and thus, the focused spot on the sample became 

black very fast.  
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Figure B 3: TEM image of BMP-2 loaded on non-modified NPSNPs stained with 5 wt.% 
ammonium molybdate with 0.1 wt.% trehalose.  
 

Samples of BMP-2 loaded on non-modified NPSNPs stained with 2 wt.% and 1 wt.% 

ammonium molybdate were of low contrast (Figure B 4).  
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Figure B 4: TEM image of BMP-2 loaded on non-modified NPSNPs stained with 2 wt.% 
(upper image) and 1 wt.% (lower image) ammonium molybdate. 
 

B3.3 Negative staining of BMP-2-loaded NPSNPs with phosphotungstic acid  

TEM images with the high contrast could be obtained by staining BMP-2-loaded NPSNPs 

with phosphotungstic acid (Figure B 5 and 6). In addition, on the surface of the silica 

nanoparticles white spots could be observed (Figure B 6, lower image). These spots can 
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be an indication of either the adsorbed BMP-2 or the nanopores of silica nanoparticles. 

Unfortunately, this could not be clarified at this point.   

 

Figure B 5: TEM image of BMP-2 loaded on non-modified NPSNPs stained with 5 wt.% 
phosphotungstic acid with 1 wt.% (upper image) and 0.1 wt.% (lower image) trehalose.  
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Figure B 6: TEM image of BMP-2 loaded on non-modified NPSNPs stained with 2 wt.% 
(upper image) and 1 wt.% (lower image) phosphotungstic acid.  
 

Taken together, it can be stated that the TEM images of BMP-2 containing samples 

stained with phosphotungstic acid with or without trehalose provided images with higher 

contrast than those stained with ammonium molybdate. However, BMP-2 molecules 

could not be clearly seen on the surface of nanoporous silica nanoparticles. In addition, 

BMP-2 can be easily mistaken with the nanopores of NPSNPs appearing as white spots.  



Appendix                                                                                                                                187                                                                                                               

 

 

The conditions to obtain best-quality, high-resolution TEM images were not optimal and 

need to be enhanced. For example, instead of air-drying the samples after application 

on TEM grid, they can be frozen in liquid nitrogen and analysed by cryo-TEM under low 

electron dose conditions. In addition, in this preliminary study, no reference samples 

(NPSNPs without BMP-2) were analysed by TEM. Further studies, which take this into 

account, will need to be performed. 

 

 

Appendix C Labelling of BMP-2 with a fluorescent dye  

C1 General concept  

In this study, we sought an alternative method for BMP-2 quantification. By means of 

BMP-2 labelling with a fluorescent dye, BMP-2 amounts that were adsorbed on the 

surface of non-modified NPSNPs and subsequently released into the medium were 

determined by using fluorescence spectrometry.  

  

C2 Materials and methods  

First, BMP-2 (Peprotech, Hamburg, Germany) was labelled with the fluorescent dye 

Alexa Fluor® 488 (tetrafluorophenyl) TFP ester using Alexa Fluor ® 488 Microscale 

Protein Labelling Kit (A30006) purchased from Thermo Fisher Scientific (Waltham, USA) 

(Figure C1). Here, 20 µg of lyophilized BMP-2 was dissolved in 20 µl PBS to a final 

concentration of 1 mg ml−1. The labelling procedure was performed according to 

manufacturer’s instructions. BMP-2 concentration before and after labelling was 

determined using NanoDrop 2000c (Thermo Fisher Scientific) at 280 nm.   

 

 

Figure C 1: Schematic illustration of the labelling of a protein with a fluorescent dye TFP 
ester.  
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Non-modified NPSNPs (5 mg) were suspended in 0.05 ml of PBS under ultrasound 

treatment for 10 mins using a VWR Ultrasonic Cleaner (45 kHz, 60 W). After that 0.05 ml 

of a fluorescent BMP-2 solution (60 µg ml−1) in PBS was added to the particle dispersion, 

and the mixture was shaken at 350 rpm and 7 °C for 24 h in a thermomixer (Biozym 

Scientific GmbH, Germany) to produce BMP-2-loaded NPSNPs. Then, the BMP-2 

loaded NPSNPs were separated by centrifugation, washed three times with fresh PBS 

and used for the subsequent release experiments. The supernatant and washing 

solutions for collected for BMP-2 quantification. Taken together, 3 µg of BMP-2 were 

offered for loading on the surface of 5 mg NPSNPs resulting in the theoretically adsorbed 

BMP-2 amount of 0.6 µg BMP-2 per 1 mg NPSNPs (0.6 µg mg−1).  

The release of the fluorescent BMP-2 was carried out with the previously BMP-2-loaded 

NPSNPs suspended in 0.1 ml of sterile-filtered PBS with 0.1% BSA and at 37 °C in a 

convection oven for a period of 10 days under aseptic conditions. At each time point, 100 

µl of the supernatant was removed. The collected supernatant was replaced by 100 µl 

of the fresh PBS with 0.1% BSA. In general, BMP-2 amounts in the supernatants and 

washing solutions were quantified on the one hand, by ELISA (Peprotech, Hamburg, 

Germany) according to the manufacturer’s instructions and on the other hand, by 

SPARK® fluorescence plate reader (Tecan Group ltd., Männedorf, Switzerland). For 

fluorescence spectrometry, the excitation and emission wavelengths were at 485 nm and 

520 nm, respectively.  

In addition, the photostability of the dye-labelled BMP-2 in PBS buffer was observed. For 

that, 100 µl of the fluorescent BMP-2 solution (30 µg ml−1) was placed in a convection 

oven at 37 °C for a period of 10 days. At certain time points, the fluorescence intensity 

of the sample was measured using SPARK® fluorescence plate reader.  

 

C3 Results and discussion  

The theoretical BMP-2 concentration should be around 1 mg ml−1. The actual 

concentration of BMP-2 was determined spectrophotometrically at 280 nm of about 

0.23 mg ml−1 before the labelling procedure. After the labelling and purification step, a 

concentration of only 0.06 mg ml−1 could be quantified. We believe that these results 

provide a strong evidence for precipitation of BMP-2 in PBS resulting in decreased BMP-

2 amount. The degree of labelling (DOL= mole dye/mole protein) was calculated to 1.3, 

which was optimal for BMP-2 molecules.  

The initial dye-labelled BMP-2 amount and BMP-2 content in the supernatant and 

washing solutions after the loading on non-modified NPSNPs were determined by the 

fluorescence spectrometry and ELISA measurements (Figure C 2).  
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Figure C 2: Amounts of BMP-2 measured by fluorescence plate reader (left) and ELISA 
(right).   
 

The results obtained from the fluorescence and ELISA measurements significantly differ 

from each other. While fluorescence measurements suggest that about 50% of initial 

BMP-2 is still present in the supernatant and washing solutions, ELISA measurements 

show that the entire BMP-2 could be washed off the surface of non-modified NPSNPs. 

There is no plausible explanation for the disagreement of these results. However, based 

on the results derived from ELISA and BRE-Luc assay from the main part of the thesis 

showing only low loading capacity of BMP-2 on non-modified NPSNPs, we hypothesize 

that the results obtained from ELISA are more reliable than those obtained from 

fluorescence measurements.  

The released BMP-2 amounts determined by fluorescence and ELISA measurements 

were not in good agreement as well (Figure C 3).  

    

Figure C 3: Release BMP-2 amounts measured by fluorescence plate reader (left) and 
ELISA (right).   
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The photostability of the fluorescent BMP-2 over a period of 9 days was verified by 

fluorescence measurements (Figure C 4). The fluorescence intensity of the sample 

decreased over time evidencing low photostability of the Alexa Fluor 488 dye in PBS.  

 

 

Figure C 4: Results of the photostability of the dye-labelled BMP-2 in PBS over a period 
of 9 days.  
 

Taken together, we showed a successful labelling of BMP-2 with a fluorescent dye. 

However, due to the special requirements and conditions of the labelling such as the 

usage of a highly concentrated BMP-2 solution in PBS and purification step, 75% of the 

initial BMP-2 was lost after the procedure. In addition, we demonstrated disadvantages 

of dye-labelled BMP-2 quantification by fluorescence measurements. This method 

seems to be not suitable for quantification of released BMP-2 due to the fast 

photobleaching of the fluorescent dye in PBS. We propose that future labelling attempts 

should be performed with BMP-2 dissolved in an appropriate buffer such as MES or 

MOPS. In addition, the fluorescence intensity of dye-labelled BMP-2 adsorbed on 

NPSNPs should be measured rather than the dye-labelled protein in solution. 
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