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Cs chondroitin sulfate 

Dex dexamethasone 
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OA Osteoarthritis 
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OO4 N-{6-amino-1[N-(9Z)-octadec-9-enylamino]-1-oxohexan-(2S)-2-

yl}-N′-{2-[N,N-bis(2-aminoethyl)amino]ethyl}-2[(9Z)-octadec-

9enyl]propandiamide 

OPN osteopontin 

OSC  osteocalcin 

OSX osterix 
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pDNA plasmid DNA 

PEG poly (ethylene glycol) 

PEI  polyethyleneimine  

PEM polyelectrolyte multilayer system  

PGA polyglycolic acid 

PGs proteoglycans  

PLA poly lactic acid 
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Runx2 runt-related transcription factor 2 
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TCF/LEF-1 T-cell factor/lymphoid enhancer-binding factor 

TGF-b1 transforming growth factor- b1 

TSG-6 tumor necrosis factor-stimulated gene-6 

WCA water contact angle 
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Graphical abstract 

 

Schematic illustration of the general overview of thesis chapters. The image shows the 

preparation of cationic liposomes using the cationic lipid OO4 and the zwitterionic co-lipid 

DOPE (protonation state at pH 4). The liposomes can be used as a carrier for hydrophilic, 

lipophilic drugs like dexamethasone (Dex) as well as plasmid DNA (pDNA). Due to the cationic 

charge, the liposomes can be embedded in polyelectrolyte multilayers (PEM), which are 

prepared from collagen I (Col) as polycation and chondroitin sulfate (Cs) and hyaluronic acid 

(HA) as polyanions using the Layer-by-Layer technique (LbL). Poly (ethylene imine) (PEI) was 

used for the initial modification of the substrate to achieve a positive surface charge. The 

liposomes embedded in the PEM can be internalized by cells growing on the modified 

substrate. This work was focusing on the physicochemical properties of the multilayers as well 

as the cell studies such as adhesion, metabolic activity, and cell differentiation. The Cs system 

used myoblast cells and the HA system used C3H10T1/2 for drug delivery of liposomes loaded 

with Dex. In the transfection part, the Cs system used human adipose-derived stem cells 

(hADSC) to transfect the plasmid DNA (pDNA) with green fluorescence protein and 

subsequently pDNA and bone morphogenetic protein 2 (BMP-2). Both systems were used to 

induce osteogenic differentiation. 
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Abstract  

Biomimetic surface coatings can be combined with conventional implants to mimic the 

extracellular matrix (ECM) of the surrounding tissue to make them more biocompatible. 

The layer-by-layer technique (LbL) can be used for making surface coatings by 

alternating the adsorption of polyelectrolytes from aqueous solutions to form 

polyelectrolyte multilayers (PEM). In addition, cationic liposomes composed of (N‐{6‐

amino‐1‐[N‐(9Z) ‐octadec9‐enylamino] ‐1‐oxohexan‐(2S) ‐2‐yl} ‐N’‐ {2‐ [N, N‐bis(2‐

aminoethyl) amino] ethyl} ‐2‐hexadecylpropandiamide) (OO4) and 

dioleoylphosphatidylethanolamine  (DOPE) are promising systems for drug delivery 

and transfection system.  Hence, two different approaches were combined to develop 

a functionalized surface coating: (i) a PEM surface coating that mimics the natural ECM 

of connective tissue by a combination of collagen type I (col) and glycosaminoglycans 

such as chondroitin sulfate (Cs) or hyaluronic acid (HA) and (ii) the immobilization of 

cargo-loaded liposomes using lipophilic and hydrophilic model compounds for drug 

delivery. This research presented the physicochemical characteristics of the multilayer 

films, such as surface zeta potential, thickness, layer growth, wettability, and 

topography. The characterization studies demonstrated a stable, uniform film with 

immobilization of the liposomes that can be taken up by myoblast cells (C2C12) even 

when covered with an additional bilayer of Cs and Col shown by studies with either 

hydrophilic or lipophilic model compounds. Subsequently, as a proof of concept, 

dexamethasone (Dex) was used as a lipophilic drug for potential local delivery at the 

defect site. This work has shown that the use of Dex embedded in liposomes in the Cs 

and Col system can be used to induce osteogenic in C2C12, and also Dex-embedded 

liposomes in HA and Col system can induce osteo and chondrogenic differentiation of 

C3H10T1/2 cells in situ. In both systems, the cell studies have shown good cell 
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adhesion which is important for the integration of implants related to cell growth and 

differentiation. The ability of the PEM-loaded Dex to induce osteogenic cell 

differentiation was observed qualitatively and quantitatively by positive histochemical 

staining of Alizarin red, fluorescence staining of osteo – chondrogenic markers, and 

quantification of osteogenic markers by qRT-PCR. In the last part, the liposomes were 

loaded with plasmid DNA (pDNA) with a green fluorescent protein (GFP) to form 

lipoplexes (LPX). The results showed a positive transfection efficiency of pDNA-GFP. 

Then, the liposomes were loaded with pDNA with bone morphogenetic protein 2 

(BMP2), in order to develop a transfection system to increase the amount of growth 

factor BMP2 in human adipose-derived stem cells (hADSC) for osteogenic 

differentiation. PEM loaded with LPX using pDNA-BMP2 showed a positive 

transfection and the presence of hydroxyapatite after 24 days and positive staining of 

alizarin red which gives a hint of osteogenic differentiation. Then, osteogenic markers 

were quantified by qRT-PCR. For that reason, using cationic liposomes OO4/ DOPE 

is beneficial for the loading of pDNA-BMP2 to have an excellent transfection efficiency 

and promote osteogenic differentiation, avoid the use of direct growth factors, and 

reduce toxicity.  

These findings indicate that designed OO4/DOPE-loaded PEMs have a high potential 

to be used as drug delivery or transfection system for implant coating in the field of 

bone regeneration and other applications. 
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Zusammenfassung 

Biomimetische Oberflächenbeschichtungen können mit herkömmlichen Implantaten 

kombiniert werden, um die extrazelluläre Matrix (ECM) des umgebenden Gewebes 

nachzuahmen und sie biokompatibler zu machen. Die Layer-by-Layer-Technik (LbL) 

kann zur Herstellung von Oberflächenbeschichtungen verwendet werden, indem 

Polyelektrolyte aus wässrigen Lösungen abwechselnd adsorbiert werden, um 

Polyelektrolyt-Multischichten (PEM) zu bilden. Darüber hinaus sind kationische 

Liposomen, die aus (N-{6-Amino-1-[N-(9Z) -octadec9-enylamino] -1-oxohexan-(2S) -

2-yl} -N'- {2-[N, N-bis(2-aminoethyl) amino] ethyl} -2-hexadecylpropandiamid) (OO4) 

und Dioleoylphosphatidylethanolamin (DOPE) bestehen, vielversprechende Systeme 

für die Verabreichung von Arzneimitteln und für Transfektionssysteme.  Daher wurden 

zwei verschiedene Ansätze kombiniert, um eine funktionalisierte 

Oberflächenbeschichtung zu entwickeln: (i) eine PEM-Oberflächenbeschichtung, die 

natürliche ECM des Bindegewebes durch eine Kombination von Kollagen Typ I (Col) 

und Glykosaminoglykanen wie Chondroitinsulfat (Cs) oder Hyaluronsäure (HA) 

nachahmt, und (ii) die Immobilisierung von frachtbeladenen Liposomen unter 

Verwendung lipophiler und hydrophiler Modellverbindungen für die Wirkstoffabgabe. 

Im Rahmen dieser Forschungsarbeit wurden die physikochemischen Eigenschaften 

der Mehrschichtfilme wie Oberflächen-Zetapotenzial, Dicke, Schichtwachstum, 

Benetzbarkeit und Topografie untersucht. Die Charakterisierungsstudien zeigten einen 

stabilen, einheitlichen Film mit Immobilisierung der Liposomen, die von 

Myoblastenzellen (C2C12) aufgenommen werden können, selbst wenn sie mit einer 

zusätzlichen Doppelschicht aus CS und Col bedeckt sind, wie Studien mit hydrophilen 

oder lipophilen Modellverbindungen zeigten. Anschließend wurde als 

Konzeptnachweis Dexamethason (Dex) als lipophiles Medikament für eine mögliche 
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lokale Verabreichung an der Defektstelle verwendet. Diese Arbeit hat gezeigt, dass die 

Verwendung von in Liposomen eingebettetem Dex im CS- und Col-System zur 

Induktion der Osteogenese in C2C12 verwendet werden kann, und dass auch in HA- 

und Col-System eingebettete Dex-Liposomen die osteo- und chondrogene 

Differenzierung von C3H10T1/2-Zellen in situ induzieren können. In beiden Systemen 

haben die Zellstudien eine gute Zelladhäsion gezeigt, die für die Integration von 

Implantaten in Bezug auf Zellwachstum und -differenzierung wichtig ist. Die Fähigkeit 

des mit PEM beladenen Dex, eine osteogene Zelldifferenzierung zu induzieren, wurde 

qualitativ und quantitativ durch eine positive histochemische Färbung von Alizarinrot, 

eine Fluoreszenzfärbung von osteo-chondrogenen Markern und eine Quantifizierung 

osteogener Marker durch qRT-PCR beobachtet. Im letzten Teil wurden die Liposomen 

mit Plasmid-DNA (pDNA) mit einem grün fluoreszierenden Protein (GFP) beladen, um 

Lipoplexe (LPX) zu bilden. Die Ergebnisse zeigten eine positive Transfektionseffizienz 

von pDNA-GFP. Anschließend wurden die Liposomen mit pDNA mit 

Knochenmorphogeneseprotein 2 (BMP2) beladen, um ein Transfektionssystem zu 

entwickeln, das die Menge des Wachstumsfaktors BMP2 in humanen Stammzellen 

aus Fettgewebe (hADSC) zur osteogenen Differenzierung erhöht. PEM, die mit LPX 

unter Verwendung von pDNA-BMP2 beladen wurden, zeigten eine positive 

Transfektion und das Vorhandensein von Hydroxylapatit nach 24 Tagen sowie eine 

positive Färbung von Alizarinrot, was auf eine osteogene Differenzierung hindeutet. 

Anschließend wurden die osteogenen Marker mittels qRT-PCR quantifiziert. Aus 

diesem Grund ist die Verwendung von kationischen Liposomen OO4/DOPE für die 

Beladung mit pDNA-BMP2 vorteilhaft, um eine ausgezeichnete Transfektionseffizienz 

zu erzielen und die osteogene Differenzierung zu fördern, den Einsatz direkter 

Wachstumsfaktoren zu vermeiden und die Toxizität zu verringern.  
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Diese Ergebnisse deuten darauf hin, dass mit OO4/DOPE beladene PEMs ein hohes 

Potenzial haben, als Medikamentenverabreichungs- oder Transfektionssystem für die 

Implantatbeschichtung im Bereich der Knochenregeneration und für andere 

Anwendungen eingesetzt zu werden. 
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Chapter 1: Introduction 

This cumulative thesis consists of three publications. This chapter represents a general 

introduction to the topic of this thesis. The three published papers are assembled as 

chapters 2-4 including a summary at the beginning of each chapter. 
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Introduction 

1. Basis of bone tissue: structure and functions  
 

The musculoskeletal system plays a key role in important functions in the human body, 

including transmitting forces from one part of the body to another, protecting organs, 

mineral storage, homeostasis, and controlling strain [1,2]. The skeletal tissues contain 

bone, cartilage, tendons, ligaments, and muscle [1]. Bone is a connective tissue that 

determines the complete structural stiffness and strength [3]. Bone plays a role in the 

support, protection, and movement of the body [1,4]. The composition of mature bone 

includes minerals, as well as an organic and inorganic matrix. The inorganic matrix is 

composed of calcium, and phosphorous that produce hydroxyapatite, magnesium, and 

sodium, and the main role is to provide bone strength, stiffness, and resistance. In addition, 

the organic matrix includes collagen type I, proteoglycans, glycoproteins, growth factors 

such as bone morphogenic proteins family, also interleukin 1 and 6, osteocalcin, and bone 

sialoprotein. The function of these factors is the mineralization and remodeling of the bone.  

Collagens are a group of proteins responsible for maintaining the structural integrity of the 

human body, and it is found in connective tissues, blood vessels, skin, and corneas [5]. 

Collagen type I is the most abundant collagen and is found in bone, skin, tendons, 

vasculature, etc. [5]  

Cells are also a main component of the bone and they are classified into three types: 

osteoblasts, osteoclasts, and osteocytes [6]. The osteoblast is a cuboidal cell derived from 

mesodermal and neural crest progenitor cells and is responsible for the production of bone 

matrix components [7]. These cells have a strong alkaline phosphatase activity and they 

secrete proteins like collagen type I, non-collagenous proteins, and osteocalcin [8]. There 

are three stages of osteoblast formation: osteoprogenitor, preosteoblast, and osteoblast. 
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The first stage starts with the expression of the transcription factor SOX9 which shows the 

commitment to an osteoprogenitor. Subsequently, the expression of Runt-related 

transcription factor 2 (RUNX2) in the osteoprogenitor cell induces a preosteoblast 

formation and then matures to osteoblast [9].  Another important type of cell is the 

osteoclast. These cells are differentiated from hematopoietic cells through the interaction 

of macrophage colony-stimulating factor (M-CSF) and activator of nuclear factor-κB ligand 

(RANKL) leading to the start of bone remodeling. They are usually found in contact with 

the calcified bone surface [6,10]. The process of the osteoclast attachment to the bone 

surface is through binding integrins that express these cells in the bone matrix [7]. In 

general, the integrins α1β1 and α2β1 bind to collagen types I and IV. In osteoclasts, 

α2β1 integrins induce the attachment of the cell to the bone surface and it helps to select 

a specific zone to be resorbed, permitting the formation of an acidic environment necessary 

for bone degradation [11]. Osteocytes have morphological and functional activity 

depending on the cell age. When the osteocytes are at a young age, they have a more 

structural function. The important role of osteocytes is to organize bone maintenance 

through interactions between osteoblasts and osteoclasts. The osteocytes express 

receptor activator of RANKL, which promotes bone resorption that activates the 

osteoclasts [9]. However, older osteocytes are phagocytosed and digested during bone 

resorption [2,6,7].   

1.1. Bone remodeling and healing process 

During lifetime, the bone undergoes remodeling and constant homeostasis equilibrium 

from osteoblast and osteoclast [7]. Remodeling is the process of replacing old bone with 

new bone.  This process contains five phases: activation, resorption, reversal, formation, 

and resting (Figure 1) [10]. During the activation process, there is a detection of remodeling 

signals such as damage, hormone activation, or direct mechanical strain of the bone. Here, 
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the osteocytes detect the physical signals and transfer them to biological signals to initiate 

bone remodeling [7,10].  Then, the resorption process continues with the migration of the 

preosteoclast to the bone surface where the cells are differentiated into osteoclasts [7,10]. 

The reversal phase starts with the transition from osteoclast to osteoblast. Here, the 

osteoclasts remove some parts of the bone matrix and this activity facilitates the deposition 

of the first layer of collagen and glycoproteins to help the adhesion of osteoblast [8]. 

Subsequently, in the formation phase which is the longest phase in the process due to the 

development of the new bone and mineralization, some proteins like osteocalcin, bone 

sialoprotein, osteopontin, and proteoglycans are involved in the process of maturation, 

mineralization, and activity [8,12]. Then, collagen type I is actively expressed. At the end, 

the ECM goes through different alterations in composition and organization to complete 

the mineralization part [8]. In the resting phase, the osteoblasts are completely 

differentiated from osteocytes while the osteocyte is secreting some inhibitor factors to 

decrease the degree of bone formation in order to have a balance between the bone mass 

and mineral homeostasis [8,12].  
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Figure 1. Illustration of bone homeostasis process through osteoclast (resorption of bone), 
osteoblast (bone mineralization and formation of osteocytes). Osteoclasts are derived from 
hematopoietic stem cells and osteoblasts are derived from bone marrow mesenchymal stem cells. 
Adapted from Metastasis to Bone Disrupts Bone Homeostasis by BioRender.com. 

 

2. General overview of health situation and medical treatment  
 

Bone studies are very important because of the extended list of diseases that affects this 

tissue, such as osteoporosis, osteoarthritis, osteomyelitis, etc. However, not only the 

diseases affect the bone tissue but also traumatic injury, orthopedic surgery, and tumors 

can induce bone defects [1].  

Osteoporosis is the most common disease that can lead to bone fractures in women and 

people over 50 years old [13]. Around 10 million Americans suffer from this disease which 

seems to be similar in the UK [13]. Fractures can also affect children and young people, 

and it is estimated that around 1.5 million fractures occur every year [1,13,14]. The impact 

of the economic and clinical treatments of bone damage is increasing every year [14]. In 

the USA more than 1 million bone surgical procedures such as bone grafting, are done in 
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2005 and it is expected that this number will double in the next 25 years [1,13]. For all 

these reasons, researchers have turned their attention to creating new alternatives for less 

invasive treatments and more biocompatible techniques.   

2.1 Evolution of orthopedic implants materials 

 

Nowadays, the most effective method for bone damage treatment is the autologous bone 

or autograft, which promotes bone formation and stem cell differentiation to bone cells 

without an immune response. However, the disadvantage of this technique is the limited 

bone supply and donors [15]. Also, this technique can transmit other diseases or cause 

bacterial infections. Furthermore, the use of alternative materials for bone regeneration is 

considered a challenge because these materials should have specific mechanical and 

biological properties that are similar to the bone tissue properties, in order to avoid immune 

response and rejection of the implant [16]. Table 1 shows a summary of the most common 

materials that are used for orthopedic implants [17,18].  

 

Table 1 Evolution of materials for bone implants [17,18]  
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The first generation of biomaterials had the target to have a suitable combination of 

physical properties to replace the tissue without damaging the host. This generation 

includes metals.  Stainless steel was the first successful material for substitutive join 

prosthesis but stainless has low wear resistance which led to the introduction of new 

materials. The most common metal used for orthopedic implants is titanium [3]. However, 

the disadvantage of metals is the lack of cell adhesion and the risk of toxicity due to the 

accumulation or corrosion of the metal ion [19]. Also, their elastic modulus was an order of 

magnitude higher around ≤ 210 GPa than that of human bone which is around 20-30 GPa 

[3]. Due to its high modulus, the implant would carry the majority of the load in this situation, 

resulting in stress shielding of the adjacent bone. However, the lack of mechanical 

stimulation caused bone resorption, which led to implant failure and loosening [3,20].  

The second generation of materials for bone implants are ceramics and polymers. 

Ceramics, especially alumina and zirconia are the most common materials in orthopedic 

implants [21]. The advantage of ceramics is the hardness, low roughness, and high degree 

of wettability that help to distribute the synovial fluid homogeneously between the implant 

surfaces [21]. On the other hand, ceramics are quite brittle and can break easily producing 

some microscopic debris that can activate macrophages resulting in bone resorption or 

embedding the fracture particles in the soft tissue [19,21]. An example of a new type of 

ceramic material is Bioglass. The Bioglass is designed as silica-based glasses and it was 

the first osseointegration material to have direct chemical bonding with the bone. However, 

a disadvantage of Bioglass is the low mechanical strength and reduced fracture resistance 

[22].    

Synthetic polymers such as poly-glycolic acid (PGA) and poly-lactic acid (PLA) are also 

used as bone implants because of their tunable porosity and pore size. Nevertheless, their 

poor mechanical properties, as well as the high acid concentrations resulting from the 
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degradation of these polymers can affect cell differentiation and also provoke an 

inflammatory reaction [23]. But synthetic polymers offer the flexibility to adapt mechanical 

properties and degradation kinetics.  

The second generation of materials also includes natural polymers. The advantage of 

natural materials is the good biocompatibility and biodegradability.  In addition, some 

natural polymers can mimic the ECM and interact with the host tissue [24]. An example is 

collagen and hyaluronic acid, which are the most useful materials in orthopedics because 

they can induce osteogenic differentiation and improve cell attachment compared to 

synthetic polymers. However, there are some disadvantages such as the high cost of the 

used extraction and processing methods, as well as the dependence of the polymer 

properties on these methods [23,24].   

Finally, the third generation of materials has the aim to include soluble or insoluble 

materials to induce cell adhesion, proliferation, and differentiation. Some of the soluble 

factors are growth factors and cytokines while the insoluble factors are ECM molecules 

and adhesive ligands [3]. During the evolution of the third generation, some appropriate 

physical characteristics of the materials were met such as high porosity and 

interconnectivity that induces cell interactions, oxygen and nutrients infiltration, and 

enhances vascularization [3]. Using biomaterials, it is possible to induce osteogenic 

differentiation through the introduction of osteogenic components like bone morphogenic 

proteins (BMP). Also, nanotechnology offers to control mechanical and biochemical 

microenvironments for cell delivery and cell differentiation [3]. For example, nanoceramics 

and nanocrystalline calcium phosphate show good degradation and enhance cell response 

in comparison with the normal size of calcium phosphate [1,3].  For that reason, 

nanomaterials are novel biomaterials for bone regeneration as alternatives to substitute 

grafts.   
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2.2 The importance of osseointegration in implants 

 

The implant function is to promote the formation of natural bone which eventually fills the 

volume of the implanted scaffold as it degrades [25]. However, the bone implant materials 

ideally include an important number of criteria such as osteoinductive, osteoconductive, 

and osseointegration. Osteoinduction can be defined as the capacity of the implant to 

stimulate undifferentiated mesenchymal cells into preosteoblast [26,27]. Osteoconduction 

is the ability of the implant to promote cell attachment, proliferation, and migration across 

the implant surface and support bone growth on its surface [27]. Finally, long-term implants 

and osseointegration (OI) have been important for bone treatment. OI is a dynamic process 

that involves various cascade responses when there is a direct connection between the 

bone and the surface of the implant [28]. OI has been influenced by two aspects: 

environmental factors and surface and composition of materials [28]. First, the 

environmental factors include the host bone properties, concentration of osteogenic cells 

like osteoblast and osteoclast, and systemic illness, etc. Second, the type of material and 

surface coating influence the OI process and can enhance the environment and increase 

the OI [28].  

Bone healing in contact with an implant contains a cascade of cellular responses. The first 

response is the inflammatory response, which starts when the implant has direct contact 

with the body and there is a release of soluble growth and differentiation factors and 

cytokines to form a blood clot [29]. Later, the blood clot is transformed by immune cells 

such as phagocytic cells, leukocytes, and macrophages [29]. The platelets change 

morphologically and biochemically as a response to the implant. The changes include cell 

adhesion, spreading, aggregation, and the generation of phosphotyrosine, increment of 

intracellular calcium, and hydrolysis of phospholipids. The presence of proteins absorbed 

on the surface helps the signaling for cell migration and proliferation [29]. The adsorption 
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of the proteins is influenced by the properties of the implant surface such as topography, 

roughness, and hydrophilicity [28,29]. The next step is the formation of the fibrin matrix that 

acts as a scaffold to help cell adhesion and migration [30]. After some days, angiogenesis 

takes place and the bone remodeling starts with mesenchymal stem cells [30]. These cells 

will be influenced by growth factors and cytokines that will promote osteogenic 

differentiation [28,29]. Here, the osteoblasts and MSCs deposit bone-related proteins and 

produce a non-collagenous matrix layer on the implant surface that will help to regulate the 

cell adhesion and bind minerals. Finally, the ECM is formed and present in the immature 

bone [30,31].  

3. Surface modifications of implant materials  
 

Recently, the demand for new alternatives for implants are increasing. The previous 

section mentioned different types of implant materials such as metals, ceramics, and 

polymers and also important criteria for bone implants [32]. Surface modification plays an 

important role because the surface of the implant is the first contact with the biological 

environment such as tissue, body fluids, bone, and blood [33]. Sometimes, the mechanical 

properties and biological responses of these materials need to be modified in order to be 

used as implants. This can be achieved by surface modification, which can improve criteria 

such as surface roughness and hydrophilicity [32,34]. For example, modifying the 

topography and roughness can improve cell growth, reduce bacterial adhesion or improve 

the lubrication properties of the implant [35]. Moreover, wettability can affect cell adhesion 

on the surfaces [33]. The cell attachment on the implant surface determines cell shape, 

which gives signals via the cytoskeleton to the nucleus resulting in the expression of 

specific proteins that will contribute to the cell phenotype. In addition, when the implant is 

attached, a complex system is initiated by the adhesion of some proteins like integrins 

(Figure 2). Also, surfaces having nanostructures in a well-controlled manner have shown 
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an effect on cellular adhesion and metabolism. For example, the surface of a prosthesis 

can be improved for better osseointegration with different surface modification methods 

like physical and chemicals in order to enhance antimicrobial properties, biocompatibility, 

biodegradation, and resistance while keeping the mechanical properties of the material 

[33].  

 

Figure 2. Schematic representation of surface modification and cell interaction  

 

The surface modification methods can be classified into physical, chemical, and biological 

techniques. Table 2 shows examples of these modification methods. 
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Table 2. Surface modification methods for implant materials [32,34,37] 

 

In general, the physical and mechanical modifications use dry transformation techniques 

to change the surface's topography and morphology to produce good environments for 

bone implants. In this case, these methods can modify roughness hydrophilicity, surface 

tension, and bone affinity of the surfaces to improve cell adhesion, proliferation, and 

accelerate the osseointegration process [28,32,36]. Also, these techniques can remove 

surface contamination of the material by mechanical methods. For example, Goyal et al 

showed that increasing the roughness can increase the implant's surface area, and 

enhance cell migration and adhesion to the implant resulting in an enhanced 

osseointegration process [28,32,36]. 

The chemical modification changes the chemical properties of the surface and produces 

interactions between the cell surface and induces internal changes in the function and 

conformation of the structure of the cells [37,38]. This can be done by modifying the surface 

composition of the implant using oxidation, carbonization, or nitridation [37,38]. For 

example, anodic oxidation is a process in which an oxide film is generated by immersing 
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metal implants in an electrolyte bath. The oxide film on the metal goes through a repeated 

process of formation and disappearance. This technique is generally used to increase the 

corrosion resistance in titanium implants and produce a special formation of nanostructures 

on titanium implant surfaces [28]. The nanostructures enhance the bioactivity and improve 

the osseointegration process of the titanium [28,32]. However, these methods are 

expensive, causing chemical pollution and consuming a lot of power, etc [39]. 

The surface modification also includes biological methods. These methods include cell 

seeding and the addition of bioactive molecules such as proteins, and enzymes on the 

implant to make it more biocompatible [28]. These types of biological coatings can induce 

some biological responses such as effects on cell proliferation, adhesion, and 

differentiation which are important for bone formation and healing [32,40]. The biological 

methods are often used as a supplemental strategy to induce osseointegration[28]. 

However, the effects of the biological modification depend on some characteristics such 

as cell density, position, and the design of the implant [28,31].   

3.1 General overview Layer-by-Layer technique 

Nowadays, surface modification is not only to improve implant integration but also to create 

surfaces that respond to stimuli and contain active carriers for cell adhesion [33]. The 

Layer-by-layer (LbL) technique can be used as an implant coating to modify the surface in 

order to mimic ECM using natural or synthetic polymers [32].   

The LbL is a versatile, simple, and cost-effective adsorption technique for the formation of 

multilayers composed of diverse materials such as polyelectrolytes with opposite charges 

in an aqueous solution (Figure 3) [41,42]. LbL was introduced by Decher to form a 

polymeric coating using anionic and cationic polyelectrolytes onto a positively charged 

surface [42]. LbL was developed based on ion pairing and electrostatic interaction of the 

charged polyelectrolytes. The intrinsic charge might be reduced on environmental 
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conditions [33]. In addition, other driving forces such as hydrogen bonding, hydrophobic 

interactions, and covalent coupling can also be involved in the multilayer formation [43]. 

The main advantage of LbL is that properties of multilayers can be modified in a wide range 

at nanometer scales, such as surface charge, thickness, wettability, and viscoelasticity by 

varying the properties of the adsorber material such as charge density, salt or buffer 

composition, ionic strength and pH [43]. For example, an increase in the molecular weight 

of the polyelectrolytes can induce a higher internal roughness, swelling, and dissociation 

response, or an increase in charge density also influences the thickness of the film [44]. 

Another modification can be done by external parameters such as light, electrical field, 

adsorption time, and the number of layers [42,44]. The substrates on different materials 

such as ceramics, metals, and polymers can be produced even with different geometries 

[38].  

In addition, the LbL technique has been researched for various medical applications like 

drug and gene delivery [44]. Multilayer films can act as drug reservoirs to embedded with 

nanoparticles or active agents to preserve their activity, and protect the drug and delivery 

[45]. For example, it is possible to incorporate genetic material, and organic or inorganic 

nanoparticles between the layers or attach them to the surface [44].  Kotov and coworkers, 

researched about the bioactivity of multilayer film for biomaterial applications such as 

biosensors, drug delivery, superhydrophobic surfaces, etc. Kotov showed that LbL can be 

used as a scaffold for embedding growth factors, receptors, and ligands. In general, LbL 

represents an excellent technique suitable for coating implants and other biomedical 

applications [45–47].   
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Figure 3. Schematic overview of Layer-by-Layer technique showing the layer materials and dip 
coating procedure. Created with BioRender.com. 

 

3.2 Chemical and biological information of polyelectrolytes for multilayers  
 

The development of multilayers can be done by many biopolymers and bioactive 

molecules. LbL has been used to mimic the ECM which makes the surface of implants 

more biocompatible. On the other hand, the multilayer can be formed with ECM proteins, 

polysaccharides, and other bioactive molecules in order to stimulate cell adhesion and 

proliferation [48]. Using these natural polymers one can develop multilayers with unique 

composition and help the mechanical and biochemical signals of the surface to stimulate 

a cellular response. The common examples of natural polymers are glycosaminoglycans 

(GAGs) including hyaluronic acid, chondroitin sulfate, and heparin. Also, proteins like 

collagen type I are used as natural biopolymers [47,48].   

GAGs are polysaccharide chains made up of repeating disaccharide units linked by 

glycosidic bonds [49]. GAGs are considered as polyelectrolytes because of the presence 

of carboxylate and sulfate groups that gives them negative charges [49,50].  In the case of 
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proteins like collagen, the net charge depends on the isoelectric point and the pH of the 

solution. Basically, collagen is used as a polycation at acidic pH and can promote cell 

adhesion and osteogenic differentiation [50].  

3.2.1 Chondroitin sulfate   
 

Chondroitin sulfate (Cs) is a glycosaminoglycan that is composed of a repeating 

disaccharide made up of D-Glucuronic acid, and N-acetyl-d-galactosamine that is sulfated 

at the carbon 4 and 6 of the galactosamine (Figure 4) [51]. The molecular weight of the Cs 

is around 5-70 kDa. Cs is part of the connective tissue such as bone, ligaments, cartilage, 

and tendons. When Cs binds to a proteoglycan like aggrecan, which is bound to hyaluronan 

chains, it plays a role in the retention of water because of the high density of anionic groups 

and resistance to compression for cushioning and lubrication of the joints [49,52]. Cs also 

increases the synthesis of hyaluronan, glucosamine, and collagen II [49,51].  

Using Cs in patients with osteoarthritis stimulates the synthesis of proteoglycans and 

inhibits the synthesis of proteolytic enzymes that reduces the catabolic activity of the 

chondrocytes. Moreover, Cs has anti-inflammatory activity to influence the signal 

processes in cells that can regulate inflammation, wound healing, and tumor development 

[49,51].  

Cs has the ability to induce cell differentiation that can be useful for chondrogenic and 

osteogenic scaffolds due to strong interaction with growth factors such as BMP-2 [53].  
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Figure 4. Chemical structure of chondroitin sulfate 

 

3.2.2 Hyaluronic acid 

 

Hyaluronic acid or hyaluronan (HA) is composed of units of glucuronic acid and N-

acetylglucosamine monosaccharides alternated by ß-1,3 and ß-1,4 anhydro glycosidic 

bonds (Figure 5). HA is synthesized by membrane proteins called HA-synthases [51]. 

Especially, HA is the only non-sulfated GAG and it is not binding to a protein core. 

Moreover, HA is an important component of the ECM in cartilage due to its hydrogel-like 

elasticity and viscosity, high molecular weight, and moderate anionicity [49,51]. However, 

the molecular weight depends on the tissue and species. In humans, the highest 

concentrations of HA are found in the umbilical cord, synovial fluid, skin, and eye with a 

molecular weight of around 2x106 Da but decreasing with age progression [49]. Because 

of its high viscoelasticity, HA fills the intercellular space between other components like 

collagen, cell surroundings, and blood lymph vessels. In the extracellular space, HA is 

bound to hyaladherins. such as CD44 and tumor necrosis factor-stimulated gene-6 (TSG-

6) [49,51]. HA plays a role in the inhibition of the formation and release of some 

prostaglandins, moreover, it enhances proteoglycan aggregation,  synthesis and 

modulates the inflammation response [49]. There are a lot of commercially available 

products of HA, and some of them are used to treat osteoarthritis. In addition, HA is used 

to create new scaffolds such as hydrogels, microgels, or coatings for wound healing that 
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enhance the structural and biological properties due to its anionic nature and viscoelastic 

properties [51].  

 

Figure 5. Chemical structure of hyaluronic acid  

 

3.2.3 Collagen Type I  
 

The ECM of the connective tissue is composed of a family of proteins called collagens. 

Collagen fibrils are composed of three polypeptide chains that give a triple-helix structure 

[54]. These chains can be homotrimeric or heterotrimeric depending on the collagen type, 

and each chain contains a polyproline II-like conformation [5,54]. The helix conformation 

of the collagen is formed by the repetition of some amino acids like glycine with the 

sequence Gly-X-Y, where X can be proline and Y hydroxyproline (Figure 6) [54]. In 

addition, there is a proteolytic cleavage of the propeptides due to the triple-helical collagen 

molecules that contain short telopeptides at each end and forms the fibrils. Furthermore, 

fibrillar collagen is secreted into the ECM as a soluble precursor named procollagen [5,54]. 

During procollagen synthesis, some enzymes and chaperones help the procollagen to fold 

and trimerize [54].  Collagen is found in skin, bone, cartilage, and tendon and has many 

types but the most common are I, II, III, and V. The role of collagen is to give structure and 

shear resistance and compress forces to the connective tissue [5,54]. The arrangement of 

the fibrils depends on the tissue. For example, in the cornea, the fibrils are arranged in 

complex three-dimensional form but for ligaments and tendons, the arrangement is parallel 

bundles [5].  
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Collagen type I is the most abundant collagen and is present in connective tissue except 

for hyaline cartilage. The amount of collagen type I in bone is around 95% of the content 

of collagens [5,54].  

Collagen is used as a  matrix or scaffold for tissue regeneration because of its 

biocompatibility. These scaffolds can control the delivery of bioactive substances like 

growth factors [5].  

 

4. Mesenchymal stem cells for tissue engineering  

  

One of the most promising and recurrent studies in tissue engineering has concentrated 

on the use of stem cells, due to they can differentiate into all connective tissue phenotypes 

such as bone, cartilage, muscles, tendons, and ligaments [55]. 

The embryonic development mesenchyme contains stem cells that can differentiate into 

multiple cell lineages [55]. There are different types of stem cells: totipotent, pluripotent, 

Figure 6. Schematic diagram showing the assembly of collagen type I into collagen fibrils. 
Created with BioRender.com.  
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and multipotent stem cells. The first type is totipotent, these cells can establish a daughter 

cell line of any cell lineage in a given organism [56]. Then, there are the pluripotent stem 

cells that can self-renew and develop into three primary germ cell layers of the early 

embryo and then into the adult body [56]. The last type is multipotent stem cells, these cells 

are limited in that they can only produce daughter cells of specific tissues [56]. 

Mesenchymal stem cells (MSCs) are cells that have the ability to be self-renewing and 

their progeny provides growth to various mesenchymal tissues.  MSCs have been isolated 

from cord blood, placenta, heart, amniotic fluid, adipose tissue, synovium, skeletal muscle, 

and bone marrow.  

Both bone marrow and adipose tissues are considered the most common source to obtain 

MSCs, namely MDSCs and ADSCs, respectively [55,56]. These two types of cells can 

differentiate into cells and tissue of mesodermal origins, and there is no difference in 

immune phenotype or morphology. Nonetheless, ADSCs have the advantage to be more 

accessible than MDSCs. Also, ADSCs have shown excellent potential to differentiate in 

connective tissue [55,56].  

In addition, the MSCs in vivo form niches where cells involve N-cadherins for cell-cell 

interaction that helps to maintain the stem cell state [55]. However, when the MSC is 

cultivated in vitro, they could have low cell-cell interaction, as a result, the integrins-based 

focal adhesion increases, and ECM molecules such as fibronectin, laminins, and collagen 

receptors, etc. are involved in the process [55]. 

MSCs can also secrete growth factors, chemokines, and cytokines that stimulate and 

regulate a local response to regenerate microenvironments and repair tissue. These 

molecules can act directly on themselves (autocrine response) or neighboring cells 

(paracrine response) [57]. Paracrine activity can be used to study the behavior of the cells. 

The paracrine factors form a complex network that gives stability and amplification of a 
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regenerative response [57]. One example is the growth factors secreted from MSCs, these 

factors are capable of inducing cell proliferation, migration, cytoprotection, and 

differentiation [57,58]. For that reason, novel researches aim to use stem cells for drug 

delivery complex as a vehicle to facilitate tissue regeneration.  

During the last years, MSCs have demonstrated their therapeutic capacity and they are 

used in autologous tissue grafts that are considered as the gold standard for the 

reconstruction of bone tissue damage. Also, MSCs cells can be used in biocompatible 

scaffolds for implants to heal the defect without side effects or tissue damage [55].  

Furthermore, MCSs can grow on a rigid polystyrene surface that can help to direct the cells 

into connective tissue but it is limited for myogenic differentiation. In vivo, these tissues 

have a range of stiffness from 0.1 to 100 kPa depending on the surface characteristics 

[58]. When MSC is cultured on a soft surface for enough time, it will guide the cells toward 

adipogenic differentiation, in contrast to a stiff surface which can guide them toward osteo- 

chondrogenic differentiation [58]. 

4.1 Osteogenic differentiation of MSCs 

 

Osteogenesis is determined by a sequential cascade of a biological process that involves 

the recruitment of MSCs to bone remodeling, proliferation, lineage commitment, 

expression of some specific markers, collagen, and ECM mineralization [59]. The 

osteogenesis starts with the proliferation of MSCs and proceeds to pre-osteoblast, then 

the cells become mature and secrete ECM. Here, osteoblasts appear from the 

differentiation of osteogenic progenitor cells and are responsible for the mineralization from 

the beginning of bone formation until bone remodeling [60]. At the end, mineralization 

happens (Figure 7) [59]. During the osteogenic process, multiple factors participate, such 

as growth factor-ß (TGF-ß), bone morphogenic proteins (BMPs), Wnt/ß-Catenin and 
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fibroblast growth factor (FGF), etc., in order to differentiate an osteoblast progenitor to an 

osteoblast [59,61]. Many signaling pathways can induce conversion between osteogenesis 

and adipogenesis that are connected with two key transcription factors: Runx2 

(osteogenic) and PPAR (adipogenic) [60]. During the differentiation, the Nel-like protein 

type I (NELL-1) inhibits adipose differentiation of MSCs while contributing to osteogenic 

differentiation [60]. Another signaling pathway is a transcriptional activator with a PDZ-

binding motif (TAZ) which is a transcriptional modulator that induces osteogenic 

differentiation and inhibits adipogenesis [60].   

 

Figure 7. Schematic description of osteogenic differentiation phases from mesenchymal stem cells 
until osteocytes. Osteogenic markers are expressed during the different phases. Alkaline 
phosphatase (ALP), collagen I alpha I (COL1A1), Bone morphogenic protein-2 (BMP-2), Runt-
related transcription factor 2 (Runx2), osterix (OSX), osteopontin (OPN), bone sialoprotein (BSP), 
osteocalcin (OCN). Created with BioRender.com.  

 

BMP is a member of the TGF-ß superfamily except for BMP-1 which is isolated from bovine 

bone extracts. It starts the signaling cascade of the osteogenic process by ligand binding 

to the heteromeric complex of types I and II serine/threonine kinase receptors on the cell 

surface [61]. Also, BMPs increase the transcription of core-binding factor-1/Runt-related 
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family 2 (Cbfa1/Runx2) that regulates osteogenic differentiation. The most important BMPs 

are BMP-2, -4, and -7 which are expressed in cartilage and bone [59,61]. Furthermore, the 

combination of BMPs with collagen and hydroxyapatite induces bone formation [60]. 

However, the osteoinductive effect of the BMPs is affected by the concentration [61]. In 

many clinical trials, it was shown that the growth factors are required in much higher 

dosages than in the physiological levels, in order to have an effect to induce osteogenesis. 

In general, some growth factors are synthesized by recombinant DNA in E. coli [62]. These 

factors are too sensitive and they might degrade or lose their bioactivity, stability, and 

efficiency easily, for example during the combination with drug delivery systems.  Other 

disadvantages are the high cost, and the necessity to use large amounts [62]. Nowadays, 

new alternative methods are required to induce and enhance the efficacy of osteogenesis 

and bone regeneration. One novel alternative is to incorporate these molecules into 

scaffolds using liposomes. The advantage of liposomes is that they can retain the drug or 

growth factor at the site of interest in order to extend and maintain the biological activity of 

the molecule [63]. Another alternative is by transfection of the genes like Runx-2, BMP-2, 

-4, and -7 to promote osteogenic differentiation [61]. 

4.2 Chondrogenic differentiation of MSCs 
 

During the formation of cartilage, various molecules provide signals to mesenchyme to 

produce the condensation of MSC. These cells produce a matrix consisting of collagen and 

proteoglycans. Chondrogenic differentiation is determined by various factors, including cell 

density, cell adhesion, and growth factors [64]. The aggregation of BMSCs is able to 

differentiate into chondrogenic progenitor cells. At that point, the chondroprogenitor cells 

convert to chondrocytes and these cells go through different processes and develop 

hypertrophic chondrocytes (Figure 8) [65]. Then, chondrocytes are progressively replaced 

by osteoblasts and it will form endochondral ossification. In addition, the condensation 
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allows the cell-cell and cell-matrix interaction via N-cadherins, neuronal cell adhesion 

molecule (N-CAM), gap junction, and integrins. However, not only the cell adhesion 

molecules promote chondrogenesis, but also the interaction with macromolecules of ECM 

are involved in the chondrogenic differentiation [65]. These macromolecules include 

collagen type II, hyaluronan, aggrecan (ACAN), and fibronectin. Also, some soluble 

proteins such as BMP, Wnt, FGF, and TGF are necessary for this process.  BMPs and 

cartilage-derived morphogenetic proteins (CDMP or GDF-5) are members of the 

transforming growth factor β superfamily (TGF-β) which their functions are the formation 

of prechondrogenic condensation and change to chondrocytes [64,65].   

The transcription factor SRY-box 9 protein (Sox9) is involved in the differentiation of 

BMSCs into chondrocytes [65]. The combination of Sox9 with collagen type II and ACAN 

activate its own gene expression and promote chondrocyte proliferation, and trigger the 

creation of ECM. Additionally, several experimental investigations have shown that Sox9 

was present in large quantities in cartilage progenitor cells and chondrogenic cells, which 

is a prerequisite for retaining the phenotypic of chondrocytes [65]. As a result, Sox9 

prevents chondrocytes from becoming pro-hypertrophic chondrocytes and does not take 

part in the subsequent differentiation of hypertrophic chondrocytes [65]. 
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Figure 8. Schematic description of chondrogenic differentiation phases from mesenchymal stem 
cells until chondrocytes and hypertrophic chondrocytes. Chondrogenic markers are expressed 
during the different phases. Collagen I alpha I (COL1A1), collagen II alpha (COL 2a), aggrecan 
(ACAN). Created with BioRender.com.  

 

4.3 Role of dexamethasone and media supplements on chondrogenic and 

osteogenic differentiation  
 

MSCs in vitro can be differentiated by using media supplements such as dexamethasone, 

ß-glycerolphosphate, and ascorbic acid (Asc). Dexamethasone is a synthetic 

glucocorticoid that is used as an anti-inflammatory drug [66]. Also, dexamethasone has 

been added as a media supplement for adipogenic, chondrogenic, and osteogenic 

differentiation, but the mechanism of how dexamethasone works in the differentiation is 

unclear. One possible mechanism of dexamethasone is the induction of cell differentiation 

by the WNT/ß-catenin pathway dependent on Runx2 expression [66]. Here, FHL2 is 

upregulated in response to a glucocorticoid like Dex. In the presence of an activator of the 

WNT signal, this activator will bind the FHL2 to ß-catenin and transport it to the nucleus, 

where the ß-catenin will bind to TCF/LEF-1 and starts Runx2 transcription [66]. However, 

there is another possible mechanism via the activity of the ß-catenin-like molecule TAZ 
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(transcriptional co-activator with PDZ-binding motif). In this mechanism, TAZ recruits more 

components for the transcription and binds to the sequence of amino acids of Runx2 

(Figure 9) [66]. For chondrogenesis, dexamethasone enhance the expression of Sox9 and 

activates the gene expression of Col2a1 and ACAN. 

However, dexamethasone generates severe side effects, and it is reported that long use 

of steroids might cause or increase the risk of osteoporosis [66]. Tenenbaum and Heersche 

et al. demonstrated that the optimal concentration to induce osteogenic differentiation was 

100nM [66]. Also,  Hegeman et al. demonstrated that encapsulating this compound has 

beneficial effects on inflammatory diseases like osteoarthritis [63].  

Asc is important for osteogenic differentiation because it is a cofactor for enzymes that 

hydroxylates the amino acids such as proline and lysine in pro-collagen, which is required 

for the formation of the helical structure of the collagen [66]. The main role of Asc is the 

secretion of Col I into the ECM. In general, the osteoblast binds to the ECM with both Col 

I and a2ß1 integrins that are specific for this type of collagen[66]. Then, the integrin ligand 

activates MAPK signaling, transporting the signal to the nucleus causing the activation of 

MAPK and phosphorylation Runx2 [66]. Another example of osteogenic media 

supplements is the ß-Glycerolphospate which is a source of the phosphate required for the 

production of hydroxylapatite and it can regulate the expression of osteogenic genes like 

osteopontin and BMP-2 [66].  
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Figure 9. Schematic representation of the different possible pathways of the influence of 
dexamethasone in osteogenic differentiation. Reference (40)  

5. Modern technologies for drug delivery: nanoparticles 

Drug delivery systems permit to target a cargo in the body, decreasing the toxicity and the 

side effects. Drug delivery systems have many benefits in developing new alternatives for 

therapies, doses, and drug monitoring [67]. These benefits are attractive relative to the cost 

of creating a new drug. In general, the most common and novel drug delivery systems are 

nanocarriers such as: nanoparticles (NPs) made of metal and polymers, dendrimers, 

liposomes, and virus-like particles like adenoviral vectors [67,68].  

Metal NPs are made of silver, gold, palladium, and titanium. These metal NPs have a 

reduced size and NPs can interact with the cell membrane. One advantage of metal NPs 

is the easy surface functionalization with active biomolecules through some interactions 

such as covalent bonding, hydrogen bonding, and electrostatic interactions [69].  Metal 

nanoparticles are getting attention for osteoinductive activity and their antimicrobial effects 

[69,70]. For example, Mahmoud et al showed that gold nanoparticles can promote the 

osteogenic differentiation of MSC via mitogen-activated protein kinase (MAPK) signaling 

which is important for osteogenesis [71].  
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Polymer NPs are formulated from natural and synthetic polymers with NPs sizes <100 nm, 

where the size of the NPs is important for systemic circulation. Examples of polymer 

materials are poly (ethylene glycol) (PEG) and poly (lactic acid) and poly (amino acids) 

[70]. NPs can be divided into two types depending on the morphology, referred as to 

nanocapsules and nanospheres. For example, nanocapsules contain an oily core to 

dissolve the drug and it will be covered with a polymeric shell, while nanospheres are 

formed with a polymeric network and the drug can be on the surface or inside [72]. 

Another type of drug delivery system is the dendrimer. Dendrimers are globular and 

symmetric macromolecules with highly branching architectures that make it possible to 

target ligands to be conjugated effectively [73,74]. The architecture of the dendrimers gives 

the possibility to functionalize the surface and change the biological and physicochemical 

properties. The dendrimers as drug delivery are used for anticancer therapies and 

diagnostic imaging [74]. For example, poly(amidoamine) (PAMAM) dendrimers (amino, 

hydroxyl, and carboxylate surface) demonstrated the ability to ability to differentiate MSCs 

toward the osteogenic and adipogenic lineages [75]. 

Liposomes are a good imitation of the cell membrane and have the ability to mimic natural 

cell functions like the lipids that are enrolled in the transport of substances.  The advantage 

of lipid carriers is a large amount of cargo, good stability, and the surface giving multiple 

options for targeting [67]. Liposomes are vesicular structures that can be made by self-

assembly of lipids that contains hydrophilic head groups and hydrophobic tails [76].  

Moreover, liposomes are in general a well-established cargo system and have many 

advantages over other nanoparticles, such as high load-carrying capacity (hydrophilic and 

lipophilic compounds), low toxicity, and versatile preparation and application [76]. Another 

advantage of liposomes is the release of cargo in select targeted cells or organs [67]. For 

that reason, local delivery of Dex using liposomes could be advantageous in therapies [63]. 
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Monteiro et al showed the effect of Dex-loaded liposomes on hBMSCs. They showed that 

the liposomes with dexamethasone were able to stimulate an earlier induction of 

differentiation of hBMSCs into the osteogenic lineage [63].  

5.1 Overview of endocytic mechanisms for drug delivery 
 

Cells undergo the biological process of endocytosis to take in foreign objects, which can 

be molecules, nutrients, and signaling molecules. There are many pathways of endocytosis 

at the cell surface working at the same time. There are two possible categories of 

endocytosis [77]: the first classification is based on a specificity that is differentiated by 

receptor-mediated endocytosis (RME) which permits more rapid internalization of the 

targeted ligand in contrast to that of untargeted complexes [77,78]. Examples of this 

classification are: clathrin, caveolar, flotillin, and phagocytic pathways or non-specific ones 

like pinocytosis. The second classification is based on the mechanism of development of 

vesicles for cargos, including clathrin-dependent, caveolin-dependent, Rho-A-dependent, 

and flotillin-dependent endocytosis [78]. For example, when the object or macromolecule 

is taken by clathrin-dependent RME, it commonly goes through lysosomal degradation. On 

the other hand,  in contrast, clathrin-independent RME internalization produces endosomal 

accumulation and no degradation [78]. For that reason, the NPs, and liposomes have the 

purpose to avoid the lysosomal pathway in order to protect the active compound from 

enzymatic degradation. In general, all the types of endocytosis except pinocytosis are 

possible ways for carriers to deliver the compounds into the cell [77,78].  

6. Survey on modern technologies for transfection of nucleic acids  

Transfection is a technique in which foreign nucleic acid can be added into the cells to 

modify the properties of the cells [79]. This technique can be used to study the gene 

products by increasing or inhibiting a specific gene expression in the cells. Transfection 

https://www.sciencedirect.com/topics/chemistry/phagocytic
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has two different types: stable and transient [79]. Stable transfection is involving the genetic 

material with a specific marker gene in the genome of the cell to be expressed for a long 

period. In transient transfection, the transfected cells express the foreign gene for a limited 

time since it is not part of the genome [79]. There are three methods for the transfection 

process: biological, chemical, and physical. Furthermore, transfection methods are 

determined by cell type, transfection efficiency, toxicity, reproducibility, and the potentially 

provoked side effects [79]. Examples of the transfection methods together with their 

advantages and disadvantages are presented in table 3. 

Table 3 Transfection methods for introducing genes in mammalian cells [79,83] 
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The most common method used in transfection is virus-mediated transfection because of 

its high efficiency. Nonetheless, its major disadvantage is high toxicity and immunogenicity 

[79]. For that reason, modern methods like cationic liposomes are used for gene transfer 

(Figure 10).  In these liposomes, DNA can be encapsulated into cationic lipids that interact 

electrostatically with DNA, promoting the formation of lipoplexes [80].  

6.1 Overview of cationic liposomes as a transfection system  

 

Cationic lipids contain a positive charge of one or more amines in the polar head groups. 

The presence of this positive polar head helps to bind anions in DNA. These cationic 

liposomes/DNA combinations are used for gene delivery [80]. The anionic liposomes, on 

the other hand, are more used in macromolecule delivery [81]. Some liposome 

characteristics such as membrane, charge, and size can influence how the liposome 

interacts with the cells. The main interaction mechanism between liposomes and cells is 

endocytosis [80]. In the case of gene delivery, the cationic liposomes/DNA (lipoplex) enters 

into the cell by endocytosis forming an endosome (Figure 10) [82]. Afterward, the 

destabilization of the endosome components starts to happen and in turn, the DNA is 

displaced from the cationic liposome and released into the cytosol (Figure 10) [80,82]. 

Liposomes are in general a well-established cargo system and have many advantages 

over other nanoparticles, such as high load-carrying capacity (hydrophilic and lipophilic 

compounds), low toxicity, and versatile preparation and application [76].  
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Figure 10. Illustration of transfection vectors carrier and representation of the main steps involved 
in the interaction of the lipoplexes with cell: endocytosis, cytoplasmic release, nuclear translocation, 
transcription, and translation. Adapted from Cancer Cell-Targeted Gene Therapy by 
BioRender.com. 

 

There are some limitations using the liposomes such as toxicity at higher concentrations, 

and interactions with negatively charged molecules in serum, which can affect the stability 

of the liposome and its capacity to interact with the cells causing difficulties to reach the 

target tissues which decreases the transfection efficiency in the case of the cationic 

liposome [80]. For these reasons, new strategies must be used to develop functional (drug 

or transfection-eluting) films in a specific area at the interface of the artificial material 

(implants) and the biological tissues to avoid toxicity and damage. 
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7. Aim of this study 

 

In this study, we combined two approaches, the ECM-mimicking environment, and the 

PEM-derived in situ drug delivery and/or transfection, to develop an ECM-mimicking 

surface coating to direct cell differentiation. We focused on a bone ECM-mimicking 

multilayer system consisting of Col and Cs, and a system of Col and HA loaded with 

liposomes or LPX composed of OO4/DOPE lipid composite. For drug delivery, the 

liposomes Dex-loaded was used to induce osteogenic and chondrogenic 

differentiation. For transfection, pDNA was used as a biologically active compound that 

encoded a BMP-2 sequence. These approaches were used to obtain a local delivery 

of Dex or pDNA-BMP-2 with the aim of initiating osteogenesis due to the paracrine 

effects of the cells. The work focused on three main aims: (i) A characterization of the 

material, in which we characterized the multilayer formation processes, especially the 

embedding of OO4/DOPE liposomes and lipoplexes, and the surface properties of 

PEMs. (ii) In addition, general cell studies such as cell adhesion, cell viability, and cell 

uptake including transfection were performed. (iii) We studied the ability of the system 

to induce osteogenic cell differentiation by gene expression analysis and histochemical 

and fluorescence assays. Overall, we present a new approach to engineering a bone 

ECM matrix-inspired surface coating made of collagen and glycosaminoglycans that 

represents a promising tool to develop multifunctional surface coatings for implant 

surfaces. 

 

 

 



 
  | 46 

 
8. References  

 

[1] Porter J.R., Ruckh T.T., Popat K.C., (2009). Bone tissue engineering: A review in 

bone biomimetics and drug delivery strategies, Biotechnology Progress. 25,1539–1560. 

https://doi.org/10.1002/btpr.246. 
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Chapter 2: Engineering osteogenic microenvironments by the combination of 

multilayers from collagen type I and chondroitin sulfate with novel cationic 

liposomes 

The first paper aimed to show a novel cationic liposome called OO4 in combination with 

DOPE. These lipids contain high amounts of amino groups and are promising systems for 

drug delivery. Because of these amino groups, the cationic liposome can be used as 

polycationic for the development of multilayers using the Layer-by-Layer technique. This 

technique fabricates surface coatings by alternating adsorption of polyanions and 

polycations. This study aims to engineer a multilayer system made of Cs and Col by LbL 

technique with OO4/DOPE liposomes embedded in the terminal layers to create an 

osteogenic microenvironment. The advantage of using these polyelectrolytes is to mimic 

the ECM of the bone. Since liposomes are an excellent nanocarrier and suitable for 

endocytosis and the composition of PEM were used to promote osteogenic differentiation 

of C2C12 myoblasts as in vitro model. First, physicochemical studies of PEM were done 

to characterize layer growth, thickness, wettability, surface charge, and topography. The 

adhesion of myoblast cells was also evaluated whereby the benefit of a cover layer of Cs 

and finally Col I above the liposome layer was demonstrated. Then, the internalization of 

cargo-loaded liposomes from the PEM into C2C12 cells was studied using lipophilic 

(Rhodamine-DOPE conjugate) and hydrophilic (Texas Red labelled dextran) model 

compounds. Finally, as proof of concept, OO4/DOPE liposomes were loaded with Dex. 

Dex is a known compound that can induce osteogenic differentiation. Successful induction 

of osteogenic differentiation of C2C12 cells was shown using histochemical staining and 

quantification of alkaline phosphatase activity. The results presented in this article indicate 

that designed OO4/DOPE-loaded PEMs have a high potential to be used as a drug delivery 

system for implant coating in the field of bone regeneration and other applications. 
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Chapter 3: Extracellular matrix-inspired surface coatings functionalized with 

Dexamethasone-loaded liposomes to induce osteo- and chondrogenic 

differentiation of multipotent stem cells 

In this paper, cationic liposomes composed of lipid OO4 and DOPE loaded with Dex were 

used as an entity in multilayer formation using LbL by alternating adsorption of 

polyelectrolytes such as HA as polyanion and Col I as polycation, which are compounds 

present in the ECM of bone. The addition of Dex is to promote bone and cartilage formation 

by inducing the proliferation and differentiation of mesenchymal stem cells to osteoblasts 

and chondrocytes. A polyelectrolyte multilayer system (PEM) was designed of HA and Col 

I with embedded cationic liposomes loaded with Dex into the terminal layers to achieve a 

local delivery and protection of this drug for induction of osteo- and chondrogenic 

differentiation of multipotent stem cells. Physicochemical studies were done to characterize 

layer growth, thickness, and surface properties of PEM and then evaluated cell adhesion. 

The surface properties of the PEM system show a positive zeta potential after liposome 

adsorption and a decrease in the wettability, both promoting cell adhesion and spreading 

of C3H10T1/2. Cell studies of C3H10T1/2 cells evaluated the advantage to use the 

liposomes embedded into the PEM against the use of liposomes in the supernatant and 

basal PEM. Osteo and chondrogenesis were evaluated by immunohistochemically staining 

and an upregulation of the expression of genes, which play a key role in osteogenesis 

(RunX2, ALP, Osteocalcin) and chondrogenesis (Sox9, aggrecan, collagen II), determined 

by qRT-PCR after 21 days. These results demonstrated that the liposome-loaded PEMs 

have a high potential for use as drug delivery systems for implant coatings because these 

coatings can promote bone and cartilage differentiation. 
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Chapter 4: Lipoplex-functionalized thin-film surface coating based on 

extracellular matrix components as a local gene delivery system to control 

osteogenic stem cell differentiation  

An attractive strategy for bone tissue engineering is the use of smart biomaterials 

functionalized with biological cues to control cell proliferation and differentiation. Here, a 

gene-activated surface coating is presented based on the polyelectrolytes col I and Cs, 

two main biopolymers of the bone extracellular matrix, in combination with the 

incorporation of DNA/lipid-nanoparticles (lipoplex). The coating relies on layer-by-layer 

assembly technology, a process leading to the formation of PEM applicable to various 

material surfaces. The initial part of the study focuses on analyzing PEM formation and 

lipoplex deposition by surface-sensitive analytical methods that demonstrate a fibrillar 

structuring of collagen and homogenous embedding of lipoplexes. To gain the targeted 

biological activity, the immobilized lipoplexes encapsulate DNA encoding for osteogenesis-

inducing bone morphogenetic protein 2 (BMP-2). Human adipose-derived mesenchymal 

stem cells were cultured on the gene-activated surface to study osteogenic differentiation 

in vitro, showing proliferation of the stem cells as well as efficient transfection, which 

induces cell differentiation towards the osteogenic lineage. Summarizing, the novel gene-

functionalized and ECM-mimicking PEM represents a smart surface functionalization with 

great promise for tissue engineering constructs to control stem cell fate due to spatially 

induced expression of growth factor-encoding nucleic acid. 

 

 

 

 

 

___________________________________________________________________________________ 
This chapter is based on the publication: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, S., Borges, J., 

Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface coating based 

on extracellular matrix components as local gene delivery system to control osteogenic stem cell 

differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 87 

 
___________________________________________________________________________________ 

Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 88 

 ___________________________________________________________________________________ 
Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 89 

 
___________________________________________________________________________________ 

Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 90 

 

___________________________________________________________________________________ 

Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 91 

 
___________________________________________________________________________________ 

Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 92 

 

___________________________________________________________________________________ 

Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 93 

 
___________________________________________________________________________________ 

Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 94 

 
___________________________________________________________________________________ 

Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 95 

 
___________________________________________________________________________________ 

Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 96 

 

___________________________________________________________________________________ 

Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 97 

 
___________________________________________________________________________________ 
Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 98 

 
___________________________________________________________________________________ 

Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 99 

 
___________________________________________________________________________________ 

Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 100 

 
___________________________________________________________________________________ 

Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 101 

 
___________________________________________________________________________________ 

Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 102 

 
___________________________________________________________________________________ 
Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 103 

 
___________________________________________________________________________________ 

Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 104 

 
___________________________________________________________________________________ 

Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 105 

 ___________________________________________________________________________________ 

Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 106 

 
___________________________________________________________________________________ 
Reprinted with permission from Advanced Healthcare Materials: Husteden, C., Brito Barrera, Y. A., Tegtmeyer, 

S., Borges, J., Giselbrecht, J., Menzel, M., ... & Groth, T. (2022). Lipoplex‐functionalized thin‐film surface 

coating based on extracellular matrix components as local gene delivery system to control osteogenic stem 

cell differentiation. Advanced Healthcare Materials, 2201978. 

 



    | 107 

Chapter 5:  

Summary and future perspectives  
 

This chapter will complete the study by summarizing the three main research findings about 

the research aims. It will also suggest opportunities for future perspectives.  

This Ph.D. thesis has shown that the LbL technique can produce multifunctional surface 

coatings to adapt the composition and physicochemical properties of implant surfaces and 

permit the deposition of cationic liposomes composed of the co-lipid DOPE and the cationic 

lipid OO4 with a functional cargo. The characterization studies demonstrated a stable, 

uniform film with immobilization of the liposomes that can be taken up by myoblast cells 

(C2C12) even when covered with an additional bilayer of Cs and Col shown by studies 

with either hydrophilic or lipophilic model compounds. In addition, this work has shown that 

the use of dexamethasone embedded in liposomes in a Cs and Col system can be used 

to induce osteogenic in myoblast cells, and HA and Col system can induce osteo and 

chondrogenic differentiation of C3H10T1/2 cells in situ. In both systems, the cell studies 

have shown good cell adhesion which is important for the integration of implants related to 

cell growth and differentiation. The ability of the PEM-loaded Dex to induce osteogenic cell 

differentiation was observed qualitatively and quantitatively by histochemical staining of 

Alizarin red, fluorescence staining of osteo – chondrogenic markers, and quantification 

using qPCR. These results showed an increase in the osteogenic differentiation in contrast 

with the liposomes free in the medium.  Furthermore, the PEM system can be used to 

functionalize various surfaces by adding pDNA in combination with liposomes (LPX) 

embedded into PEM. Here, the characterization studied showed a stable system and 

immobilization of the LPX on PEM. The characterization of these PEM with LPX 

demonstrated an increase of the layer thickness as well as the increase of the roughness 
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in the system, due to the re-arrangement of the collagen fibrils and the liposomes, similar 

results were found in the characterization of the liposomes embedded on previous PEMs.  

Also, human stem cells (hADSC) showed a high affinity to the surface coating as well as 

the transfection of the cells where the presence of plasmid encoding BMP-2 induced 

osteogenic differentiation. 

The benefit of using col and Cs-HA is to mimic the ECM of the bone and have a 

biocompatible microenvironment. Also, the advantage of immobilization of the liposomes 

in PEM and adding the last cover bilayer is to protect them from degradation and 

spontaneous release of cargo, reducing the systemic effects and having a local delivery.  

Results can be considered as a proof of concept of the combination of LbL systems with 

liposomes to design the microenvironment of cells by the composition of multilayers and 

the kind of cargo liposomes (e.g. osteogenic drugs, DNA) to induce differentiation of cells 

on implants. Additional experiments should focus on the evaluation of these PEM with 

embedded liposomes as a therapeutic potential of drug-delivering implant system in vivo, 

in order to analyze the inflammatory response and the osteoinductive properties of the 

coating in the bone remodeling process.  
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