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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 | (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.



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-ylI} -N’- {2- [N, N-bis(2-
aminoethyl) amino] ethyl} -2-hexadecylpropandiamide) (004) 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 | (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
guantification 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 gRT-PCR. For that reason, using cationic liposomes 004/ DOPE
is beneficial for the loading of pPDNA-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 Oberflachenbeschichtungen kénnen mit herkdmmlichen Implantaten
kombiniert werden, um die extrazellulare Matrix (ECM) des umgebenden Gewebes
nachzuahmen und sie biokompatibler zu machen. Die Layer-by-Layer-Technik (LbL)
kann zur Herstellung von Oberflachenbeschichtungen verwendet werden, indem
Polyelektrolyte aus wassrigen LOsungen abwechselnd adsorbiert werden, um
Polyelektrolyt-Multischichten (PEM) zu bilden. Darliber 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) (O04)
und Dioleoylphosphatidylethanolamin (DOPE) bestehen, vielversprechende Systeme
fur die Verabreichung von Arzneimitteln und fur Transfektionssysteme. Daher wurden
zwei  verschiedene  Ansatze kombiniert, um eine  funktionalisierte
Oberflachenbeschichtung zu entwickeln: (i) eine PEM-Oberflachenbeschichtung, die
naturliche ECM des Bindegewebes durch eine Kombination von Kollagen Typ | (Col)
und Glykosaminoglykanen wie Chondroitinsulfat (Cs) oder Hyaluronsaure (HA)
nachahmt, und (ii) die Immobilisierung von frachtbeladenen Liposomen unter
Verwendung lipophiler und hydrophiler Modellverbindungen fur die Wirkstoffabgabe.
Im Rahmen dieser Forschungsarbeit wurden die physikochemischen Eigenschaften
der Mehrschichtfilme wie Oberflachen-Zetapotenzial, Dicke, Schichtwachstum,
Benetzbarkeit und Topografie untersucht. Die Charakterisierungsstudien zeigten einen
stabilen, einheitlichen Film mit Immobilisierung der Liposomen, die von
Myoblastenzellen (C2C12) aufgenommen werden kénnen, selbst wenn sie mit einer
zusatzlichen Doppelschicht aus CS und Col bedeckt sind, wie Studien mit hydrophilen
oder lipophilen  Modellverbindungen zeigten. Anschlieend wurde als

Konzeptnachweis Dexamethason (Dex) als lipophiles Medikament fir eine mogliche
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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 kénnen. In beiden Systemen
haben die Zellstudien eine gute Zelladhasion gezeigt, die fur die Integration von
Implantaten in Bezug auf Zellwachstum und -differenzierung wichtig ist. Die Fahigkeit
des mit PEM beladenen Dex, eine osteogene Zelldifferenzierung zu induzieren, wurde
qualitativ und quantitativ durch eine positive histochemische Farbung von Alizarinrot,
eine Fluoreszenzfarbung von osteo-chondrogenen Markern und eine Quantifizierung
osteogener Marker durch gRT-PCR beobachtet. Im letzten Teil wurden die Liposomen
mit Plasmid-DNA (pDNA) mit einem grin fluoreszierenden Protein (GFP) beladen, um
Lipoplexe (LPX) zu bilden. Die Ergebnisse zeigten eine positive Transfektionseffizienz
von pDNA-GFP. AnschlieBend 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 erhéht. 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 Farbung von Alizarinrot, was auf eine osteogene Differenzierung hindeutet.
Anschlielend wurden die osteogenen Marker mittels qRT-PCR quantifiziert. Aus
diesem Grund ist die Verwendung von kationischen Liposomen OO4/DOPE fir die
Beladung mit pDNA-BMP2 vorteilhaft, um eine ausgezeichnete Transfektionseffizienz
zu erzielen und die osteogene Differenzierung zu fordern, den Einsatz direkter

Wachstumsfaktoren zu vermeiden und die Toxizitat 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 flr die
Implantatbeschichtung im Bereich der Knochenregeneration und fir 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 1 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-kB 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 a1B1 and a2B1 bind to collagen types | and IV. In osteoclasts,
a2p1 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. Boneremodeling 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 | 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. lllustration 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]

Evolution of bone Materials Examples
implants
First generation Metals Titanium or titanium alloys, stainless steel, cobalt-chromium

(Bio-inert) alloys, magnesium, tantalum

Second generation
(Bioactive)

Third generation
(Bioactive, Biomimetic)

Synthetic polymers

Synthetic and natural
biodegradable
polymers

Ceramics

Incorporation of soluble
or insoluble factors into
the materials

Poly methyl methacrylate, Teflon-type, Poly-glycolic acid
(PGA), Poly-lactic acid (PLA)

Naturals: collagen, polyesters, calcium phosphates (corals,
algae, bovine bone), calcium carbonate (natural or
synthetic), calcium sulfates

Alumina, zirconia, calcium phosphate (synthetic
hydroxyapatite, silicate)

Bioglass (silica or non-silica)

Soluble factors: growth factors, cytokines, hormones and

chemicals

Insoluble factors: extracellular matrix molecules,
immobilized adhesion ligands




| 19

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.



| 21

2.2The 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 (Ol) have been important for bone treatment. Ol 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]. Ol 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 iliness, etc. Second, the type of material and
surface coating influence the Ol 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].
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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.



| 24

Table 2. Surface modification methods for implant materials [32,34,37]

Surface Techniques General features

modification

Mechanical Polishing, grinding, Potential to use different chemicals
machining, Improve the hydrophilicity
sandblasting, vacuum  Enhance the density and viscosity
annealing

Chemical Thermal oxidation, Enhance corrosion resistance
hydrothermal Remove materials and modification of the roughness
treatment, anodic Not damage the mechanical properties
oxidation, sol-gel,
acid etching

Physical Laser treatment, Improve surface quality and biocompatibility
physical vapor Improve bone-implant contact
deposition, plasma Enhamce cell adhesion
spraying, lithography,  Achieve complex and precise topography
Layer-by-Layer Increase the roughness

Biological Immobilization of Creation of bio-inspired surfaces to enhance Ol

proteins, enzymes,

Natural composition, structure and physiological characteristics

peptides and glycans
Layer-by-Layer

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 | 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 Il [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 (3-1,3 and R-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 2x10® 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].

HO OH

HO 0 04,

Figure 5. Chemical structure of hyaluronic acid

3.2.3 Collagen Type |

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 lI-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 |, 11, lll, 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 | 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].
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Figure 6. Schematic diagram showing the assembly of collagen type | into collagen fibrils.
Created with BioRender.com.

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,
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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-3 (TGF-R3), bone morphogenic proteins (BMPs), Wnt/[3-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 | (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].
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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 | alpha | (COL1Al), 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-I3 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 | and Il 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 (Cbfal/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 I, 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 $ superfamily (TGF-) 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 Il 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 | alpha | (COL1A1), collagen Il 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,
3-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/3-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 3-catenin and transport it to the nucleus,
where the 3-catenin will bind to TCF/LEF-1 and starts Runx2 transcription [66]. However,

there is another possible mechanism via the activity of the 3-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 Col2al 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 | into the ECM. In general, the osteoblast binds to the ECM with both Col
| and a231 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 B-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
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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]

Group Method Advantage Disadvantage
Physical Microinjection Easy method Requires well-isolate cells
Avoids cytoplasmatic and Presents technical and ethical issues
lysosomal degradation
Electroporation  High transfection system Excessive cell death
Biolistic particle Easy and transferlarge Low integrity of delivered DNA
delivery sizes and amounts of DNA  Cell damage
Chemical Cationic No viral vector Chemical toxicity
polymers
Calcium Low cell death Transfection efficiency is low
phosphate Simple and easy method Low levels of transgene expression
Cationic lipids Good forin vivo and in vitro  Low transfection efficiency compared
Carry large pieces of DNA  to viral systems
Can be targeted Transient expression
Non-immunogenic
Scale-up and
standardization
Biological Virus-base High-efficiency Immunogenicity
Adenovirus Effective in vitro and in vivo  Hazard for laboratory personnel
Retrovirus Mutagenesis
Adenoassociat
ed virus
Herpes simplex

virus
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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). Inthese 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. lllustration 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, pPDNA 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
PEMSs. (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.
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Chapter 2: Engineering osteogenic microenvironments by the combination of
multilayers from collagen type | 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 | 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.

This chapter is based on the publication: Brito Barrera Y. A., Hause, G., Menzel, M., Schmelzer, C. E. H., Lehner, E.,
Mader, K., ... & Groth, T. (2020). Engineering osteogenic microenvironments by combination of multilayers from
collagen type | and chondroitin sulfate with novel cationic liposomes. Materials Today Bio, 7, 100071.
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1. Introduction

Major problems that implants may cause have been related to poor
healing related to recognition as foreign body with reduction or loss of
function after device implantation [1]. These and other complications
during the application of medical implants have fostered significant efforts
in surface modification of biomaterials to achieve a well-defined and
controlled interface between the material and host tissues [2]. Various
studies have been focused on modifying the surfaces by physical and
chemical means to improve biocompatibility and control cell behavior by
establishing desired physicochemical properties, such as surface charge
[3], wettability [4], topography [5], stiffness [6], and the presence of
specific chemical groups on the surface [7].

Surface properties of scaffold materials are also critical in tissue en-
gineering due to the adhesion and spreading controls functioning of cells
including gene expression, proliferation, and differentiation [8,9].
However, tissue engineering goes beyond conventional biomedical
implant technology because of degradable materials that are combined
with cells and bioactive molecules to mimic the natural process of tissue
regeneration [10,11]. Besides synthetic polymers such as polylactic acid,
biopolymers such as polysaccharides (e.g. chitosan, hyaluronan, etc.) and
proteins (e.g. collagens, gelatin, silk) have been used for making hydro-
gels, porous scaffolds, and coatings due to their biocompatibility,
bioactivity, degradability, and often abundance [12]. Bioactivity of col-
lagens and other proteins of the extracellular matrix (ECM) is due to their
interaction with cell adhesion molecules, such as integrins followed by
signal transduction processes [13]. On the other hand, polysaccharides in
particular glycosaminoglycan's (GAG) as class of animal glycans can
address directly cellular receptors followed by signal transduction like
hyaluronan-CD 44 ligation [14] or interact with matrix proteins and
growth factors that lead to stabilization of growth factors and facilitate
their binding to the corresponding cellular receptors as known for hep-
aran sulfate with bone morphogenic proteins (BMPs) and corresponding
BMP receptors [15]. Hence, ECM proteins like collagens from animal
sources are used to make protein coatings on implants to guide cell
attachment [16]. Moreover, combinations of GAGs with proteins like
collagen I can be used for the formation of bioactive coatings, such as
multilayers fabricated through layer-by-layer technique (LbL) [17].

The LbL technique is a method to fabricate coatings by alternating
adsorption of polyanions and polycations, occurring via electrostatic or
non-electrostatic interaction and is considered as a promising technique
to modify material surfaces [18]. The LbL assembly can be realized by
different methods such as dip-coating, spin-coating, and perfusion [18].
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Since many biomolecules such as proteins and GAG represent poly-
electrolytes, LbL can be used for biomedical applications due to inclusion
of bioactive molecules [10,19]. Nowadays, biomaterials have been
advanced through the design of biocompatible systems for controlled
drug release in combination with the development of scaffolds in the area
of tissue engineering [20]. The advantage of liposomes is that they can
interact with cells through several mechanisms, such as endocytosis,
fusion with the cell membrane, lipid exchange, and adsorption [21]. The
use of liposomes as building blocks for LbL films has attractive aspects,
including the ability to internalize a functional cargo, such as lipophilic
or hydrophilic drugs or other bioactive compounds like DNA for trans-
fection and controlled assembly of the liposome within LbL films without
hampering the activity of functional molecules in the core or lipid part
[22]. First approaches were made using natural phospholipids coated by
poly-i-lysine to obtain a cationic surface enabling LbL deposition [23,24].
Nevertheless, the toxicity of poly-i-lysine represents a challenge for
biomedical application [25]. An approach with negatively charged li-
posomes composed of phosphatidylserine or phosphatidylglycerol also
allows LbL deposition of liposomes without stabilizing polymers [26].
Apart from the use of natural lipids, the use of novel synthetic lipids may
represent an interesting strategy to modify liposomes' features toward
better interaction with cells and embedding in LbL multilayer systems.
Malonic acid diamides are a group of peptide-mimicking cationic
lipids, which are useful components to formulate liposomes with a pos-
itive surface charge, low cytotoxicity, and extremely high transfection
efficiency [27,28]. These cationic liposomes can potentially be
embedded in multilayer films based on LbL to retain these lipid con-
tainers after the localized release of a bioactive compound or alterna-
tively, release the entire container with functional cargos from surfaces
into the cells or surrounding tissue [22]. Liposomes have been considered
as carrier systems, controlling the delivery of genetic material and other
biomolecules, but little is known about their behavior as component of
LbL multilayers, yet. Hence, this article investigates the deposition of
novel cationic liposomes composed of (N-{6-amino-1-[N-(9Z) -octade-
¢9-enylamino] -1-oxohexan-(2S) -2-yl} -N’'- {2- [N, N-bis(2-aminoethyl)
amino] ethyl} -2-hexadecylpropandiamide) (0O04) and dio-
leoylphosphatidylethanolamine (DOPE) [29], a peptide-mimicking
cationic amphiphilic of the malonic acid diamide family, onto poly-
electrolyte multilayer (PEM) system. Col I and CS were used as poly-
cations and polyanions, respectively, to mimic the ECM of bone as it was
done in a previous study promoting osteogenic differentiation of
mesenchymal stem cells [17,30]. The work focuses on characterization of
multilayer formation process and surface properties of the resulting films

Fig. 1. A) Schematic illustration of the prepara-
tion of liposomes using the cationic lipid 004
and the zwitterionic co-lipid DOPE (protonation
state at pH 4) [27]. The liposomes can be used as
a carrier for hydrophilic and lipophilic drugs. B)
Due to the cationic charge [31], the liposomes
can be embedded in polyelectrolyte multilayers
(PEMs), which are prepared from collagen I and
chondroitin sulfate using the layer-by-layer
technique. Poly (ethylene imine) was used for
the initial modification of the substrate to achieve
a positive surface charge. C/D) The liposomes
embedded in the PEM can be internalized by cells
growing on the modified substrate.

Reprinted with permission from Materials Today Bio: Brito Barrera Y. A., Hause, G., Menzel, M., Schmelzer, C. E. H.,
Lehner, E., Mader, K., ... & Groth, T. (2020). Engineering osteogenic microenvironments by combination of multilayers
from collagen type | and chondroitin sulfate with novel cationic liposomes. Materials Today Bio, 7, 100071.



Y.A. Brito Barrera et al.

including surface zeta potential, roughness, topography, and wettability.
Besides studies on adhesion and viability of C2C12 myoblast cells on the
films, also cellular uptake of liposomes from PEM loaded with hydro-
philic and lipophilic fluorescence-labeled model substances was studied.
Finally, a proof-of-concept study with liposomes loaded with dexa-
methasone to promote osteogenic differentiation of cells was performed.
Fig. 1 summarizes the content of this work.

2. Materials and methods
2.1. Preparation of liposomes

Liposomes were prepared by film hydration procedure. The lipids
004 and DOPE were dissolved in chloroform/methanol (8:2, v/v) in a
round bottom flask and mixed to a molar ratio of 1:3 (cationic lipid/
phospholipid). The solvent was evaporated for 1 h at 200 mbar. Then,
150 mM of NaCl with 10 mM acetic acid at pH 4 was added to final
concentration of 1 mg/mL. Afterward, the lipid dispersion was incubated
at 50°C and shaking gently for 30 min at 1,400 rpm (Eppendorf Ther-
momixer 5436) followed by sonication at 37 kHz and 50°C for 5 min. 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N- (lissamine rhodamine B
sulfonyl) ammonium salt (Avanti Polar lipids); Rhodamine-DOPE-loaded
liposomes were prepared with the same method using a molar ratio of

1:3:0.05 (noo4:NpOPE:NRhodamine-DOPE)-
2.1.1. Loading of liposomes with dexamethasone

The liposomes were prepared with a concentration of 1 mg/mL total
lipid (50 pg/mL dexamethasone) following the liposome preparation
protocol explained in 2.2 using chloroform/methanol (8:2, v/v) stock
solutions of 004, DOPE, and dexamethasone combined to a molar ratio
of 1:3:0.2 (npo4:npope:Npex). For determination of the encapsulation of
dexamethasone we varied an ultracentrifugation protocol [32]. Briefly,
0.8 pL of the liposomes were diluted to 9 mL with 10 mM acetic acid
buffer at pH 4 containing 150 mM of NaCl. Afterward the liposome
dispersion was centrifuged for 4 h with 35,000xg using an ultracentri-
fuge (TL 100, Beckman Coulter GmbH, Krefeld, Deutschland). Afterward,
0.5 mL of the supernatant was freeze-dried and dissolved in 100 pL
methanol for high-performance liquid chromatography (HPLC) analysis.
A modified method from United States Pharmacopeia was used to
quantify the amount of dexamethasone in the supernatant. A Jasco HPLC
system with a PU-1580 Pump equipped with LG-1580-04 quaternary
gradient unit, AS 1559 Intelligent Auto Sampler, UV 1559 intelligent
UV/VIS Detector (all Jasco, Oklahoma City, USA), Purospher® Star
RP-18 endcapped (5 pm) column (Merck Millipore, Billerica, Massa-
chusetts, USA), operated at 40 °C, were used. Methanol was used as the
mobile phase at a flow of 1 mL/min A 20 pL of sample was injected and
analyzed at 2 = 258 nm. Data recording and processing were carried out
with the software ChromNAV Ver.2 (Jasco, Oklahoma City, USA).

2.1.2. Loading of liposomes with Texas Red-labeled dextran

Liposomes were prepared as stated above (2.2) with the difference
that the final concentration was 4 mg/mL and the hydration buffer
contained additionally 0.4 mg/mL Texas Red dextran (Texas Red dextran
[3,000 Da, lysine fixable] was purchased from Thermo Fisher Scientific).
Afterward, the loaded liposomes were purified by size exclusion chro-
matography using PD-10 Columns (GE Healthcare) and 10 mM acetate
buffer pH 4 with 150 mM of NaCl as elution buffer.

2.2. Characterization of liposomes

2.2.1. Dynamic light scattering

The size distribution was characterized by Zetasizer Nano ZS
ZEN3600 (Malvern Instruments, Worcestershire, UK). The sample was
measured three times; each run consisted 10 runs with a duration of 20 s
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at 25°C. The viscosity 1) = 0.8872 mPa-s and the refractive index of 1.33
at 25°C were assumed, as has been described previously [33]. The
Zetasizer software 7.12 was used for data evaluation.

2.2.2. Zeta potential measurements

The zeta potential measurements were carried out with the laser
Doppler electrophoresis technique using Zetasizer Nano ZS ZEN3600
(Malvern Instruments, Worcestershire, UK). Three measurements were
performed of 20 runs with a voltage of 50 V at 25°C. The viscosity n =
0.8872 mPa-s, dielectric constant ¢ = 78.5 F/m and refractive index of
1.33 were assumed. The diffusion of aggregates was converted into the
zeta potential using Smoluchowski equation { = ji /¢ (Zetasizer software
7.12) [33].

2.2.3. Transmission electron microscopy

For freeze-fracture analysis, the samples were firstly fixed with a
propane jet freeze device JFD 030 (BAL-TEC, Balzers, Liechtenstein).
Afterward, the samples were frozen fractured at —150 °C without etching
with a freeze-fracture/freeze etching system BAF 060 (BAL-TEC, Balzers,
Liechtenstein). The surfaces on the fractures were shadowed with plat-
inum (2 nm layer, shadowing angle 45 degrees) and subsequently with
carbon (20 nm layer, shadowing angle 90degrees). The replicas were
floated into a sodium chloride solution (4% available chlorine) for 30
min, rinsed in distilled water for 10 min, washed in 30% acetone for 30
min, and finally rinsed in distilled water for 10 min. Thereafter, the
replicas were placed on copper grids coated with a Formvar film for
imaging [33].

Vitrified specimens for CryoTEM were prepared using a blotting
procedure, performed in a chamber with controlled temperature and
humidity using an EM GP grid plunger (Leica, Wetzlar, Germany). The
sample dispersion (6 pL) was placed onto an EM grid coated with a holey
carbon film (Cﬂa‘, Protochips Inc., Raleigh, NC, USA). Excess solution was
then removed by blotting with a filter paper to leave a thin film of the
dispersion spanning the holes of the carbon film on the EM grid. Vitri-
fication of the thin film was achieved by the rapid plunging of the grid
into liquid ethane held just above its freezing point. The vitrified spec-
imen was kept below 108 K during storage, transferred to the micro-
scope, and investigated.

Specimens were examined with a Libra 120 Plus transmission elec-
tron microscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany),
operating at 120 kV. The microscope was equipped with a Gatan 626
cryotransfer system. Images were acquired using a BM-2k-120 dual-
speed on-axis SSCCD camera (TRS).

2.3. Cleaning of substrata

Glass coverslips (@ 12 mm, Menzel, Braunschweig, Germany) and
silicon wafers (Silicon materials, Kaufering, Germany) were cleaned with
a solution of NH40H (25%), H202 (35%), and micropure water (1:1:5, v/
v/v) at 80°C for 15 min. Afterward, the samples were washed with
micropure water (6 x 5 min) and dried with a stream of nitrogen. The
gold-coated glass sensor for surface plasmon resonance (SPR, IBIS
Technologies BV, Enschede, The Netherlands. 10 x 10 mm?) were
treated by dipping into 0.5 M NaOH in 96% ethanol and followed by
rinsing with ethanol (99%) and one last rinsing step with micropure
water followed by drying with nitrogen.

2.4. Preparation of polyelectrolyte multilayers

Collagen type I from porcine skin (Mw~ 100 kDa) was provided by
Sichuan Mingrang Bio-Tech (Sichuan, China). Native CS A from the
bovine trachea (Mw ~ 25 kDa) was provided by Sigma-Aldrich (Stein-
heim, Germany). Poly (ethylene imine) (Mw~ 750 kDa) was provided by
Sigma-Aldrich (Steinheim, Germany). Phosphate-buffered saline (PBS)
was prepared according to the following formulation: 2.7 mmol/L KCl,
137 mmol/L NaCl, 1.4 mmol/L KHyPO4, 4.3 mmol/L NayHPO4-2H,0, pH

Reprinted with permission from Materials Today Bio: Brito Barrera Y. A., Hause, G., Menzel, M., Schmelzer, C. E. H.,
Lehner, E., Mader, K., ... & Groth, T. (2020). Engineering osteogenic microenvironments by combination of multilayers
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7.4. Sodium chloride and acetic acid 30% were purchased from Carl Roth
GmbH (Karlsruhe, Germany).

The polyelectrolytes solutions were prepared as follows: PEI was
dissolved in 0.15 M sodium chloride solution at a concentration of 5 mg/
mL at pH 7.4. CS was dissolved in 0.15 M of sodium chloride at a con-
centration of 0.5 mg/mL. Collagen I was dissolved in 0.2 M acetic acid at
a concentration of 2 mg/mL at 4°C overnight. The final solution of Col I
was obtained by diluting the stock solution in 0.2 M acetic acid supplied
with 0.15 M sodium chloride at pH 4.

PEM were fabricated on cleaned glass coverslips, gold sensors, and
silicon substrates depending on the type of experiment. PEI was used as
the first layer to obtain the positive charge on the substrate followed by
adsorption of CS as an anionic layer and then Col I as the cationic layer.
The multilayer films were fabricated by immersing the glass coverslips in
the polyelectrolyte solution for 15 min (PEI CS) and 20 min (Col I) and
one layer of liposomes for 2 h 30 min. By alternating adsorption of CS and
Col I, PEM were build up to fourth bilayers named [CS, Col I]4 CS, then
the liposomes layer [CS, Col I]4 CS-Lip, and followed by one bilayer [CS,
Col I]4 CS-Lip [CS, Col I];. Each adsorption step was followed by rinsing
with 0.15 M sodium chloride solution at pH 4 (3 x 5 min).

2.5. Characterization of polyelectrolyte multilayer and surface properties

2.5.1. Ellipsometry

The thickness of the CS and Col I system was measured by a M —
2,000 V scanning ellipsometer (J.A Woollam Co. Inc., Lincoln, NE) at
room temperature as previously described [5]. The measurements were
performed at incident angles of linear polarized light of 60 degrees, 65
degrees , 70 degrees, and 75 degrees by M — 2,000 V scanning ellips-
ometer at ambient conditions, which means that PEMs were dry. The
measurements were carried out within a wavelength range of 1 = 375-1,
000 nm. The data acquisition rate was about 5 s-10 s per full spectral
scan, and the spot size was about ~1-2 mm?. The experimental data were
analyzed with the WVase32 software.

2.5.2. Surface plasmon resonance

The measurements were conducted with an IBIS-iSPR device (IBIS
Technologies BV, Enschede, Netherlands). The gold sensor was coated
with 11-mercaptoundecanoic acid from Sigma-Aldrich (Steinheim, Ger-
many). The sensor mounted in a flow chamber was equilibrated with
0.15 M sodium chloride to establish a stable baseline. The solutions were
injected at a flow rate of 3 pL/s followed by rinsing with sodium chloride
for 15 min. PEI was injected for 15 min, followed by CS for 15 min, Col I
was injected for 20 min, and the liposomes solution for 150 min. PEM
formation was continued until 13 single layers were formed. The average
of the angle shifts values (m®) of each rinsing step was used for plotting
the graphs.

2.5.3. Zeta potential measurements

The zeta potential of PEM was measured with a SurPASS electroki-
netic analyzer (Anton Paar, Graz, Austria). Glass coverslip (10 x 20 mm?)
was cleaned and coated with multilayers and mounted in the gap cell
with double-sided tape. 1 mmol/L KCl solution was applied as the model
electrolyte, and 0.1 mol/L NaOH was used for pH titration from pH 3.0 to
10 (acid-based pH). The flow rate of 100-150 mL/min at a maximum
pressure of 300 mbar was adjusted to determine the zeta potential using
the streaming. Each measurement was done in duplicate.

2.5.4. Atomic force microscopy

Atomic force microscopy (AFM, Nanowizard IV, JPK-Instruments,
Berlin) in Quantitative Imaging Mode (QI) was performed to investi-
gate the surface roughness and topography. Topographical images were
recorded using silicon cantilever (qp-BioT, Nanosensors) in a standard
liquid cell (JPK-Instruments) containing distilled water. A force map area
of 5:x:5 pm2 was recorded with a resolution of 512 x 512 pi® (pixel).
Roughness analysis and calculation of the elasticity were performed
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using the software JKP Data Processing V5.0.85 and Gwyddion (Gwyd-
dion V2.49, 64-bit).

2.6. Cell culture

Cryopreserved C2C12 myoblasts were thawed and grown in Dulbec-
co's modified Eagle's medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum (FBS), and 1% antibiotic solution (penicillin/strep-
tomycin), all provided by Biochrom AG (Berlin, Germany) in a humidi-
fied 5% CO2/95% air atmosphere. Cells of almost confluent cultures were
washed once with sterile PBS followed by treatment with 0.25% trypsin/
0.02% EDTA at 37°C for 3 min. Trypsin was neutralized with DMEM with
10% FBS, and the cells were re-suspended in DMEM after centrifugation
at 250g for 5 min. Finally, the cells were seeded on PEM-coated glass
coverslips at a concentration of 4 x 10* cells mL ™.

2.7. Viability assay and cell adhesion studies

C2C12 cells were seeded on glass coverslips coated with PEM
coating liposomes, or Col I as terminal layers. Cultures were incubated
for 24 h, 3 and 7 days, respectively, at 37 °C. After the incubation time
the cell viability was determined by QBlue cell viability assay kit
(Biochain, Hayward, USA). The cells were washed once with PBS to
remove the medium. Then, 500 pL of Qblue solution with colorless
medium (10:1) was added to each well and incubated at 37°C for 3 h.
Finally, 100 pL of supernatant from each sample was added to black 96
well plate, and the fluorescence intensity was measured at 544 nm
excitation and 590 with plate reader.

On the other hand, C2C12 cells were seeded on glass coverslips
coated with PEM coatings of either liposome 10th layer, or Col I as ter-
minal layers to evaluate the cell adhesion. PEM-modified glass coverslips
were placed into 24 well plates. The re-suspended cells were seeded on
the samples in DMEM supplemented with 10% FBS. After incubation at
37°C for 4 h, cells attached to the PEM were fixed with 4% para-
formaldehyde solution (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) for 10 min. After rinsing with PBS twice, the cells were per-
meabilized with 0.1% Triton X-100 in PBS (v/v) (Sigma-Aldrich Chemie
GmbH, Taufkirchen, Germany) for 10 min. After rinsing with PBS, non-
specific binding sites were blocked by incubation with 1% (w/v) bovine
serum albumin (BSA, Merck, Darmstadt, Germany) in PBS at room
temperature for 1 h. The focal adhesion protein vinculin was stained
using a primary mouse antibody (1:100, Sigma) and a secondary Cy2-
conjugated goat anti-mouse antibody (1:100, Dianova). The actin cyto-
skeleton was visualized by incubating the samples with Phalloidin
CruzFluor 555 (1:1000, Santa Cruz Biotechnology, Heidelberg, Ger-
many) at room temperature for 30 min. Cell nuclei were visualized by
TO-PRO3 (1:500, Invitrogen, Darmstadt, Germany) incubating the sam-
ples for 30 min. The samples were washed with PBS and mounted with
Mowiol 4-88 (Calbiochem, Darmstadt, Germany) containing 25 mg
mL—1 1,4-diazabicyclo [2.2.2]-octane (Carl Roth GmbH & Co. Kg,
Karlsruhe, Germany) and examined with confocal laser scanning micro-
scopy (CLSM 701, Carl Zeiss Micro-Imaging GmbH, Jena, Germany)
using 10 x , 20 x objectives for quantification of cell adhesion and
spreading, while a63 x oil immersion objective was used for higher
magnification to visualize nuclei, actin cytoskeleton, and focal adhesions.
Images were processed with the ZEN2012 software (Carl Zeiss). The
analysis of images to quantify cell count and cell area was performed with
Image J.

2.8. Studies on uptake of liposomes and cargo by cells

Quantitative analysis of the uptake of the liposomes was carried out
with C2C12 cells plated on glass coverslips coated with PEM consisting
terminal liposomes or Col I layers by flow cytometry. After 4 h, the
medium was removed, and the samples were washed once with PBS.
Afterward, cells were incubated with 0.25% trypsin/0.02% EDTA at 37°C
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Fig. 2. Characterization of cationic liposomes in acetate buffer pH 4 (10 mM, 0.15 M NaCl). Intensity-weighted (A) and volume-weighted (B) size distribution curve
(mean and standard deviation of three independent liposome preparations) measured by dynamic light scattering. Representative freeze-fracture TEM (C/D) and cryo-
TEM (E/F) micrographs are shown. The bars indicate 500 nm. Arrows indicate small vesicles with a diameter below 100 nm and triangles lipid tubes.

for 3 min. The detached cell suspensions were centrifuged at 200x g for 5
min, and the supernatant was carefully removed. Cells for imaging were
diluted to a concentration of 1 x 10° cells in 60 pL per sample. Images
were acquired using ImageStream® Flow cytometer (Merk, Darmstadt,
Germany). The sample was measured with bright field at 60 x magni-
fication, using AMNIS INSPIRED data acquisition software. The bright
field was collected on channel 6, SSC on channel 2 (505-560 nm) and 5
(642-745 nm). Only 60 pL of sample was loaded, and 10,000 events
meeting the cell classifier were acquired per file at 7 pm core diameter. A
bright-field area vs. intensity side scatters plot was used to identify Texas
Red and Rhodamine staining.

2.9. Differentiation studies: alkaline phosphatase assay and Alizarin Red-S
staining

PEM-modified glass coverslips were placed into 24 well plates. The
C2C12 cells were seeded on the samples in basal medium (DMEM sup-
plemented with 10% FBS) (FBS, Biochrom) at a density of 4 x 10*mL!
for 24 h. Then, osteogenic medium or basal medium with the following
specifications were added to the samples: [CS, Col I]¢ (positive control) in
osteogenic medium with DMEM, 2% FBS, 100 nM Dex, 50 pg/mL
ascorbic acid, and 10 mM p- Glycerophosphate, [CS, Col I]¢ (negative
control) in basal medium of DMEM supplemented with 2% FBS only,
[CS, Col I]4-CS-Lip-[CS, Col I]; in osteogenic medium. [CS, Col I]4-CS-Lip
(DEX)-[CS, Col I]; loaded with Dex-containing liposomes in DMEM 2%
FBS, 50 pg/mL ascorbic acid and 10 mM p- Glycerophosphate (no
dexamethasone was added to the medium).

Osteogenic medium composition was selected (DMEM 2% FBS, 100
nM Dex, 50 pg/mL ascorbic acid, and 10 mM f- Glycerophosphate pro-
moting osteogenesis of C2C12 cells [34].

After 6 days, the cells were rinsed with PBS, and cell lysis was done
using Triton X-100 for 30 min under shaking. Then, 100 pL of cell lysate
was incubated with 1 mg/mL of p-NPP in 96 well plates and incubated for
90 min at 37°C to estimate expression of alkaline phosphatase (ALP) in
C2C12 cells as indicator of osteogenesis. After the incubation time, the
measurement of absorbance was done using a plate reader (Fluostar
OPTIMA, BMG Labtech) set at 405 nm. At the same time, the BCA protein
assay kit (Thermo Scientific, Rockford, IL, USA) was used according to

the manufacturer instruction to normalize ALP data to the protein
amount, which corresponds to number of cells.

Furthermore, deposition of calcium phosphate as another indicator of
osteogenic differentiation of C2C12 was studied. The cells were rinsed
with PBS and fixed with 4% paraformaldehyde solution for 15 min. After
rinsing with PBS twice, the cells were stained with Alizarin Red S (40
mM) for 30 min at RT. The cells were photographed with a transmitted
light microscope after the staining (Nikon ECLIPSE Ti2, Tokyo, Japan)
equipped with a CCD camera (DCIN, 12 V, EXT1/0, Tokyo, Japan). Af-
terward, the samples were rinsed with PBS again, and the presence of
calcium deposits stained in red-orange color. For the quantification, the
staining was extracted adding 10% acetic acid and neutralized with 10%
ammonium hydroxide. The absorbance was measured at 570 nm with a
plate reader.

2.10. Statistical analysis

All statistical analyses were performed with Origin 8G software.
Means, standard deviations were calculated. Analysis of significance was
performed by one-way ANOVA. A value of p < 0.05 was considered
significantly different indicated by an asterisk. Further, box plots are
shown where appropriate. The box indicates the 25th and 75th percen-
tiles, the median (dash) and mean value (black square), respectively.

3. Results and discussion
3.1. Characterization of liposomes

The 004/DOPE (1/3, n/n) liposomes were characterized regarding
their size distribution, morphology, and surface charge at pH 4 in the
presence of 0.15 m NaCl, the conditions of PEM formation. In Fig. 2A and
B, the intensity- and volume-weighted size distribution curves are
depicted, showing two size populations. The intensity-weighted curve
results directly from the light scattering measurements, while the
volume-weighted results (calculated from the intensity-weighted curve)
are more representative than the other due to multimodal size distribu-
tions [35]. No particles with diameters above 1 pm were detected. The
first size population appears at diameters between 70 nm and 100 nm,
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Fig. 3. A) Layer growth of polyelectrolyte
multilayer (PEM) systems of [CS, Col 1]4-CS-Lip-

[CS, Col I]; by surface plasmon resonance
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and the second with diameter between 300 nm and 700 nm. The popu-
lation with the larger diameter-size dominates in the intensity- and
volume-weighted curves. To obtain information about the morphology of
the liposome formulation, TEM was performed with samples treated by
freeze-fracture and cryo-preparation (Fig. 2C-F). Freeze-fracture TEM
showed liposomes with spherical shape (Fig. 2C and D). Also, small
vesicles (Fig. 2C, arrows) next to larger ones with sizes > 300 nm were
found that fit to the DLS measurements. However, no exact size deter-
mination is possible by this method because the fracture plane can be far
away from the center of spherical liposomes. Indeed, the cryo-TEM mi-
crographs show the unilamellar character of the liposomes (Fig. 2E and
F). Moreover, tubes are present, which connect different vesicles (Fig. 2F,
triangles). This tube formation is an effect of the 004 lipid with its bulky
head group, which can stabilize such highly curved structures [36]. It
should be underlined that the tube formation represents not a disad-
vantage for the embedding process in PEM because not the shape but
charge density is important for the adsorption of charged entities during
PEM formation [37]. Therefore, zeta potential was measured to confirm
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numbered as 1st layer to 12th layer. Odd layer
numbers correspond to chondroitin sulfate (CS)
coating and even layer numbers correspond to
collagen I (Col I) coating except the 10th layer,
which corresponds to liposomes (Lip); n = 20,
mean + SD. B) Progression of the layer thickness
of PEM after adsorption of the final layers of li-
posomes (Lip), CS and Col I by ellipsometry;
n = 10, mean + SD, *p < 0.05.

the overall charge that liposomes possess in the buffer used in LbL-based
PEM formation. The average ¢ potential of liposomes was 49.5 + 4.8 mV.
This result indicates a highly positive charged surface, useful as a poly-
cationic component for multilayer formation, as it was shown previously
by our group using cationic polymeric particles with a ¢ potential of
~30 mV [38]. A further advantage is that the positive charge also pro-
vides colloidal stability in suspension [39]. X-ray diffraction studies
demonstrated that 004/DOPE 1/3 forms non-correlated bilayers even at
high lipid concentrations due to electrostatic repulsion [39]. This
behavior causes the tendency to form spontaneously unilamellar vesicles.
Since previous experiments demonstrated a high affinity of 004 to
membrane material of extruders, an extrusion step was declined to avoid
changes of the 004/DOPE ratio.

3.2. Characterization of multilayers

Multilayer formation of CS and Col I was studied with the optical
technique of SPR. SPR was used to investigate the layer growth behavior
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Fig. 4. A-C) Surface topography of (A) liposome-free CS and Col I multilayers of the sequence [CS, Col I]¢, (B) multilayers with embedded liposomes of layer-by-layer
sequence [CS, Col I]4-CS-Lip, (C) surface topography of [CS, Col I]4-CS-Lip- [CS, Col I];, by atomic force microscopy [Scale bar: 1 pm]. D) Topography height dis-
tributions curves of multilayers film. E) Distribution curves of E modulus with a force map of an area of 5 x 5 ym?.
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Fig. 5. A) Confocal laser scanning microscopy images of polyelectrolyte multilayer (PEM) system [CS, Col 1]4-CS-Lip-[CS, Col I]; CS was labeled with FITC (green), B)
liposomes with Rhodamine-DOPE conjugated (red) on PEM [Scale: 10 pm, 63 x magnification].C/D) Zoom of CS and liposomes distribution of the area in the

white square.

also as an evidence for PEM formation. Fig. 3 (A) shows a linear growth
behavior of PEM; every layer deposition increased the angle shift, which
corresponds to an increase of the adsorbed mass [17,30]. It was observed
that after the 6th layer, Col I contributed more to mass adsorption than
CS, which is probably related to the higher molecular weight of Col I,
which was well in line with previous studies [17]. Furthermore, the
addition of liposomes as 10th layer (PEM sequence [CS, Col I]4-CS-Lip)
contributed significantly to mass deposition, which was evident by the
largest angle shift of 500 m° compared with the other deposition steps in
the LbL sequence shown in Fig. 3 (A). This is probably due to the large
size of liposomes compared with that of the polyelectrolytes CS and Col I.
To obtain also information on the layer thickness, ellipsometry on silicon
substrate was applied to characterize the PEM as shown in Fig. 3 (B). The
measurements were performed in duplicate of dry films; data were ob-
tained from five different points on each sample with an area of 1-2 mm?.
The deposition of 9 polyelectrolyte layers (PEM sequence [CS, Col I]4-CS)
resulted in a dry film thickness of 15 nm. An increase in thickness by
40 nm was found after liposome adsorption (PEM sequence [CS, Col
1]4-CS-Lip), which is another evidence for the deposition of liposomes as
part of PEM. The relatively low thickness increase after adsorption of
liposomes compared with their size obtained in DLS and TEM measure-
ments is probably due to their drying and shrinking. In addition, ellips-
ometry is providing an integral measure of thickness, which includes
areas of higher (with adsorbed) and lower (without adsorbed liposomes)
thickness. The final adsorption of a cover layer on the liposomes
composed of CS and Col I (final PEM sequence [CS, Col I]4-CS-Lip-[CS,
Col I];) to an overall thickness of 45 nm. The results of ellipsometry
confirmed the increase in mass deposition observed in SPR particularly
after addition of liposomes. It should be noted that thickness of hydrated
multilayers will exceed that of dry layers, but ellipsometry data revealed
that the thickness increase of a single liposome layer is equivalent to that
of the preceding 10 single layers of polyelectrolyte macromolecules,
which illustrates the major contribution of adsorbed liposomes to the
thickness of multilayer films.

Fig. 4 shows the results of AFM studies that shall shed a light on the
topography of PEM with incorporated in comparison with the multilayer
without liposomes. The deposited polyelectrolytes without liposomes
showed a rather homogenous distribution in the scanned areas (Fig. 4A).
The LbL sequence [CS, Col I]¢ was chosen for this experiment because the
number of deposition steps is comparable with that of the liposome-
loaded PEM. An assembling into a fibrous network was detected, which
can be assigned to Col I. This indicates the fibrillization of the soluble Col
I after its deposition, which is most probably due to an interaction with
CS supporting arrangement of collagen fibers. Details have been dis-
cussed in our previous work [17,30]. Evaluation of AFM images after
liposome adsorption [CS, Col I]4-CS-Lip showed a remarkable change in
surface topography as demonstrated in Fig. 4 (B). Flattened structures

appeared as an indication of presence and deformation of liposomes
probably due to the strong electrostatic interaction with the preceding
negative-charged CS layer. The spherical shape of liposomes was prob-
ably lost (with their flattening on the charged surface, resulting in the
elevated structures). Fig. 4 (C) shows the topography after adsorption of
the terminal CS, Col I bilayer. The images are quite different from pre-
vious liposome layer with larger aggregates that might indicate that the
presence of liposomes in a kind of random distribution may provide
nucleation sites for subsequent adsorption of CS and Col I, leading to an
accumulation of these polyelectrolytes in certain areas. However, it is
also visible that there is a rather granular morphology of multilayer as
seen in previous studies with CS and Col I, when the protein was only
used as terminal layer [40]. This means that the fibrillization of collagen
is a process that requires the presence of multiple layers of the protein in
the PEM.

Fig. 4 (D) shows height distribution curves of the highest and lower
points in the measured area (5 x Spmz), which is another measure of
overall roughness of the multilayer surface. Here, the highest frequency
peak is found after the embedding of the liposomes, which can be taken
as another evidence for their immobilization. It is also interesting to note
that the preceding [CS, Col I] and the final CS, Col I]4-CS-Lip- [CS, Col
I1; As supplemental information about the mechanical properties,
Young's modulus (E) was measured. Fig. 4 (E) the E modulus of the
sequence [CS, Col I]¢ was ~3 MPa. The mean E modulus after embedding
the liposomes with sequence [CS, Col I]4-CS-Lip shows the incidence of
two peaks; the first peak was around~4 MPa that indicates the presence
of the previous layers as Col I. The second peak ~ 6 MPa resembles most
probably the liposomes that can show extremely high E moduli after
adsorption on surfaces as found in previous studies [41]. The adsorption
of the terminal [CS, Col I] bilayer is represented by peak of ~4 MPa like
the one of the initial [CS, Col I]¢ multilayers but with a wider distribu-
tion. This indicates also a complete coverage of the liposomes layer
because of the similar value like the PEM before liposome adsorption.
The description of the mechanical properties visualized in Figure D/E
corresponds to the images that can be found in the supplemental infor-
mation (S1).

From AFM, it was assumed that elevations and changes in the
roughness of the [CS, Col I]4-CS-Lip- [CS, Col I]; films represent lipo-
somes. To proof that liposomes are embedded or part of multilayers
CLSM studies were performed using FITC-labeled CS and Rhodamine-
DOPE labeled 004/DOPE liposomes for the formation of [CS, Col I]4-
CS-Lip- [CS, Col I]; PEM. Fig. 5(A) shows that a homogeneous distribu-
tion of FITC-CS was observed. Fig. 5(B) shows the distribution of
Rhodamine-DOPE fluorescence across the PEM, indicating a successful
incorporation of the positively charged labeled liposomes. The image
indicates a homogenous distribution of liposomes over the whole area
(see Fig. 5C and D), sometimes that may represent some aggregates. The
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Fig. 6. A) Static water contact angle measurement during multilayer formation
potential measurements of the three different multilayers. Results are means +

dimensions of items are related to the size area of liposomes and fit to the
area of the elevations found in AFM.. Furthermore, the [CS, Col I]4-CS-Lip
PEM were prepared in a black, flat bottom 96-well plate to measure the
loading degree by fluorescence measurements in a plate reader. It turned
out that approximately 10% of the liposomes from the fluid phase were
immobilized during the incubation process. Quantification of fluores-
cence yielded that approximately 15 pg/cm? liposomes are bound in a
single well of 96 well-plate. The graphical evaluation of Fig. 5B provides
the information that about 20% of the investigated film area are covered
with Rhodamine-DOPE labeled liposomes. The image for the relative
area can be found in the supplemental information (S2).

Surface wettability is an essential factor in the characterization of
multilayers because the wetting properties control protein adsorption,
and subsequently cell attachment [42]. In addition, wetting properties
can be also used to follow the process of multilayer formation because of
differences in wetting properties of the different polyelectrolytes [17,30].
Wetting characteristics of [CS, Col I]4-CS-Lip-[CS, Col I]; films and in-
termediate processing steps are presented in Fig. 6A. The film with the
sequence [CS, Col I]4-CS (basal film for adsorption of cationic liposomes)
is more hydrophilic with a WCA of 30°. CS is known to be a hydrophilic
polysaccharide, therefore, the contact angle was lower in comparison to
Col I [17]. After adsorption of liposomes, the WCA measurements of [CS,
Col I]4-CS-Lip yielded a higher contact angle of 45 degrees, which cor-
responds to moderately wettable surface. The CLSM experiments above
demonstrated an incomplete coverage with liposomes (see Fig. 5), which
indicates that both 004/DOPE liposomes and uncovered CS contribute
to this WCA value. With addition of a CS cover layer (PEM sequence [CS,
Col I]4-CS-Lip-CS), the WCA increased to 57°. Theoretically a decrease
was expected after addition of a CS layer. The observed increase from 45°
to 55° may result from a reorganization of the liposome (layer) after
interaction with CS and is also a hint for intermingling structures of li-
posomes and CS on the surface of [CS, Col I]4-CS-Lip-CS system. The final
system [CS, Col I]4-CS-Lip- [CS, Col I]; has a comparable WCA. These
measurements revealed that the [CS, Col I]4-CS-Lip- [CS, Col I]; repre-
sent a moderately wettable surface. In a previous work, we showed a
WCA of ~45° for a [CS, Col I]4 PEM system [30]. The slightly higher
value of ~50° detected for the system [CS, Col I]4-CS-Lip-[CS, Col I]; is
probably related to intermingling of liposomes with the other two
polyelectrolytes.

Zeta potential titration measurements were carried out because of the
impact on surface charge on protein adsorption and cell adhesion [43]

after nine layers. Results are means + SD of three independent experiments. B) Zeta
SD of two independent experiments.

but also to follow the changes in surface potential with the final
adsorption steps of liposomes, CS and Col L. Fig. 6 (B) shows the changes
of the zeta potential during the titration from acidic to basic pH for the
basal PEM system [CS, Col I]4-CS (CS before liposome attachment), [CS,
Col I]4-CS-Lip and the fully assembled liposome-loaded PEM system [CS,
Col I]4-CS-Lip-[CS, Col I]; that all resulted in a sigmoidal zeta potential
curve.

The film with the terminal CS layer, [CS, Col I]4-CS, has a point of
zero charge (PZC) at pH 5 and shows a negative zeta potential with values
around —40 mV at pH 6 lower, which shows the acidic character of the
CS, because of the presence of sulfate groups and deprotonated carbox-
ylic groups of CS that have a pKa value of around 3. Therefore, the surface
charge is dominated by the terminal CS layer, which covers the film
surface. The addition of cationic liposome, LbL sequence [CS, Col I]4-CS-
Lip, results in a PZC at higher pH values (around pH 6) due to the primary
amino functions in the head group. In a previous work the pKa of 004
was determined at pH 6 [27], this means that more than 99% of the lipid
species are uncharged at pH ~ 8. The observed shift in the PZC also
supports that liposomes were irreversibly adsorbed on the surface and do
not desorbing during the washing steps with NaCl. However, the curve
also demonstrates that the surface is only partially covered by the lipo-
somes, only. Due to the amino groups of 004 with a pKa value ~ 6 a
nearly neutral surface would be expected at pH values between 7 and 8
(90-99% neutral NHy groups), if the surface is dominated by the
liposomes. If, we consider that the NH; species in DOPE has a pKa be-
tween 7 and 8 [44], a slightly negative zeta potential can be assumed at
pH 8-9 (90-99% neutral NH, groups, and negatively charged phos-
phate). Hence, the zeta potential is with values between —40 and —60
mV highly negative at pH values above 7, an additional strong influence
of the CS layer below can be assumed, a fact that is conform with
the incomplete coverage of the film by liposomes confirmed by
CLSM. For the final PEM, [CS, Col I]4-CS-Lip-[CS, Col I];, a PZC at around
pH 6 was detected. This value is slightly below the values determined
for the liposome-terminated film [CS, Col I]4-CS-Lip. Possibly, the fact
is that the collagen contains less basic side groups such as
lysine compared with the OO4/DOPE liposomes can explain this
behavior. Nevertheless, additionally the influence of CS can be
seen due to the zeta potential of ~ -40 mV above pH 7. Some
authors suggested that the values of the zeta potential of the poly-
electrolyte films not only reflect the outermost polyelectrolyte layer
but as well the composition of the layers nearer to the surface [17], a
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fact that fits with our observations. For that reason, it is the dominance of
the CS on the PEM surface charge, which indicates that it is moderately
present at the surface of the film or that there is an intermingled struc-
tures of the outer PEM layers.

3.3. Cell viability and adhesion studies on polyelectrolyte multilayer

PEM of Col I and CS were used to mimic the ECM of bone as it was
done in a previous study promoting osteogenic differentiation of
mesenchymal stem cells [17]. In this study, C2C12 mouse myoblast cells
were used to study biocompatibility and osteogenic potential of the
different PEMs because of their ability to differentiate either into myo-
tubes or osteoblast [45]. First cell studies were designed to investigate
the effect on viability and cell adhesion of the cationic liposomes
embedded into PEM.

The viability of C2C12 on [CS, Col I]4-CS-Lip and [CS, Col I]4-CS-Lip
[CS, Col I]; was studied after periods of 1, 3, and 7 days. Fig. 7A, shows
the metabolic activity of C2C12 myoblast studied with Qblue assay that
provides a measure of the quantity of viable, metabolic active cells on the
different PEMs. The positive control (glass) shows a higher fluorescence
intensity, compared with [CS, Col I]4-CS-Lip and [CS, Col I]4-CS-Lip-[CS,
Col I]; after 3 and 7 days. Nevertheless, both PEMs express similar
fluorescence intensities, which are not significantly different from the
control. Also, the data show an increase of the fluorescence intensity with
time due to the growth of cells that indicate a good biocompatibility of
PEM also with the cationic liposomes, while a good biocompatibility of
the terminal CS-Col I bilayer was expected as found in our previous
studies [17]. These results demonstrate that none of the surfaces has any
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Fig. 7. A) Viability of C2C12 seeded in the
presence or absence of bovine serum (FBS)
on multilayers [CS, Col 1]4-CS-Lip and [CS,
Col 1]4-CS-Lip-[CS, Col I]; measured by the
QBlue assay for studying of viability of
C2C12 cells after 24 h, 3 and 7 days
(means =+ SD). B) Quantification of cell count
per square millimeter and C) cell spreading
area (um?) on each of the multilayers after
4 h (Box plots with whiskers, representing
first and third quartiles, medians and means,
respectively). (*) Statistically significant
with p value < 0.05. D) Merged confocal
laser scanning microscopy image of adherent
C2C12 cultured on the different PEM after
4 h of incubation in serum and serum-free
medium. The cells are stained for filamen-
tous actin (red), vinculin (green), and nu-
cleus (blue). [Scale: 10 pm,
63 x magnification]. E) In the lower micro-
graphs, white arrows show vinculin (white)
positive focal adhesions for the same cells
like above.

[CS-Col 1],-CS-Lip-[CS-Col 1],

toxic effect, owing to the liposome composition and biocompatible na-
ture of the polyelectrolytes.

The cell adhesion studies were carried on to study cell spreading for
the quantification of the cell area, cell number including visualization of
actin filaments (red staining), focal adhesions like vinculin (yellow
staining), and nuclei (blue staining). These studies are important since
cell adhesion and spreading are tightly connected to cell differentiation
due to chemical and mechanical signal transduction through focal ad-
hesions including integrins and cell cytoskeleton [46]. C2C12 were
seeded in the presence or absence of serum to study cell adhesion on the
intermediate PEM with liposomes on terminal layer [CS, Col I]4-CS-Lip
and the final PEM [CS, Col I]4-CS-Lip-[CS, Col I];, In Fig. 7B and C, the
results show that there were significantly more cells adhering on [CS, Col
I14-CS-Lip and [CS, Col I]4-CS-Lip-[CS, Col I]; in the absence of serum,
which indicates that adsorption of serum proteins such as albumin on the
surface reduces cell adhesion slightly [47], possibly reducing the positive
surface charge of liposome terminal layer or the interaction of cell surface
integrins with collagen. The analysis of cell spreading data revealed a
significantly higher spreading area for cells on [CS, Col I]4-CS-Lip-[CS,
Col I]; in the presence and absence of serum compared with C2C12 cells
on films with liposomes as terminal layer. Indeed, the concept to add two
layers more after [CS, Col I]4-CS-Lip was not only to protect liposomes
from degradation but also to improve the cell adhesion due to
integrin-linked adhesion mechanism [7,13]. The advantage of using Col I
as a terminal layer is that it provides structural support to cells and cell
surface receptors that are important for cell-substrate interaction, for
example, via integrin a2f1 receptor of collagen I [48]. In Fig. 7D and E,
the organization of the actin fibers in C2C12 seeded on [CS, Col
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Fig. 8. A/B) Representative images captured
by AMNIS ImageStream® Flow cytometer of
cells seeded onto multilayers and liposomes
with Texas Red dextran after 4 h. The first
column shows bright field images of C2C12;
the second column shows cell membrane
with DiO staining (green); the third column
shows liposomes with Texas Red (red); and
the last one shows the internalization of
Texas Red. [Scale: 7 pm,
60 x magnification]. A/C) Polyelectrolyte
multilayer with liposomes in the supernatant
B/D) [CS, Col I]4-CS-Lip-[CS, Col 1], lipo-
somes with Texas Red dextran. C/D) Scat-
terplots of cell classification into a positive
(R3) population.
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1]4-CS-Lip was oriented in an irregular form and organized mostly cir-
cumferentially independent whether FBS was present or not. In the case
of [CS, Col I]4-CS-Lip-[CS, Col I]; the organization of actin fibers was
arranged longitudinally corresponding to higher cell spreading.
Furthermore, the staining of vinculin at the end of actin fibers was pre-
sent in C2C12 cells seeded on both surfaces indicating the presence of
focal adhesions reflecting an integrin-mediated interaction with the
surface (Fig. 7 E) [48]. The presented cell adhesion studies underline the
beneficial effect of Col I as the terminal surface layer but also that the
adsorbed liposomes possess an excellent biocompatibility as found in our
previous studies [27,28].
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3.4. Studies on endocytosis of liposomes labeled with model compounds

The question arose whether PEM-embedded liposomes can deliver a
cargo into the cells growing on the modified surface. From our previous
studies, it is known that cells have the capacity to rearrange PEMs con-
sisting of CS and Col I mechanically and enzymatically [17], which
means that liposomes even embedded underneath a terminal CS-Col I
bilayer should be accessible to cells to be taken up by endocytosis. For
that purpose, two model compounds were chosen, Rhodamine-DOPE, an
amphiphilic compound, which was incorporated in the lipid bilayer of
liposomes, and Texas Red dextran as a hydrophilic compound encapsu-
lated in the liposomal aqueous core [49]. Imaging flow cytometry was

Fig. 9. A/B) Representative images captured
by AMNIS ImageStream® Flow cytometer of
cells seeded onto multilayers [CS, Col I]g
supernatant and [CS, Col 1]4-CS-Lip-[CS, Col
I]; with Rhodamine-DOPE conjugate after
4 h. The first column shows bright-field im-
ages of C2C12; the second column shows li-
posomes with Rhodamine-DOPE conjugate
(yellow); the third column shows cell mem-
brane with Cell Mask staining (red); and the
last one shows the internalization of
Rhodamine-DOPE conjugated. [Scale: 7 pm,
60 x magnification]. A/C) polyelectrolyte
multilayer (PEM) with liposomes in the su-
pernatant B/D) Liposomes embedded in PEM
[CS, Col I]4-CS-Lip-[CS, Col I],. C/D) Scat-
terplots of cell classification into a positive
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Merged

Fig. 10. Confocal laser scanning microscopy images of C2C12 cells growing on [CS, Col I]4-CS-Lip-[CS, Col I]; in the presence of fetal bovine serum and under serum-
free conditions. Cell membrane Cellmask Red (red), liposomes labeled with Rhodamine-DOPE conjugate (green). [Scale: 2 pm] Arrows point to co-localization sites of

the liposomes.

used to investigate and quantify cells, which were labeled with one of the
fluorescent labels after growing on [CS, Col I]4-CS-Lip-[CS, Col I]; in
comparison with cells growing on [CS, Col I]g with 004/DOPE lipo-
somes in the supernatant as a control. An association of the labeled
compounds with the cells was taken as a strong indication of endocytic
uptake of liposomes. Fig. 8 shows the quantification of Texas Red dex-
tran-positive C2C12 cells. The micrographs visualized that a positive
Texas Red signal is strongly associated with the cells (Fig. 8A and B). The
intensity was shifted to higher values, indicated by the area (R3) after
successful uptake of Texas Red dextran (Fig. 8C and D). The quantifica-
tion of liposome uptake (Texas Red dextran-positive cells) indicated that

o
o

w
o

intensity [%] u

-
o

volume [%)]

10' 10° 10° 10
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for cells that grow on the liposome-loaded PEM [CS, Col I]4-CS-Lip-[CS,
Col I]1 50.8% of the cells internalized liposomes (Fig. 8B, right diagram).
However, for cells growing on a liposome-free PEM film [CS, Col I]4 with
liposomes in the supernatant, 94.1% C2C12 cells were Texas Red dex-
tran-positive. The physical studies on multilayer formation indicated that
structural rearrangement processes the liposomes when a further CS
layer was added (see results of WCA studies). Therefore, some loss of the
hydrophilic cargo seems to be possible after the adsorption of liposomes.
Hence, the uptake result from adsorbed liposomes labeled with Texas
Red-dextran seems to be encouraging because they demonstrate that a
transfer of hydrophilic substances is possible with this system.

Fig. 11. Characterization of cationic lipo-
somes in acetate buffer pH 4 (10 mM, 0.15 M
NaCl) loaded with dexamethasone (2.5% m/
m). Intensity-weighted (A) and volume-
weighted (B) size distribution (mean and
standard deviation of three independent
liposome preparations) measured by dy-
namic light scattering. Representative cryo-
TEM (C-E) micrographs are shown. The bars
indicate 500 nm. Black triangles indicate
lipid tubes and white triangles, cubosomes.
E) is the zoomed image in the red labeled
region of Figure D. F) shows the diffracto-
gram gained by D due to Fourier trans-
formation demonstrating the high order of
the cubic structure.
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Fig. 12. Four systems are compared for
osteogenic differentiation: [CS, Col I]g in
osteogenic medium (positive control),
[CS, Col 1] in basal medium (negative
control), Dex-free liposomes [CS, Col I]4-
CS-Lip-[CS, Col 1I]; in osteogenic me-
dium and loaded with Dex-containing
liposomes [CS, Col 1]4-CS-Lip(DEX)-
[CS, Col I]; in basal medium with
(ascorbic acid and p- Glycerophosphate).

. ' £ - A) Phase contrast images of C2C12 on
# &, LA R o the different systems after 4 days. B)
I3 il R 4% L * @ Alizarin Red-S staining after 14 days
: SR Y il % ~¢ @  [Scale: 100pm, 10 x magnification]. C)
b - . "% " Measurements of ALP activity in
5 * e e .' LB C2C12 cells seeded the different condi-
s Dol N ey e, TGN ym tions in 24 well plates after 4 days of
incubation. The measurements were
= normalized to the protein amount using
0.124 EM] the BCA assay. D) Measurement of
g — Alizarin Red staining after 14 days of
0,104 incubation.
0,08 -
E
2
0 0,064
o
8 0,04 -
0,024
—— 0,00
N \O A W \;:e‘a \:;&d @\\\ N\
ﬁd’v"\ \ég.&“"d GO o @ vﬁ;ﬁ \é-"o\ \ @?\6@
N . ‘.Jdﬁ \ eﬁ
w © W \6‘@ A
@ ©

Fig. 9 shows the uptake of Rhodamine-DOPE conjugate in C2C12 cells
growing either on the liposome-loaded film [CS, Col I]4-CS-Lip-[CS, Col I];
or[CS, Col I]¢ with liposomes in the supernatant. The Rhodamine-DOPE
label was detected in C2C12 cells growing on both systems. The quanti-
fication of liposome uptake indicated that 90.5% of cells growing on [CS,
Col I]4-CS-Lip-[CS, Col I]; were Rhodamine-DOPE-positive (Fig. 9D),
whereas 98.8% of cells growing on [CS, Col I]¢ with liposomes in the
supernatant, were Rhodamine-DOPE positive (Fig. 9C). Consequently, an
efficient uptake of liposomes can be assumed for both conditions.

Summarizing the observations above, it can be demonstrated that
C2C12 cells efficiently internalize hydrophilic or lipophilic substances
from liposomes embedded in [CS, Col I]4-CS-Lip-[CS, Col I]; PEM. It
cannot be differentiated with this experiment, if complete liposomes or
only the cargo is taken up, although the first case is more reasonable. The
results also indicate that uptake of cargo by C2C12 cells from liposomes
in the supernatant is more efficient than from those embedded in mul-
tilayers, particularly regarding hydrophilic cargo. The small differences
in the transfer of Rhodamine-DOPE between adsorbed and supernatant
liposomes indicate that embedded liposomes remain accessible and can
be taken up by adhering C2C12 cells. However, the postulated rear-
rangement of liposomes that is indicated by WCA and ellipsometry
measurements might be connected to increased permeabilization of the
lipid bilayer and partial loss of the hydrophilic cargo Texas Red dextran
from the core of liposomes, while the lipophilic cargo Rhodamine-DOPE
is an intrinsic part of the lipid membrane and remains in the hydrophilic
environment. Hence, a different efficiency in the transfer of hydrophilic
and lipophilic cargo can be expected.

To obtain more information if the cell-associated fluorescence found
by flow cytometry analysis was related to internalization by or only as-
sociation of liposomes with the cells, uptake experiments were performed

12

with C2C12 cells growing on [CS, Col I]4-CS-Lip-[CS, Col I]; using
Rhodamine-DOPE-loaded liposomes in the presence and absence of
serum using CLSM. Bovine serum was added here to mimic the presence
of plasma and subsequent adsorption of proteins on the PEM surface that
may affect also the interaction of cells with embedded liposomes. Fig. 10
shows that in both cases, the label was found intracellularly in a granular
distribution although more when FBS was absent proving the endocytosis
of liposomes with transfer of the cargo into the cell.

3.5. Proof of concept study with dexamethasone-loaded liposomes

The previous results demonstrated clearly that the novel cationic
004/DOPE liposomes embedded in a PEM system can be used for
controlled release or transfer of components into cells. However, as a
proof-of-concept that such transfer can also change cellular functions, the
effect of the internalization of a lipophilic drug with effect on cell dif-
ferentiation is studied here. For this purpose, dexamethasone (Dex) was
incorporated in the lipid bilayer of liposomes to induce differentiation of
C2C12 cells into osteoblasts [50]. The quantification of the loading ca-
pacity by HPLC demonstrated an efficient loading of 2.5% (m/m) of
dexamethasone (loading efficiency of 54.0% and 54.3% in an experi-
mental duplicate with a theoretical 5% (m/m) loading). The incorpora-
tion of dexamethasone in the lipid bilayer had only slight effects on
004/DOPE liposomes. The size distribution curve (Fig. 11A and B)
shows still a bimodal distribution comparable with drug-free 004/DOPE
liposomes (Fig. 2A and B). However, compared with the drug-free lipo-
somes, the smaller population decreased in intensity. Consequently, a
slight increase in the particle size was observed. The measured ¢ potential
decreased from 49.5 + 4.8 mV to 44.1 + 4.2 mV. However, it was still
highly positive, which guarantees the adsorption during LbL multilayer

Reprinted with permission from Materials Today Bio: Brito Barrera Y. A., Hause, G., Menzel, M., Schmelzer, C. E. H.,
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formation. Furthermore, large unilamellar vesicles and tubular structures
were found (Fig. 11C) comparable with unloaded liposomes. Besides,
these expected structures, cubosomes appeared, lipid nanoparticles
consisting of continuous periodic membrane lattice structures in the
inner core (Fig. 11D, white arrows, detail in Fig. 11E). These ordered
‘membrane folding’, which is connected with an increase of membrane
area, allows a high degree of incorporation of lipophilic drugs compared
with unilamelar liposomes of comparable size. The treatment of the
cryo-TEM micrographs of the cubosomes with Fourier transformation
resulted in a reflex pattern of multiple signals, which demonstrates the
highly ordered symmetry of the cubic liquid crystalline phase inside the
cubosomes (Fig. 11F) [51]. More details about the cubosomes can be
found in the supplemental information (S3-S6).

Since, a successful incorporation of dexamethasone in 004/DOPE
liposomes could be shown, their effect after incorporation in [CS, Col I]4-
CS-Lip-[CS, Col I]; on osteogenic differentiation of C2C12 cells was
studied regarding the enzymatic activity of ALP and deposition of cal-
cium phosphate by histochemical staining with Alizarin Red. Indeed, this
experimental model for osteogenesis of cells induced by other types of
Dex-loaded liposomes was demonstrated previously, but applying them
in supernatant [51]. The PEM with empty liposomes was chosen for
comparison because CS and Col I containing multilayers may promote
osteogenic differentiation of cells by mimicking the ECM composition of
bone [17]. C2C12 were seeded on the different surfaces as described in
the method section. Fig. 12A shows representative phase contrast mi-
crographs of C2C12 cells on the different systems at day 4. It is visible
that more cells were found on negative and positive controls that
resemble [CS, Col I]¢ PEM with osteogenic and basal medium, while cell
number on multilayers with embedded liposomes was slightly lower,
which corresponds also to the studies with QBlue assay shown in Fig. 7A.
Another interesting finding was that C2C12 cells tended to form aggre-
gates when cultured on PEM with Dex-loaded nanoparticles [CS, Col
1]4-CS-Lip (DEX)-[CS, Col I]; (see Fig. 12A again, right micrograph).
Alizarin Red-S staining was used to detect the formation of mineralized
matrix by C2C12 cells after 14 days. In Fig. 12B, cells growing on [CS, Col
1]4-CS-Lip-[CS, Col 1], loaded with Dex-containing liposomes are char-
acterized by stronger staining with Alizarin Red-S in comparison with the
[CS, Col I]4-CS-Lip-[CS, Col I]; film bearing drug-free liposomes and have
a staining that is comparable with the positive control with dexametha-
sone in osteogenic medium. Quantitative measurements of osteogenic
differentiation by ALP activity were done after 4 days and shown in
Fig. 12C. An increase of ALP was found in samples where Dex-loaded
liposomes were embedded [CS, Col I]4-CS-Lip-[CS, Col I]; in compari-
son with the positive and negative control. It was also found that ALP was
lower when cells were cultured on PEM with drug-free liposomes [CS,
Col 1]4-CS-Lip-[CS, Col I];. Quantification of calcium phosphate by sol-
ubilizing bound Alizarin Red is shown in Fig. 12D. It is visible that
deposition of calcium phosphate after 14 days was highest in cultures of
cells on positive control, followed by cells growing on PEM with
Dex-loaded PEM. Both negative control and PEM with drug-free lipo-
somes had significantly lower values of Alizarin Red, which underlines
the promoting effect of dexamethasone on differentiation of C2C12
myoblasts into osteoblastic cells.

The results indicate that dexamethasone can be taken up from lipo-
somes embedded in PEM by adhering and growing C2C12 myoblasts
cells. Therefore, such multilayer system such as [CS, Col I]4-CS-Lip-[CS,
Col I]; can help to avoid systemic effects, minimizing exposure of healthy
or other tissues to the drugs having a local effect, only when used as a
coating on implants or scaffold materials [10]. Here, the [CS, Col
1]4-CS-Lip(DEX)-[CS, Col I]; with Dex-loaded liposomes induced the
osteogenic differentiation of C2C12 cells.

4. Conclusion

This work has shown that the LbL technique can produce multi-
functional surface coatings to tailor the composition and
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physicochemical properties of surfaces and permit controlled transfer of
compounds. The characterization studies demonstrated a stable, rela-
tively uniform film formation with immobilization of liposomes that
could be taken up by cells even when covered with an additional bilayer
of CS-Col I. Indeed, it was found that the transfer of lipophilic model
compounds contained in the lipid bilayer was more efficient than that of
hydrophilic contained in the core of liposomes, probably related to the
reorganization of liposomes during adsorption of multilayers. It was also
possible to demonstrate the functionality of this transfer of compounds
by/through immobilized liposomes shown by the effect of a functional
cargo like dexamethasone inducing osteogenic differentiation of
C2C12 cells in situ. It should be considered that the suggested approach is
applicable to a variety of cargos such as drugs, siRNA, mRNA and DNA
for gene silencing, transient or permanent gene expression for in situ
transfer avoiding potential problems in vivo like systemic toxicity, ag-
gregation/interaction of liposomes with body fluids like blood and
removal by the RES ending up in the liver, spleen, and other organs.
Hence, the benefit of immobilization of liposomes in PEM is the increase
in the uptake efficiency by increasing the local concentration close to the
cell but probably also prolonging the half-life of the incorporated com-
pounds. Results can be considered as a proof of concept of combination of
LbL systems with liposomes to design the microenvironment of cells by
the composition of multilayers and the kind of cargo to have the desired
effects on the surrounding cells and tissues.
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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 O0O4 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 | 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
| 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 Il), determined
by gRT-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.

This chapter is based on the publication: Brito Barrera Y. A., Husteden, C., Alherz, J., Fuhrmann, B., Wélk, C., & Groth,
T. (2021). Extracellular matrix-inspired surface coatings functionalized with dexamethasone-loaded liposomes to induce
osteo-and chondrogenic differentiation of multipotent stem cells. Materials Science and Engineering: C, 131, 112516.
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ARTICLE INFO ABSTRACT

Keywords: Biomimetic surface coatings can be combined with conventional implants to mimic the extracellular matrix
C3H10T1/2 cells (ECM) of the surrounding tissue to make them more biocompatible. Layer-by-layer technique (LbL) can be used
Cationic lipids for making surface coatings by alternating adsorption of polyanions and polycations from aqueous solutions

2’;:':“;‘3 acid without need of chemical reactions. Here, polyelectrolyte multilayer (PEM) systems is made of hyaluronic acid
Dex;fne ihasone. (HA) as polyanion and Collagen I (Col) as polycation to mimic the ECM of connective tissue. The PEM are

Osteogenic/chondrogenic differentiation combined with dexamethasone (Dex)-loaded liposomes to achieve a local delivery and protection of this drug for

Polyelectrolyte multilayer system stimulation of osteo- and chondrogenic differentiation of multipotent stem cells. The liposomes possess a positive
surface charge that is required for immobilization on the PEM. The surface properties of PEM system show a
positive zeta potential after liposome adsorption and a decrease in wettability, both promoting cell adhesion and
spreading of C3H10T1/2 multipotent embryonic mouse fibroblasts. Differentiation of C3H10T1/2 was more
prominent on the PEM system with embedded Dex-loaded liposomes compared to the basal PEM system and the
use of free Dex-loaded liposomes in the supernatant. This was evident by immunohistochemical staining and an
upregulation of the expression of genes, which play a key role in osteogenesis (RunX2, ALP, Osteocalcin (OCN))
and chondrogenesis (Sox9, aggrecan (ACAN), collagen type II), determined by quantitative Real-time polymerase
chain reaction (QRT-PCR) after 21 days. These findings indicate that the designed liposome-loaded PEM system
have high potential for use as drug delivery systems for implant coatings that can induce bone and cartilage
differentiation needed for example in osteochondral implants.

Abbreviations: ALP, Alkaline Phosphatase; ACAN, aggrecan; AFM, Atomic force microscopy; ASC, ascorbic acid; BMP, bone morphogenetic proteins; CLSM,
Confocal Laser Scanning Microscopy; Col, Collagen I; Dex, Dexamethasone; DMEM, Dulbecco's modified Eagle's medium; DOPE, dioleoylphosphatidylethanolamine;
ECM, Extracellular matrix; FCS, Fetal calf serum; GAG, Glycosaminoglycan; B-Gly, p-Glycerophosphate; HA, Hyaluronic acid; RHAMM, hyaluronan-mediated
motility; LbL, Layer-by-Layer; (MKP-1), Mitogen-activated protein kinase phosphatase 1; PBS, Phosphate-buffered saline; PEI, Polyethylenimine; PEM, poly-
electrolyte multilayer system; qRT-PCR, Quantitative Real-time polymerase chain reaction; 004, N-{6-amino-1-[N-(9Z)-octadec-9-enylamino]-1-oxohexan-(25)-2-
yl1}-N'-{2-[N,N-bis(2-aminoethyl)amino] ethyl}-2-hexadecylpropandiamide; OCD, osteochondral defect; OCN, Osteocalcin; SN, supernatant; SPR, Surface plasmon
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1. Introduction

Bone and cartilages defects are common disorders affecting people of
all ages. These defects are caused by trauma, tumors, infections, and
congenital diseases [ 1,2]. One example are osteochondral defects (OCD)
that affect both articular cartilage and subchondral bone as important
components of joints in the body [2,3]. The articular cartilage protects
the subchondral bone from contact pressure and permits low friction
movements of the joint [3]. Commonly, the cartilage and subchondral
bone undergo degeneration as the result of osteoarthritis, which requires
often surgical interventions [2]. The more recent management of OC
lesions does not only aim to relieving patients from pain and repairing
damaged tissue but also restoring functionality of the joint [4]. Con-
ventional therapies include drilling techniques, abrasion, micro fracture
as well as transplantation of OC allografts and autologous chondrocyte
implantation [5,6]. Unfortunately, severe OC defects often require total
joint replacement implanting artificial joints made of metals, ceramics
and durable polymers [4]. However, these materials are not bioactive,
which may cause delayed healing or induction of inflammation as un-
desired effects [4]. Therefore, coating the implant surface — particularly
the metallic parts that are inserted in the bone - with materials that
promote engrafting like bioactive calcium phosphates or polymers has
been suggested [4].

One of the techniques for surface coating of implants is the Layer-by-
Layer technique (LbL) [7]. This surface coating method was established
by Decher and coworkers [8] and is based on cycles of alternating
adsorption of polyanions and polycations from aqueous solutions onto
charged surfaces [8]. LbL has been widely used for various biomedical
applications including tissue engineering, medical implants, regenera-
tive medicines, and drug delivery [9-12]. For instance, multilayers
made of biogenic polyelectrolytes such as collagen and glycosamino-
glycans have been found to guide cell adhesion and function because
they mimic partly the composition of extracellular matrix (ECM) of
connective tissue [13].

Surface coatings based on LbL can be used to improve biocompati-
bility of implants but also to deliver a drug locally [14]. A limitation of
pharmaceutical treatment of OC defects is that the systemic delivery of
drugs is not leading to the desired local effect and it may have systemic
side effects [15]. Hence, the advantages of a local delivery are to bring
the agent to the target, reducing the drug amount, toxicity and other
harmful local and systemic side effects [16,17]. Options to deliver a drug
with an orthopedic implant or scaffold can be based on coating the drug
on the implant surface or blending the drug with the biomaterials during
production [15]. Nowadays, bone regeneration after complicated frac-
tures or larger bone defects is achieved by use of growth factors like
bone morphogenetic proteins (BMP), transforming growth factors, and
growth hormones [15] to promote cell adhesion, proliferation, and
differentiation [18]. However, a limitation of the current clinical use of
growth factors like BMP-2, is the high cost and dosage used because of
their fast degradation. Particularly the high dosage of growth factors like
BMP-2 in mg scale in some clinical applications can have negative local
and systemic side effects [19,20]. Therefore, local delivery of small
quantities in microgram scale as suggested by Salmeron-Sanchez and
coworkers [20] may provide a better solution for regeneration of bone.

On the other hand, nano-sized materials can be applied as systems for
release of bioactive agents that can be used in regenerative medicine and
treatment of cancer. Liposomes are interesting since they can carry
different types of drugs because of their aqueous inner compartment and
the hydrophobic part of the lipid bilayer. For example, liposomes have
been applied for the delivery of dexamethasone (Dex) to regenerate
bone [5,21]. They can be also applied for transfection of cells by the
delivery of nucleic acids [22], since positively charged liposomes and
lipoplexes can be efficiently internalized into cells. We could show
recently that liposomes composed of dioleylphosphatidylethanolamine
(DOPE) and the ionizable lipid N-{6-amino-1[N-(9Z)-octadec-9-enyla-
mino]-1-oxohexan-(2S)-2-y1}-N'-{2-[N,N-bis(2-aminoethyl)amino]
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ethyl}-2[(92)-octadec9enyl]propandiamide (0O4) represent an excel-
lent carrier for drug delivery in cells [23-25]. Overall, liposomes possess
a very wide spectrum of application as drug-delivery systems for
charged molecules [26], of anti-microbial agents [27], as vaccine car-
riers [28], transfection agents [29], and delivery of growth and differ-
entiation factors such as BMP-2, TGF, and Dex [21,30]. In addition,
liposomes can be used as component for formation of multilayers by LbL
due to their inherent charge, which permits localized delivery of drugs
avoiding systemic effects [31].

Previous studies combining vesicular structures with poly-
electrolytes to fabricate multilayers (PEM) were made using phospha-
tidylcholine (PC) liposomes, doped with phosphatidylserine (PS) or
phosphatidylglycerol (PG) and stabilized with poly-i-lysine (PLL) into
were focussed predominantly on the material science aspects. There are
also previous investigations using PC liposomes embedded in different
PEM systems to study their interactions with cells. For example, Graf
et al. described efficient encapsulation of calcein-loaded PS-containing
liposomes into PEMs fabricated from synthetic polymers and their de-
livery into cells [34]. Demuth et al. described an PEM based systems
with embedded liposomes to deliver antigens into the skin via deposi-
tion on microneedles [35]. Further approaches created backpacks for
cells loaded with echogenic liposomes which encapsulate doxorubicin as
potential cancer therapy [36]. A very recent work describes the
embedding of liposomes in multilayers as model for exosomes by LbL
but used a dye for the evidence of transfer into cells [37]. However so
far, no studies reported about the combination of liposomes with LbL for
controlled release to engineer connective tissue have been reported.

In tissue engineering, mesenchymal stem cells (MSC) have been used
for several years due to their potential to differentiate into various tis-
sues such as muscle, fat, bone, and cartilage and others [38]. C3H10T1/
2 is a mesenchymal stem cell line that was obtained from a mouse em-
bryo and can differentiate into various phenotypic lineages such as ad-
ipocytes, chondrocytes and osteoblasts by different inductive mediators
[39,40]. The phenotypic features and differentiation of MSC to bone and
cartilage cells include markers, such as alkaline phosphatase, deposition
of calcium phosphate, and the expression of various ECM proteins such
as collagen type I (Col) and II, osteocalcin (OCN), proteoglycans like
aggrecan (ACAN), and glycosaminoglycans (GAG), etc. [41]. Moreover,
it involves the detection of specific transcription factors, which are
known to control mesenchymal cell differentiation towards chondro-
genic or osteogenic lineages [41]. The transcription factors, Runx2,
Osterix, and f-catenin, regulate osteoblast differentiation. Sox family
transcription factors like Sox9 regulate chondrocyte differentiation
[42]. Further, mesenchymal progenitors are initially marked by
expression of Sox9, followed by Runx2 leading to the development of
osteoblast [36]. However, cells with Sox9 expression are bipotential and
can also differentiate into chondrocytes [42]. The addition of an
inductive mediator like Dex can influence both osteogenic and chon-
drogenic differentiation. [19,38]. Dex can activate p-catenin mediated
transcription and this activation induces Runx2 expression and upre-
gulates TAZ and MKP1 that also promote Runx2 activity [43,44]. For
chondrogenesis, Dex enhance the expression of Sox9 and activates the
gene expression of type II procollagen (Col2al) and ACAN [45].

OC defects require repair of bone and cartilage together, which
means that implant materials or scaffolds should induce osteogenesis in
the bone and chondrogenesis in the cartilage part of the defect. Hence,
we were interested in elucidating the potential of Dex-loaded cationic
liposomes to induce both osteo- and chondrogenic differentiation in
C3H10T1/2 cells. Two approaches were combined to develop a func-
tionalized surface coating: (i) an LbL surface coating that mimics the
natural ECM of connective tissue by combination of Col and HA in PEM
system and (ii) the immobilization of Dex-loaded liposomes for potential
local delivery at the defect site. This research presents the physico-
chemical characteristics of the multilayer films, such as surface zeta
potential, thickness, layer growth, and wettability. Cell studies with

Reprinted with permission from Materials Science and Engineering: C: Brito Barrera Y. A., Husteden, C., Alherz, J.,
Fuhrmann, B., Wolk, C., & Groth, T. (2021). Extracellular matrix-inspired surface coatings functionalized with
dexamethasone-loaded liposomes to induce osteo-and chondrogenic differentiation of multipotent stem cells. Materials

Science and Engineering: C, 131, 112516.
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Fig. 1. Schematic illustration of the influence of the Dex in combination with polyelectrolyte multilayer in the regulation of osteoblast and chondrocyte differen-
tiation by Sox9 and Runx2. During the process of osteoblast differentiation, Dex is an important compound for induction of mesenchymal stem cells to osteoblast
lineage and clearly influences early stages of osteoblast differentiation as well as for chondrogenesis. Dex begins to play a key role in osteoblast differentiation by
activating the Runx2-mediated and f-catenin pathways. For the period of chondrocyte differentiation initiated by Sox9-mediated mesenchymal condensation.

multipotent murine C3H10T1/2 cells evaluated the advantage of using
liposomes loaded with Dex immobilized in PEMs to induce both osteo-
genic and chondrogenic differentiation (Fig. 1).

2. Materials and methods
2.1. Preparation of cationic liposomes

The lipid film hydration procedure was applied for the preparation of
liposomes. Briefly, 004 and DOPE lipids were separately dissolved in
chloroform/methanol (8:2, v/v) to get stock solutions of 2 mg mL L. The
stocks were mixed in the molar ratio 1:3 004/DOPE (M 004 = 860.39 g
mol !, M DOPE = 744.03 g mol ). The solvent was evaporated, and the
obtained thin lipid film was dissolved in water containing 0.15 M of
sodium chloride (Carl Roth GmbH, Karlsruhe, Germany) and (0.1 M,
final pH 4) acetic acid (Carl Roth GmbH, Karlsruhe, Germany) to obtain
a lipid concentration of 1 mg-mL . For the film hydration at 50 °C at
1400 rpm, an Eppendorf Thermomixer 5436 was used for 30 min fol-
lowed by sonication using a bath sonicator at 37 kHz, 6 cycles for 3 min,
while the last cycle was at 70 °C for 4 min. The liposomes were prepared
in batch sizes of 1 to 10 mL.

2.1.1. Loading of cationic liposomes with dexamethasone

The liposomes were prepared with a concentration of 1 mg mL ™!
total lipid (50 pg mL ! Dex) following the liposome preparation protocol
explained in previous studies [46] using chloroform/methanol (8:2, v/v)
stock solutions of 004, DOPE and Dex combined to a molar ratio of
1:3:0.2 (nooq:nl)opg:n[)ex).

2.1.2. Characterization of liposomes

The size of liposomes was determined by dynamic light scattering
(DLS) and zeta potential by laser Doppler velocimetry (IDv) using a
Zetasizer Nano ZS ZEN3600 (Malvern Panalytical). DLS measurements
were performed in half-volume cuvettes in three independent mea-
surements consisting of 15 runs with a duration time of 20 s for each run
at 25 °C. The scattering angle was 173°. For the calculations, a viscosity
n = 0.8872 mPa s and a refractive index of 1.33 were assumed and the
autocorrelation function was evaluated by Zetasizer Software 7.13
(Malvern Panalytical). IDv was performed in a clear disposable folded
capillary cell (DTS1060, Malvern Panalytical). Three independent
measurements involving 30 runs with a voltage of 60 V were performed

at 25 °C. For the calculations, the viscosity ( = 0.8872 mPa s), dielectric
constant (¢ = 78.5 F m 1) and refractive index (n = 1.33) of water were
assumed. The mobility p of the diffusing aggregates was converted into
the ¢ potential using the Smoluchowski relationship ¢ = p /e (Zetasizer
Software 7.13).

2.2. Preparation of substrata

Before the deposition of polyelectrolyte multilayers on glass cover-
slips (¢ 12 mm, VWR, Germany) and silicon wafers (Silicon materials,
Kaufering, Germany), organic residues were eliminated after the RCA-1
method. This method suggests mixing the following solutions: ultra-pure
water, ammonium hydroxide (Carl Roth GmbH, Karlsruhe, Germany),
and hydrogen peroxide (Carl Roth GmbH, Karlsruhe, Germany) in the
ratio of 5:1:1, respectively. The gold-coated glass sensor for surface
plasmon resonance (SPR, IBIS Technologies BV, Enschede, Netherlands.
10 x 10 mm?) were treated by dipping into 0.5 M NaOH in 96% ethanol
and followed by rinsing with ethanol (99%) and one last rinsing step
with micro pure water followed by drying with nitrogen.

2.3. Glycosaminoglycan and collagen I solution preparation

The first solution required in the polyelectrolyte multilayer system
was polyethylenimine (PEI). PEI (Mw ~ 750 kDa) provided from Sigma-
Aldrich (Steinheim, Germany) was dissolved in 0.15 M sodium chloride
(Carl Roth GmbH, Karlsruhe, Germany) solution at a concentration of 2
mg-mL . A solution of sodium hyaluronate (HA) was used as a nega-
tively charged polyelectrolyte for the multilayer assembly. Therefore,
hyaluronic acid sodium salt (Mw ~ 1.2 MDa) Kraeber & Co GmbH
(Ellerbeck, Germany) was dissolved in 0.15 M sodium chloride solution
at a concentration of 0.5 mg mL . The positively charged Col was used
as third solution. Col from porcine skin (Mw ~ 100 kDa) was provided
by Sichuan Mingrang Bio-Tech (Sichuan, China) and was dissolved in
0.2 M acetic acid (Carl Roth GmbH, Karlsruhe, Germany) in a concen-
tration of 2 mg-mL ™! as a stock solution and stored in a temperature of
4 °C. Then, it was diluted with sodium chloride solution (0.15 M) to
obtain a final concentration of 0.5 mg-mL~'. The pH value of all solu-
tions was adjusted to pH 4.
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2.4. Preparation of polyelectrolyte multilayers

PEM were fabricated on cleaned glass coverslips, gold sensor, and
silicon substrates, respectively, depending on the method used after-
wards. PEM were fabricated in 24 well plates with 500 pL volume of
each solution. PEI was applied as the initial layer by incubation of 15
min to get a positively charged surface. The first layer was formed by the
application of polyanion solution (HA solution) for 15 min. The second
layer was the polycation solution (Col solution) incubated for 20 min.
Each deposition step was followed by washing with 0.15 M sodium
chloride for five minutes, trice. The application of HA and Col solutions
alternated until the ninth layer for liposomes was added. Twelve layers
were used for unloaded PEM system [HA/Collg in experiments with
liposome-free PEMs. For LbL coatings with embedded liposomes, PEMs
with the sequence [HA/Col]4 were built like described above, followed
by a HA layer to get the negative surface for adsorption of the positively
charged Dex-loaded liposomes. For liposome deposition, the incubation
time was 150 min. This layer was followed by deposition of an addi-
tional HA and Col layer to reach the final sequence [HA/Col]4HA/Lip
[HA/Col].

2.5. Characterization of polyelectrolyte multilayers and surface properties

2.5.1. Ellipsometry

The PEM systems were prepared on silicon wafers. The thickness of
PEMs was estimated by the use of ellipsometry (M-2000 V scanning
ellipsometer, J.A. Woollam Co. Inc., Lincoln, NE, USA) at room tem-
perature. The measurements were taken at incident angles of 60, 65, 70,
and 75 of linear polarized light to the normal surface. The data were
analyzed using the software WVase32.

2.5.2. Surface plasmon resonance

The measurements were conducted with an IBIS-iSPR device (IBIS
Technologies BV, Enschede, Netherlands). The gold sensor was coated
with 11-mercaptoundecanoic acid (MUDA) (Steinheim, Germany),
mounted in a flow chamber, and equilibrated with sodium chloride to
obtain a stable baseline. Then, the polyelectrolyte solution was injected
ata flow rate of 3 pL s ! followed by rinsing with sodium chloride for 15
min. PEI was added for 15 min, HA for 15 min, Col for 20 min and li-
posomes solution for 150 min until 13 layers were formed. The average
of the shift values (m°) of each rinsing step was used for plotting the
graphs and removing any unbound molecules.

2.5.3. (-Potential measurements

SurPASS electrokinetic (Anton Paar, Graz, Austria) was used to es-
timate the zeta-potential of PEM-coated glass substrates (10 x 20 mm2).
The samples were mounted on the gap cell with double-sided tape. The
used model electrolyte was 1 mmol-L-1 KCl in water (Carl Roth GmbH,
Karlsruhe, Germany) solution. The pH titration solution from pH 3.0 to
10 (acid-based pH) was 0.1 mol-L-1 sodium hydroxide (Carl Roth GmbH,
Karlsruhe, Germany). The analyzer was adjusted during the measure-
ment process to a flow rate of 100-150 mL-min-1 at a maximum pressure
of 300 mbar.

2.5.4. Water contact angle measurements

The wettability of the PEM was measured by static WCA using an
OCA15+ device from Dataphysics (Filderstadt, Germany). The PEMs
were prepared using glass cover slips. The sessile drop method was
applied using 1 pL of water with the Ellipse-fitting method. The exper-
iments were run in duplicates with five droplets per sample. Means and
standard deviations were calculated.

2.5.5. Fluorescence microscopy of PEMs

PEMs were prepared according to the description in Section 2.4 using
FITC-labeled HA and Rhodamine-DOPE labeled 004/DOPE liposomes.
The FITC-labelling of HA was done according to protocol published

4
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[47]. The micrographs were taken with confocal laser scanning micro-
scopy (CLSM 701, Carl Zeiss Micro-Imaging GmbH, Jena, Germany)
using a 63x oil immersion objective. Images were processed with the
ZEN2012 software (Carl Zeiss).

2.6. Cell culture conditions

Cryopreserved C3H10T1/2 murine cell line (ATCC; LGC Pro-
mochem, Molsheim, France) were thawed and grown in DMEM low
glucose medium supplemented with 10% heat-inactivated fetal calf
serum and 1% antibiotic solution (penicillin/streptomycin) solution all
provided by Biochrom AG (Berlin, Germany). Cultured cells were grown
at 37 °C in a humidified 5% CO,/95% air atmosphere using a NUAIRE
DH Autoflow incubator (NuAire Corp., Plymouth, Minnesota, USA).
Cells of almost confluent cultures were washed once with sterile PBS,
followed by treatment with 0.25% trypsin/0.02% EDTA (Biochrom) at
37 °C for 3 min. Trypsin was neutralized with DMEM with 10% FCS, and
cells were re-suspended in DMEM after centrifugation at 250g for 5 min.
Finally, the cells were seeded on PEM coated glass coverslips at different
concentrations depending on the assay.

2.7. Cell adhesion and growth

2.7.1. Cell adhesion studies

C3H10T1/2 cells were seeded on glass coverslips coated with PEM
that were placed into 24 well plates at a density of 20.000 cell-mL ! in
DMEM supplemented with 10% FCS. After incubation at 37 °C for 4 h,
cells attached to PEM were fixed with 4% paraformaldehyde solution
(RotiHistofix, Carl Roth GmbH, Karlsruhe, Germany) for 10 min. After
rinsing with PBS twice, the cells were permeabilized with 0.1% Triton X-
100 in PBS (v/v) Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany)
for 10 min. After rinsing with PBS, nonspecific binding sites were
blocked by incubation with 1% (w/v) bovine serum albumin (BSA,
Merck, Darmstadt, Germany) in PBS at room temperature for 1 h. The
vinculin was stained using primary mouse antibody (1:100, Sigma) and
secondary Cy2- conjugated goat anti-mouse antibody (1:100, Dianova).
Actin cytoskeleton was visualized by incubating the samples with
Phalloidin CruzFluor 555 (1:1000, Santa Cruz Biotechnology, Heidel-
berg, Germany) at room temperature for 30 min. Cell nuclei were
visualized by TO-PRO3 staining (1:500, Invitrogen, Darmstadt, Ger-
many) incubating for 30 min. The samples were washed with PBS and
mounted with Roti-Mount FluorCare (Carl Roth GmbH, Karlsruhe,
Germany) and examined with confocal laser scanning microscopy
(CLSM 701, Carl Zeiss Micro-Imaging GmbH, Jena, Germany) using 10 x
objective for cell counting, 20x objective for measurements of cell area
and 63x oil immersion objective for visualization of focal adhesions,
actin and nuclei. Images were processed with the ZEN2012 software
(Carl Zeiss). The image analysis, such as cell count and cell area was
performed with Image J. The quantification of vinculin-positive focal
adhesions was done according to a protocol published previously [48].

2.7.2. Cell growth assay

Qblue assay was used as an indicator of cellular viability and cell
growth. Cells were seeded at a density of 20.000 cell-mL~' in DMEM
10% FCS and incubated at 37°C/ 5% CO, for 24, 48, and 72 h for the
first, second and third well-plate, respectively. QBlue reagent was mixed
with colorless DMEM to produce a 10% (v/v) solution. The DMEM was
removed from cells well-plate and the 10% solution of QBlue assay was
added. The cells were incubated with 300 pL of the solution at 37C/ 5%
CO;, for 3 h. After incubation, 100 pL was collected from each sample
and transferred to 96 well-plates trice. The samples were analyzed using
the microplate reader (FLUOstar OPTIMA, BMG LabTech, Germany)
which was adjusted to a wavelength of 544 nm for excitation and 590
nm for emission.
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Table 1

Primers of target and housekeeping genes.
Symbol Name Assay ID
Osteoblast
ALP Alkaline phosphatase qMmuCEP0027961
RUNX2 Runt-related transcription qMmuCEP0057696

factor-2
NOG Noggin qMmuCEP0058332
SP7 Osterix qMmuCEDO0039982
Chondrocyte
SOX9 Transcription factor SOX-9 qMmuCEP0053111
ACAN Aggrecan qMmuCEP0055269
COL1A1 Collagen type 1 alpha 1 qMmuCEP0052648
COL2A1 Collagen type 2 alpha 1 qMmuCEP0055155
Housekeeping gene 60S acidic ribosomal protein PO qMmuCEP0042968
RPLPO

2.8. Differentiation studies: osteogenesis

2.8.1. Alizarin red-S staining

C3H10T1/2 cells were seeded on PEM modified glass coverslips in 24
well plates at a density of 4 x 10" mL L. The cells were cultured on glass
in presence of osteogenic medium as a positive control (DMEM 10%
FCS, 100 nM Dex, 50 pg mL ™! ascorbic acid, and 10 mM p-Glycer-
ophosphate), while the basal medium was DMEM with 10% FCS
(negative control). The medium for the sample group was osteogenic
medium without Dex. The Alizarin red (Carl Roth GmbH, Karlsruhe,
Germany) staining was performed after 21 days as reported previously
[46].

2.9. Differentiation studies: chondrogenesis

2.9.1. Safranin O staining

C3H10T1/2 cells were seeded on the samples placed into 24 well
plates at high density of 1 x 10° mL ™. Here, the chondrogenesis re-
quires high density to induce cell-cell interactions similar to the pre-
cartilage condensation [49]. The cells were incubated in presence of a
chondrogenic medium as a positive control (DMEM 10% FCS, 100 nM
Dex, 5 pg mL ™! ascorbic acid) while basal medium was DMEM with
10% FCS (negative control). The medium for the samples group was
chondrogenic medium in the absence of Dex.

The cells were prepared and fixed as described in Section 2.8. After
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removing paraformaldehyde, samples were washed twice with distilled
water and incubated in 1% acetic acid for 15 s. Subsequently, the
samples were incubated for 15 min with 0.1% safranin O solution
(Sigma-Aldrich, Steinheim, Germany). After the incubation time, the
samples were washed with PBS and studied with a microscope equipped
with a camera (Axiovert 100, Carl Zeiss, Oberkochen, Germany).

2.10. RNA extraction and quantitative real-time PCR

C3H10T1/2 cells were seeded on glass coverslips coated with PEM
coatings as in the previous section. The re-suspend cells were seeded on
the samples in DMEM supplemented with 10% FCS at a density of 5 x
10° mL ™! for osteogenic and 1 x 10° mL ™! for chondrogenic differen-
tiation. The composition of media was the same as described above. To
evaluate the osteogenic and chondrogenic differentiation, the cells were
incubated for 14 days.

The RNA was extracted from samples using TRIzol method (Invi-
trogen, Darmstadt, Germany) according to the manufacturer's recom-
mended procedure. First, cDNA was synthesized using an iScript
Advanced cDNA Synthesis Kit for RT-qPCR (Biorad, Hercules, CA, USA)
in 20 pL reactions, according to the manufacturer's instructions.

qRT-PCR was performed under standard enzyme and cycling con-
ditions on a CFX Connect real-time PCR Detection System (Biorad,
Hercules, CA, USA). Primer sets were pre-validated by PrimePCR Probe
Assays from Biorad (Hercules, CA, USA) for osteogenic genes (ALP,
RUNX2, Noggin, and Osterix) and chondrogenic genes (SOX-9, ACAN,
collagen alpha 1, and collagen type 2 alpha 1). The housekeeping gene
RPLPO was also used in this study (Table 1). Data analysis was per-
formed using the BioRad CFX Manager Software 3.0 (Hercules, CA,
USA). The conditions of gqRT-PCR were as follows: 95 °C for 30 s fol-
lowed by 39 cycles at 95 °C for 15 s and 60 °C for 30 s. The relative
expression levels for each gene were calculated and normalized to the
housekeeping gene RPLPO by the DDCt method (2—22) [50].

2.11. Immunohistochemical staining

C3H10T1/2 cells were seeded on glass coverslips coated with PEM
coatings as described in the previous section of differentiation studies.
To study the osteogenic and chondrogenic differentiation, the cells were
incubated for 21 days. After the incubation time, cells were fixed using
4% paraformaldehyde (Sigma-Aldrich) solution at room temperature for
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Fig. 2. Characterization of cationic liposomes loaded with Dex in acetate buffer pH 4 (10 mM, 0.15 M NaCl). (A) the correlation coefficient, (B) intensity, volume,
and number weighted size distribution, (C) zeta potential (mean and standard deviation of three independent liposome preparations) measured by DLS and IDv.
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Fig. 3. (A) Layer growth of PEM systems of [HA/Col]4 HA/Lip [HA/Col] by SPR numbered as 1 to 12 (1st layer to 12th layer). Odd layer numbers correspond to HA
coating and even layer numbers correspond to Col coating except the 10th layer, which corresponds to liposomes loaded with Dex (Lip); n = 20, mean + SD. (B)
Progression of the layer thickness of PEM sequence [HA/ Col], after adsorption of the additional layers of liposomes (Lip), hyaluronic acid (HA), and collagen I (Col)
(see sequence details at the x-axis) determined by ellipsometry; n = 10, mean + SD, *p < 0.05.

15 min and washed three times with PBS. After permeabilization using
0.1% (v/v) Triton X-100 (Sigma-Aldrich) for 10 min, the non-specific
binding sites were blocked with 1% bovine serum albumin solution
(BSA, Carl Roth GmbH, Karlsruhe, Germany) in PBS at room tempera-
ture for 1 h. For visualization of chondrogenic markers, the cells were
incubated with primary monoclonal antibodies raised against collagen
type II (rabbit, Santa Cruz Biotechnology, Heidelberg, Germany) and a
secondary antibody CY3 (anti-rabbit, Dianova, Hamburg, Germany) and
ACAN (mouse, Santa Cruz Biotechnology, Heidelberg, Germany) and
conjugated secondary CY2 (anti-mouse, Dianova, Hamburg, Germany).
For detection of osteogenic markers, the cells were incubated with pri-
mary monoclonal antibodies raised against Col (mouse, Santa Cruz
Biotechnology, Heidelberg, Germany) with secondary antibody anti-
mouse (CY2) and (mouse, Santa Cruz Biotechnology, Heidelberg, Ger-
many) with conjugated secondary anti-rabbit (CY3). The images were
visualized using confocal laser scanning microscopy (CLSM 701, Carl
Zeiss Micro-Imaging GmbH, Jena, Germany) using 20x and 63x oil
immersion objectives. Images were processed with the ZEN 2008 soft-
ware (Carl Zeiss).

2.12. Statistical analysis

All statistical analysis was performed with Origin 8G software. Mean,
standard deviation, and analysis of significance were performed by one-
way ANOVA (indicated as *). A value of p < 0.05 was considered as
significantly different. Further, box-whisker diagrams are shown where
appropriate. The box indicates the 25th and 75th percentiles, the me-
dian (dash), and the mean value (black square), respectively.

3. Results and discussion
3.1. Characterization of liposomes

The peptide-mimicking lipid OO4 bears ionizable amino functions
and has an apparent pKa value of 6. The liposomes prepared solely from
this lipid have a positive zeta potential over a wide pH range [51,52]. A
positive charge of liposomes is needed for efficient embedding in LbL-
based PEM formation. Here, the utilized liposomes are composed of a
binary mixture of 004/DOPE 1/3 (n/n). DLS and zeta potential mea-
surements were performed to characterize the size and charge of the
liposomes under conditions used for LbL. The results are presented in
Fig. 2.

The autocorrelation function (Fig. 2A) demonstrates the high quality
of DLS data with an intercept at 0.9, a sigmodal decay of the signal, and

the absence of a noisy baseline which would indicate aggregation. The
fitting of the autocorrelation function results in a bimodal size distri-
bution curve (intensity weighted curve in Fig. 2B). The first size popu-
lation is at diameter (d) ~ 40-50 nm and a second one at d ~ 300-500
nm. The size differences between both populations make it difficult to
get quantitative information because the scattering intensity is approx-
imately proportional to d®. As such, the intensity distribution can be
somewhat misleading, in that a small number of larger particles can
dominate the distribution. Therefore, volume and number weighted size
distribution curves were calculated, demonstrating that the 40-50 nm
population is in a much higher quantity than expected from the intensity
weighted curve [53]. In addition, zeta potential measurements show
that the liposomes possess a positive surface charge required for
immobilization on the PEM (Fig. 2C). DOPE is used as zwitterionic co-
lipid in the mixture to decrease the charge density of the liposomes.
This becomes obvious comparing the high zeta potential of 004 lipo-
somes ({ > 40 mV) with the liposomes O04/DOPE ({ = 30 mV) [24,51].
Furthermore, DOPE increases the fusogenic character of liposomes in
acidic milieus and therewith triggers endosomal escape of payload after
endocytosis, a phenomenon often discussed for lipid-mediated nucleic
acid transfer [54].

3.2. Physical characterization of multilayers

SPR was used to investigate the layer deposition of PEM in situ. Fig. 3
(A) shows a linear growth behavior of PEM system until the third layer.
During the further deposition steps, the layer growth was reduced pro-
nouncedly. Every deposition step changes the angle shift, which corre-
sponds to the absorbed mass of each layer [13,55]. However, after the
4th layer the mass adsorption reached an equilibrium which was well in
line with previous studies [56]. Furthermore, the addition of liposomes
as the 10th layer (PEM sequence [HA/Col]4HA/Lip) resulted in an
additional mass deposition (angle shift increased from ~1700 to 2000
m°). The deposition of a further bilayer of HA/Col causes a further small
increase of angle shift, which indicates the deposition of both
polyelectrolytes.

To obtain more information about liposome deposition, the PEM
layer thickness was measured by ellipsometry. This measurement was
conducted with duplicates of dry films on a silicon substrate at 5
different spots per film (n = 10). Fig. 3 shows an increasing thickness of
PEM from 4.1 + 0.2 nm for the sequence [HA/Col]4HA up to 14.2 + 0.1
nm for the sequence [HA/Col]4HA/Lip[HA/Col] which is related to the
increase of the number of layers of PEM. It is visible that the adsorption
of liposomes makes the main contribution to the observed increase of

Reprinted with permission from Materials Science and Engineering: C: Brito Barrera Y. A., Husteden, C., Alherz, J.,
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Fig. 4. A) Zeta potential measurements of the three different multilayers. Results represents means + SD of two independent experiments. B) Static water contact
angle (WCA) measurement during multilayer formation. The x-axis demonstrate the film composition deposited on the basal part [HA/Col]4. Results represent means
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PEM thickness. However, the relatively low thickness after adsorption of
liposomes compared to their size obtained in DLS is a consequence of the
drying procedure which results in the shrinking by the loss of the
encapsulated aqueous core of liposomes [57]. Hence, it can be assumed
that the thickness of hydrated multilayers is considerably larger
compared to the thickness of dry layers because also HA tends to absorb
water leading to swelling of PEM [58]. The ellipsometry results confirm
the increase in mass deposition observed with SPR, particularly after
liposomes were added.

Moreover, the surface topography was evaluated by atomic force
microscopy (AFM). In previous studies, Zhao et al. showed the topog-
raphy of HA/Col PEM which displayed a smooth surface with a small
number of short collagen fibrils [13]. The AFM studies shown in Fig. S1
confirm the previous data showing a smooth surface with a roughness
average (Ra) of 1.731 + 0.721 nm and root mean square roughness (Rq)
2.914 + 1.698 nm (see Table S1). After the deposition of the liposomes
[HA/Col]4HA/Lip an increment of the roughness to Ra 17.96 + 6.219
nm and Rq 23.55 + 7.66 nm can be seen in Table S1. Also, the images in
Fig. S1 provide evidence that the liposomes are immobilized on the
surface visible by the presence of round structures covering the whole
surface area. The roughness value for the sequence [HA/Col]4HA/Lip
[HA/Col] are Ra 11.64 + 2.647 nm and Rq 15.23 + 3.389 nm. The
values indicate the presence of the liposomes after deposition of addi-
tional bilayer where the liposomes changed their morphology and
elongate diameter showing a rather flat structure on the surface due to
the flexibility of liposomes and the strong Coulomb attractive force to

the deposited polyanion HA [46,57]. The structures are also maintained
after deposition of an additional bilayer of HA/Col.

The knowledge of surface charge after each deposition step repre-
sents an important characterization of the buildup process of PEM [59].
Surface charge density, which corresponds to zeta potential, has also a
pronounced effect on cell adhesion and fate [60]. Previous research has
shown that PEM zeta potentials, particularly those made of hydrophilic
biopolymers, reflect not only the charge distribution of the last poly-
electrolyte layer but also of preceding ones due to the existence of
swollen, conductive surface layers [61]. Fig. 4A shows the zeta potential
of the final PEM and intermediate PEM assemblies as a function of pH
value adjusted during the titration process. The pKa value of Col is
around 5.5 [55]. Hence, it can be assumed that the Col is positively
charged at low pH during titration and the charge will decrease
continuously with increasing the pH value. In contrast, HA carries a
negative net charge due to the presence of carboxylic groups with a pKa
of 2.9 [62], which will further decrease the zeta potential when the pH
value is increased during titration. The zeta potential of [HA/Colls
multilayers (curve with red points) shifts from positive values in the
acidic to negatives potentials in the basic pH region. This indicates the
contribution of both charged species, such as Col at low pH and HA at
high pH to the zeta potential, related to the fact that not only the
outermost layer but also inner layers of PEM contribute to the zeta po-
tential as detected by Zimmermann & Werner [61,63]. The addition of a
further layer of HA to [HA/Col]4 (curve with black squares) decreases
the zeta potentials slightly and indicates the contribution of the

Fig. 5. CLSM images of PEM system after deposition of the liposomes: [HA-FITC/Col]sHA/Lip[HA-FITC/Col] HA was labeled using FITC (green), liposomes with
Rhodamine-DOPE conjugated (red) on PEM. A) FITC fluorescence distribution, B) merged image of FITC fluorescence and Rhodamine-DOPE fluorescence C) detail
(black square in B) merged image of HA and liposomes distribution of the area in the black square [scale 20 pm and 5 pm]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. A) Quantification of cell count per square millimeter B) Cell spreading area (ym?) on each of the multilayers after 4 h; samples: Glass, [HA/Col]s, [HA/Col]4*
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CLSM image of adherent C3H10T1/2 cultured on the different PEM after 4 h of incubation in serum and serum-free medium. (a) Glass, (b) [HA/Col]s, (c) [HA/Col]4
HA/Lip[HA/Col]. The cells are stained for filamentous actin (red), vinculin-positive focal adhesions (green), and nucleus (blue). [Scale 20 pm]. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

polyanion HA to the potential. The adsorption of liposomes [HA/
Col]4HA/Lip (blue triangles) leads to a dramatic increase of zeta po-
tentials with a huge shift of point of zero charge (PZC) from pH 6 to pH
8.5 which represents the positive charge of the cationic liposomes. The
coverage of the liposome layer with an additional bilayer of HA/Col
decreases the zeta potential again, but it remains still higher than that of
the [HA/Col]4 HA, which indicates that the liposomes underneath make
still a contribution to the zeta potential of the system. The PZC of this
system is 6.8, which means that both anionic and cationic species
contribute to the potential. The zeta potential measurements show
clearly that liposomes adsorb on the [HA/Col]4HA multilayers and they
remain also when an additional bilayer of HA/Col is immobilized on top
of them.

On the other hand, surface wettability is another important factor
that can affect the biological response to an implant because it affects

protein adsorption and cell adhesion [64]. Fig. 4 (B) shows that [HA/
Col]4HA is hydrophilic with a WCA of ~35°, which is related to the fact
that HA is a hydrophilic polysaccharide [13]. After the adsorption of

liposomes on PEM [HA/Col]4HA/Lip, the WCA increased to a value of
50°, which corresponds to a moderately wettable surface due to the
presence of amino groups, which make WCA in this range [65]. The
subsequent [HA/Col]4HA/Lip/HA displays an angle of ~53°, and the
final PEM [HA/Col]4HA/Lip[HA/Col] was characterized by a WCA of
~55°, demonstrating that the wetting properties of liposomes are also
dominant after deposition the final bilayer, which indicates an inter-
mingled structure of liposomes and polyelectrolytes in the outermost
layer of the system [66].

Further evidence for the entrapment of liposomes in the PEM system
isshown in Fig. 5 presenting micrographs made by CLSM. Fig. 5 A shows
a uniform distribution of HA labeled with FITC in the PEM [HA-FITC/
Col]4HA/Lip[HA-FITC/Col] (green colour). Fig. 5B) displays the distri-
bution of Rhodamine-DOPE fluorescence across the PEM (orange

colour), with higher magnification in Fig. 5 C demonstrating the pres-
ence of labeled liposomes. The image depicts the distribution of lipo-
somes over the entire area; however, the image indicates the presence of
some liposomes aggregates and a partially homogeneous distribution,
which could be due to interactions between the positive surface charge
of the liposomes and the layer arrangement with carboxylic groups of
HA and Col fibrils.

3.3. Adhesion and growth of C3H10T1/2 cells

C3H10T1/2 cells are a well-characterized model for in vitro differ-
entiation of multipotent cells into osteoblasts, chondrocytes, and adi-
pocytes [39,40]. The cell adhesion studies were carried out by the
quantification of cell number and cell area including visualization of
actin filaments (red staining), vinculin-positive focal adhesions (green
staining), and nuclei (blue staining). These studies are important to
understand how the PEM system properties influence cell adhesion,
which may have also an effect on subsequent cell differentiation [67].
Fig. 6 A shows a higher number of cells on the PEM surfaces compared to
the cells on glass used as a control after 4 h, which is due presence of cell
receptors for HA and Col. Further, the cells seeded on PEM [HA/Col]e
and [HA/Col]4HA/Lip[HA/Col] show no significant difference probably
due to similar composition of terminal layer (HA and Col). The quanti-
fication of the cell area (Fig. 6 B) demonstrated a significant higher
spreading of cells on [HA/Col]4HA/Lip[HA/Col] related to its higher
WCA and zeta potential in contrast to the control and the basal PEM
[HA/Col]e. Fig. 6 C demonstrates the organization of the actin filaments
on the different substrates. The cells on glass were characterized by a
small aspect ratio of an irregular form and the actin filaments were
organized mostly circumferentially. The cells cultured on the basal
system [HA/Col]e had a longitudinal distribution of the actin filaments.
However, the cells on [HA/Col]4HA/Lip[HA/Col] displayed an
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Fig. 8. A) Growth of C3H10T1/2 seed on glass and PEM system of [HA/Col]; and [HA/ Col]4HA/Lip[HA/Col] measured by the QBlue assay after 4 h, 24 h, and 72 h.
B) Phase-contrast images of cell seeding on glass and multilayers after 24 h and 72 h. (a) Glass, (b) [HA/Col]6, (c) [HA/Col]sHA/Lip[HA/Col]. Scale bar 100 pm.

elongated and extended morphology which underlines that the
embedded liposomes have a promoting effect on cell adhesion and
spreading.

Fig. 7 displays the position of the vinculin-positive focal adhesions at
the end of the actin filaments but also in central regions. Nevertheless,
cell spreading was observed on both multilayers surfaces but the
vinculin-positive focal adhesions amount was different. The PEM system

of [HA/Col]4HA/Lip [HA/Col] showed a higher number and larger
length of vinculin positive staining compared to the basal PEM [HA/
Col]e. Vinculin reinforces focal adhesion by crosslinking actin filaments
to the structure molecules like talin [68]. This is an important step in
cellular mechanics linking the cell to its substrate. Also, vinculin is
recruited in integrin-mediated adhesions and the actin cytoskeletal
network that is connected to the ECM. Therefore, the presence of
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vinculin-positive focal adhesions in the samples gives an indication of
integrin ligation and signal transduction processes [69].

Growth of C3H10T1/2 cells was studied by QBlue assay evaluating
their metabolic activity to assure that cells can survive and multiply
during longer culture for chondrogenic and osteogenic differentiation
(Fig. 8). For this assay the samples were divided into three groups: the
control group of C3H10T1/2 cells was seeded on glass slides and
compared with cells growing on [HA/Col]e and on [HA/Col]4sHA/Lip
[HA/Col]. In Fig. 8A it is shown that cells seeded on glass and both PEM
system with liposomes showed similar metabolic activity after 4 h of
incubation, which corresponds roughly to the results of adhesion
studies. A significant increase within each group was detected with
increasing time of culture certifying that cell can also grow on PEM as
prerequisite for the differentiation studies. The positive control after 48
h and 72 h showed a higher fluorescence intensity, compared to [HA/
Col]g and [HA/Col]4HA/Lip [HA/Col]. As can be seen in the Fig. 8 B,
cells were able to grow on all substrata over the time. However, the glass
sample shows higher cell growth might due to the stronger substrate
stiffness in comparison with the soft hydrated PEM systems where the
HA has high water uptake capability and will decrease stiffness and
roughness of the substratum [58,70]. It is well know that MSCs on soft
substrates decrease the proliferative activity compared to cells grown on
stiffer surfaces [71]. This consequence might not affect cell viability in
vivo, but only their proliferative capacity [72].

10

Protein adsorption and cell adhesion are affected by the surface
charge and wetting properties of the material [73,74]. For instance,
negatively charged surfaces inhibit cell attachment, whereas positively
charged surfaces stimulate [60]. The PEM system of [HA/Col]sHA/Lip
[HA/Col] showed positive zeta potential after the adsorption of the li-
posomes, where it is possible to observe a high cell area and a larger
number of vinculin-positive focal adhesions compared to the basal
sample [HA/Col]e. In addition, the wettability of materials has been
proven to have a considerable influence on cell growth and function
[74]. The binding of liposomes and additional bilayer with Col a
significantly increased WCA indicating a less hydrophilic surface. This
reduction in the hydrophilicity decreases the hydration force of repul-
sion, promoting the cell adhesion process [50].

On the other hand, cell adhesion depends on the interactions of cells
with their surrounding microenvironment, particularly ligands of
different cell adhesion receptors [74]. HA and Col play important roles
in the regulation of cell adhesion and spreading. For instance, HA can
bind to a variety of cell surface receptors named hyaladherins, such as
CD44 and RHAMM [75]. CD44 proteins are involved in a diversity of
cellular functions, including growth and differentiation [75,76]. For Col,
there are specific proteins that play a key role in this process, called
integrins. The integrin family contains four collagen receptors such as
alfl, a2p1, a10p1 a11p1, whereas a2p1 integrin is the main receptor for
Col [77]. Therefore, both samples of PEM systems present a higher
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Fig. 10. Histochemical staining of C3H10T1/2 cells cultured on various test samples with basal medium and osteogenic medium. A) Positive control, [HA/Col]e, B)
Negative control, [HA/Col]e basal medium, C) [HA/Col]s and liposomes in the supernatant, D) [HA/Col]4HA/Lip[HA/Col]. Alizarin red staining was performed after
21 days. Calcium deposits were staining in red [scale 100 pm]. E) CLSM images of immunofluorescence staining of collagen I and osteocalcin of C3H10T1/12 cells
cultured in osteogenic medium after 21 days. a) Positive control, [HA/Col]e, b) [HA/Col]¢ and liposomes in the supernatant, ¢) [HA/Col]4HA/Lip [HA/Col]. Collagen
I (green fluorescence), osteocalcin (red fluorescence), nuclei (blue fluorescence) Scale bar 20 pm. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

number of vinculin-positive focal adhesions unlike the control (glass)
due to the presence of fibrillary collagen as a terminal layer promoting
the cell adhesion via integrin a2p1 receptor of Col [52]. The benefit of
integrin-binding surfaces is an enhanced cell adhesion and expansion
[78]. For instance, integrins are of focal adhesion complexes that
contain linker proteins to the cytoskeleton like, talin, and a-actinin and
signaling transducers like vinculin and focal adhesion kinase [79]. These
focal adhesions are involved in the adhesion process, function as the
structural link between the cytoskeleton and ECM and activate signaling
pathways to regulate transcription factors, involved in cell growth and
cell differentiation [79,80].

3.4. Osteogenic differentiation of C3H10T1/2 cells

Previous studies confirmed that the cationic 004/DOPE liposomes

embedded in a PEM system can be used for controlled release or transfer

of compounds into cells [46]. To induce cell differentiation, Dex was
incorporated in the lipid bilayer of the liposomes as described in the
Materials and methods section. Dex activates the expression of Runx2

which acts as an expression factor for procollagen [38]. Further, Dex in
combination with ascorbic acid (ASC) and B- glycerophosphate ($-Gly)
has shown to regulate the osteogenesis of mouse MSCs with minerali-
zation in vitro [44]. To determine if there were levels of osteogenic
markers due to Dex effects on cells, the relative quantification of mRNA
was performed by qQRT-PCR after 14 days in a growth medium with ASC
and p-Gly. The different conditions are represented in Fig. 9A. The qRT-
PCR results (Fig. 9 B) demonstrated that Dex in the medium (positive
control) or encapsulated in liposomes resulted in an upregulation of the
gene expression of osteogenic markers (ALP, Runx2, osterix, and
noggin) compared to the negative control, which was not treated with
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Dex. In addition, a higher level of ALP was found on the liposomes
embedded into PEM. The high-level expression of ALP can be found
because ALP is an early marker in osteogenesis and it promotes the
formation of hydroxyapatite crystals in the bone matrix [81]. However,
it is possible to observe an increase of other osteogenic markers like
Runx2 and noggin (compared to negative control), but the expression of
mRNA was lower compared to the positive control. Another important
transcription factor is osterix. This transcription factor activates genes
during the differentiation of pre-osteoblast to the final stage that is os-
teocytes [82]. In addition, Sox9, Runx2, and osterix play an important
role in the decision by which the cells differentiate to osteoblast or
chondrocytes [83]. The qRT-PCR shows increased expression levels in
both systems with Dex-loaded liposomes. Further, the expression of the
markers where the liposomes were added in the supernatant (SN) was
high, which might be to the direct contact of the liposomes with the cell,
compared to the liposomes embedded in the film. For that reason, to
confirm the qRT-PCR results, the deposition of calcium phosphate at 21
days was studied by Alizarin red staining (Fig. 10 A).

This result is supported by the images obtained of C3H10T1/2 cul-
ture after histochemical staining by Alizarin Red S that interact with
hydroxyapatite and results in red staining of mineralized nodules that
corresponds to an ECM rich in calcium phosphates. These nodules were
observed when cells were cultured in [HA/Col]4HA/Lip[HA/Col] and
liposomes in the supernatant [HA/Col]s + SN in presence of the
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osteogenic medium. These results confirm the previous data of QRT-PCR.

Another method to evaluate the osteogenic differentiation was
through immunofluorescence staining of Col and OCN after 21 days of
incubation (Fig. 10E). The positive staining confirmed the presence of
Col and OCN, which are specific protein markers synthesize by osteo-
blast during maturation [84]. The presence of markers was found in both
of PEM systems [HA/Col]4HA/Lip[HA/Col] and liposomes in the su-
pernatant [HA/Col]e + SN. These results confirmed the protein pro-
duction of osteogenic proteins at later stages but also supported that the
liposomes with Dex can induce osteogenic differentiation.

On the other hand, connective tissues cells differ importantly in
phenotype. The shape of MSC is involved in their specialized function,
while at the same time drive to their multicellular organization [85]. For
instance, cell spreading enables osteogenic matrix deposition during
bone formation and these differences in cell morphology are due to the
changes in the expression of the integrins, cadherins, and cytoskeletal
proteins [67]. McBeath et al, demonstrated that cell spreading increased
osteoblast differentiation in preosteoblastic progenitors [67]. Thus,
previous results showed a high spreading presence in the PEM system
[HA/Col]4HA/Lip[HA/Col] in which not only the Dex is involved in the
differentiation, but also the spreading phenotypes of cells are related to
osteogenic differentiation. In contrast, for chondrogenesis, the cells need
to grow at high densities where the cell spreading on the surface de-
creases but cell-cell contact and paracrine signaling increase [67].
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3.5. Chondrogenic differentiation of C3H10T1/2 cells

Dex not only induces the Runx2 expression but can also be involved
in the expression of Sox9 for chondrogenesis. The orientation of chon-
drogenic differentiation is connected to osteogenesis since both pro-
cesses share the transcription factor of Sox9 [42]. Some authors refer
that Dex increases Sox9 expression in primary chondrocyte cultures, in
which Sox9 controls collagen II al and ACAN gene expression [86].
However, the molecular mechanism by how Dex produces its effects is
still unknown. The mesenchymal stem cells that go through chondro-
genesis express proteins associated with hyaline cartilage such as ACAN
and collagen type II [87,88]. For instance, hyaline cartilage is present on
the articular surface of the bone with collagen type II as the main
component of this cartilage, while fibro-cartilage is found on the
meniscus containing fibers of Col [89]. The difference between these
types of collagen is that Col forms heterotrimeric triple helices which are
self-assembled and collagen type II forms homotrimeric molecules [90].
In addition, it is known that chondrogenic differentiation depends on
cell density and the experimental system. Seeding the high density of
cells can induce endochondral ossification due to the formation of dense
cell-cell interaction regulated by N-cadherin's [49,91]. For that reason,
chondrogenic markers such as Sox9, ACAN, Col, and collagen type II
were measured by qRT-PCR after 14 days of incubation on the mRNA

(9)
20 ym
Fig. 12. Histochemical staining of C3H10T1/2 cells cultured on various test samples with basal medium and chondrogenic medium. A) Positive control, [HA/Col]s,
B) Negative control, [HA/Col], basal medium, C) [HA/Col]s and liposomes in the supernatant, D) [HA/Col]4 HA/Lip [HA/Col]. Safranin O staining was performed
after 21 days. Accumulation of glycosaminoglycans was staining in red [scale 100 pm]. E) CLSM images of immunofluorescence staining of aggrecan and collagen II
of C3H10T1/12 cells cultured in the chondrogenic medium after 21 days. A, a) Positive control, [HA/Col ], B, b) [HA/Col]s and liposomes in the supernatant, C, c)

[HA/Col]4 HA/Lip [HA/Col]. Aggrecan (green fluorescence), collagen II (red fluorescence), nuclei (blue fluorescence). Left images: scale bar 50 pm. Right images:
scale bar 20 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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level. Fig. 11 A shows the different conditions that were used to induce
chondrogenic differentiation and the PEM systems. Fig. 11B shows the
presence of these chondrogenesis markers Sox9, ACAN, Col, and
collagen II in cells when they were exposed to Dex. Here, the Dex is
immediately available for the positive control and the liposomes in the
supernatant in comparison with the liposomes embedded into PEM.
However, the PEM systems [HA/Col]4HA/Lip[HA/Col] shows similar
Sox9 values as the positive control and the liposomes in the supernatant
[HA/Col T]¢ + SN compared to the negative control. This result is an
indicator that the cells were induced to undergo chondrogenesis. There
were also increased mRNA values for ACAN and collagen type II for the
PEM systems [HA/Col]sHA/Lip[HA/Col], but the values of the positive
control and the PEM system [HA/Collg + SN were not reached. Col
shows a high expression in both PEM systems, with liposomes in the SN
and embedded in the PEM.

It is known that chondrogenesis can be stimulated in the presence of
Dex and increase GAGs expression [88]. Therefore, histochemical
staining with safranin O that detects acidic GAGs (e.g. hyaluronan,
chondroitin sulfate, etc.) was done after 21 days. Fig. 12A-D shows the
staining of the accumulation of GAGs and clusters with condensation of
cells, which was positive for the control (positive) and both PEM systems
with liposomes embedded or in the SN.

The study of chondrogenic markers by immunostaining revealed that

Reprinted with permission from Materials Science and Engineering: C: Brito Barrera Y. A., Husteden, C., Alherz, J.,
Fuhrmann, B., Wodlk, C., & Groth, T. (2021). Extracellular matrix-inspired surface coatings functionalized with
dexamethasone-loaded liposomes to induce osteo-and chondrogenic differentiation of multipotent stem cells. Materials
Science and Engineering: C, 131, 112516.



Y.A. Brito Barrera et al.

ACAN was uniformly distributed through the cell cluster and at the
periphery, and collagen type II was accumulated also within the cluster
in all the samples (Fig. 12). Here, the detection of ACAN and collagen
type II confirmed the chondrogenic differentiation. In addition, previous
studies demonstrate that the presence of HA and Col induces chondro-
genic differentiation because of the partially mimic of ECM of bone and
cartilage [39]. The mesenchymal progenitor shares Sox9 and the addi-
tion of induction supplements such as Dex and induce the differentiation
to chondrogenic or osteogenesis. Further, transcription factor Sox9 can
control the chondrocyte proliferation and the progression to hypertro-
phy chondrocytes and go through osteogenic linage [42,92].

In literature it was demonstrated that chondrogenesis is induced
when cells are seeded in high density in vitro because this mimics the
condensation during cartilage formation. Interestingly, the low cell
density causes high cell spreading to induce osteogenic differentiation,
however, for chondrogenic differentiation the high cell density de-
creases the cell spreading and increase the number of cadherins, and
trigger chondrogenesis [93]. For that reason, the advantage of the [HA/
Col]4HA/Lip[HA/Col] system is that the cells can differentiate into both
osteogenic or chondrogenic pathways with minor changes in the
conditions.

4. Conclusion

The LbL technique can be used to create multifunctional surface
coatings that can modify the composition and physicochemical prop-
erties of implants surfaces with liposomes adsorption to allow the de-
livery of compounds like Dex. This technique can develop ECM-inspired
surface coatings for osteochondral implants to induce bone and cartilage
differentiation. In previous studies [40], the PEM system and Dex-
loaded liposomes demonstrated a uniform and stable adsorption with
a successful transfer into cells to induce cell differentiation. The benefit
of the immobilization of liposomes in PEM with a cover bilayer of HA/
Col is to protect them from degradation and spontaneous release of Dex,
reducing the systemic effects and having a local delivery. The PEM made
of HA/Col with embedded liposomes provides also good cell adhesion
which is an important for integration of implants related to cell growth
and differentiation. An important point is probably the effect of
combining adhesive cues by the ECM-like composition of PEM with
chemical cues like Dex to activate pathways for cell differentiation.
Hence, differentiation of C3H10T1/2 cells was more prominent on the
PEM system with embedded Dex-loaded liposomes compared to the use
of free liposomes in the SN. Overall, the combination of multilayers
mimicking the matric of bone and cartilage in combination with Dex
might be interesting for future studies as coatings for osteochondral
implants.
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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 | 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.
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System to Control Osteogenic Stem Cell Differentiation

Catharina Husteden, Yazmin A. Brito Barrera, Sophia Tegtmeyer, Jodo Borges,
Julia Giselbrecht, Matthias Menzel, Andreas Langner, Jodo F. Mano,
Christian E. H. Schmelzer, Christian Wélk,* and Thomas Groth*

A gene-activated surface coating is presented as a strategy to design smart
biomaterials for bone tissue engineering. The thin-film coating is based on
polyelectrolyte multilayers composed of collagen | and chondroitin sulfate,
two main biopolymers of the bone extracellular matrix, which are fabricated
by layer-by-layer assembly. For further functionalization,
DNA/lipid-nanoparticles (lipoplexes) are incorporated into the multilayers.
The polyelectrolyte multilayer fabrication and lipoplex deposition are analyzed
by surface sensitive analytical methods that demonstrate successful thin-film
formation, fibrillar structuring of collagen, and homogenous embedding of
lipoplexes. Culture of mesenchymal stem cells on the lipoplex functionalized
multilayer results in excellent attachment and growth of them, and also, their
ability to take up cargo like fluorescence-labelled DNA from lipoplexes. The
functionalization of the multilayer with lipoplexes encapsulating DNA
encoding for transient expression of bone morphogenetic protein 2 induces
osteogenic differentiation of mesenchymal stem cells, which is shown by
mRNA quantification for osteogenic genes and histochemical staining. In
summary, the novel gene-functionalized and extracellular matrix mimicking
multilayer composed of collagen I, chondroitin sulfate, and lipoplexes,
represents a smart surface functionalization that holds great promise for
tissue engineering constructs and implant coatings to promote regeneration

1. Introduction

Over the past few decades, the develop-
ment of smart multifunctional biomate-
rials with the ability to control the be-
havior of stem cells on demand has be-
come a powerful strategy in regenerative
medicine and cell therapies.'?] For in-
stance, such stem cell-based therapies bear
new chances to regenerate critical size bone
defects from severe fractures or bone tis-
sue loss after surgery. The osteogenic dif-
ferentiation of mesenchymal stem cells is
important for the healing of bone frac-
tures and osteogenic diseases such as disor-
ders of bone metabolism (osteoporosis).’* !
Various studies have determined charac-
teristics and modifications of biomateri-
als that enable initiation of stem cell os-
teogenesis and represent promising ap-
proaches for clinical use. These approaches
include materials that can mimic the bone
microenvironment,”# materials with spe-
cific mechanical properties which stimu-

of bone and other tissues.
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which can release or control the activity of osteoinductive growth
factors.l10-12]

A straightforward strategy for the functionalization of biomate-
rials involves emulating the properties of the extracellular matrix
(ECM) for the formation of an artificial microenvironment that
enables a precise control of cell behavior and function.}! Due
to interaction of ECM components with cell surface receptors
such as integrins, ECM regulates cell proliferation, migration,
and differentiation."*'* Indeed, the ECM is a highly versatile
and dynamic compartment that can support development, func-
tion, and regeneration of tissues and organs by modulating the
production, degradation, and remodeling of its components.[']
Therefore, the development of surface coatings mimicking the
native ECM structure and function is of considerable interest to
functionalize implant materials. In this context, a simple and
versatile method that can effectively immobilize bio-functional
molecules onto various materials and surfaces, with dynamic
control of the surface topological and mechanical properties, is of
upmost interest. The layer-by-layer (LbL) technology, well-known
from the pioneering work by Decher et al. on the development
of polyelectrolyte multilayers (PEMs) on solid surfaces by al-
ternating deposition of oppositely charged polyelectrolytes, has
evolved into a very simple and cost effective yet highly versatile
and efficient surface modification and functionalization technol-
ogy. LbL technique allows the production of multifunctional thin
film coatings with precise control of the film composition, struc-
ture, properties, and functions at the nanoscale.'®/ A further
advantage of LbL is that it can be performed by different meth-
ods such as dip-coating, spray coating, and spin-coating proto-
cols allowing the coating of different materials and designs also
in a time-saving manner."®! Indeed, PEMs have been broadly
used as reservoir for either the surface immobilization or encap-
sulation of bioactive molecules, more precisely drugs and pro-
teins, to engineer bio-functional materials by choice of polyelec-
trolytes and complexation conditions for regenerative medicine
strategies.|'”?*] Type I collagen (Col) and chondroitin sulfate (Cs)
are components of the ECM of bone. Col is the main organic com-
ponent of the bone ECM and a perfect material in tissue engineer-
ing because of its excellent biodegradability, biocompatibility, and
cell-attracting properties. In fact, Col has drawn much attention
for biomaterial development due to the existence of binding sites
for cell receptors, cytokines, and other ECM components. 192426
Cs is involved in cell recognition, intracellular signaling, and
on the interaction between ECM components and cell-surface
glycoproteins.”’] As such, Cs can enhance bone regeneration;
thus, being used for the functionalization of PEMs for improved
mineral deposition and osteogenesis.?!

The functionalization of biomaterials with tissue relevant
growth factors is also a promising strategy in tissue engineer-
ing. In the field of bone tissue engineering, the bone mor-
phogenetic protein-2 (BMP-2) is a promising cytokine. Sev-
eral studies have demonstrated that the growth factor BMP-
2 can be applied to stimulate bone healing and improve
osteogenesis/osteointegration.[?** For example, recombinant
BMP-2 is applied in the clinic for treatment of non-union bone
injuries, open tibia fractures, and spinal fusion in FDA-approved
systems for bone regeneration.!®3* However, due to some persis-
tent issues, including the need of loading large amounts of the
recombinant BMP-2 into the biomaterial, a burst release of supra-
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physiological concentrations of BMP-2 as well as the risk of un-
regulated and ectopic bone formation in vivo, the current clinical
utilization of BMP-2 has limitations, **! which forces the develop-
ment of micro- or nanostructured delivery systems for BMP-2/3¢]
or novel gene-activated matrices.*’!

To overcome the existing drawbacks of BMP-2 functionalized
biomaterials, spatially limited acting in situ transfection systems
gained attention to ensure a local cytokine production medi-
ated by transfected cells. Surface-mediated transfection strategies
are based on a concept in which viral or non-viral vectors em-
bedded in matrix materials can promote a local, physiological,
and/or sustained expression of a gene encoding for a therapeutic
protein.*®l By immobilizing plasmid DNA (pDNA) on surfaces,
such as implants, surface-mediated gene delivery achieved re-
markable transient cell transfection and therapeutic effects, both
in vivo and in vitro.??#°l Despite their potential for tissue engi-
neering, the use of viral vectors for gene delivery is limited by
a high risk of immunogenicity and a certain risk for carcino-
genicity. Therefore, current research is increasingly focusing on
non-viral vectors.[*!l Promising new methods are studied to find
non-viral vectors to achieve comparable gene transfer efficiency
to viral vector equivalents. New transfection systems such as poly-
mers, lipids, nanoparticles, and physical methods are studied to
reduce cost, and increase safety and transfection efficiency.!*>*3]
For example, Olden et al. used cationic polyplexes for gene de-
livery into primary human T cells.**] Non-viral gene delivery ap-
proaches have been specifically explored in cell-based therapies
because of their desirable safety profiles and simplicity of the
preparation process when compared to viral vectors.[**! However,
non-viral vectors are not suitable for systemic application in bone
regeneration because DNA complexes carry the risk of transfec-
tion of undesired cell types and systemic side effects in vivo.

Previous studies have consistently demonstrated that
electrostatic-driven LbL assembly is a powerful and simple
technique to functionalize biomaterials with nucleic acids
aiming for non-viral gene delivery.*** Thus, non-viral, surface-
mediated gene delivery may represent an ideal strategy to
control cell response in the close vicinity of an implant material
avoiding any systemic complications in patients. Lipoplexes
(LPX), a subtype of nucleic acid lipid nanoparticles, belong to
the non-viral gene delivery systems. For example, in a proof-
of-concept study by Holmes, Lipofectamine 2000-based LPX
has been immobilized in PEMs and successfully transferred a
model gene to typical screening cell lines (NIH3T3 fibroblasts
and HEK293 kidney cells), but not to stem cells.”*! How-
ever, we recently developed a LPX formulation composed of
dioleylphosphatidylethanolamine (DOPE) and the ionizable
lipid  N-{6-amino-1[N-(9Z)-octadec-9-enylamino]-1-oxohexan-
(25)-2-y1}-N'-{2-[N,N-bis(2-aminoethyl)aminolethyl}-2[(92)-
octadec-9-enyl]propan diamide (O04), a lipid composite which
demonstrated superiority in terms of efficient cellular uptake
and DNA delivery in cell culture experiments, compared to
Lipofecatmine 2000.°"%2] Moreover, we could show recently that
surface coatings composed of either Col/Cs or Col/hyaluronic
acid PEMs with dexamethasone (Dex) loaded O04/DOPE
liposomes could induce either osteogenic or chondrogenic
differentiation of multipotent stem cells. This was related to the
type of multilayer mimicking the composition of target ECM,
such as bone or cartilage.****] Furthermore, we developed in a
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Figure 1. Schematic illustration of the DNA-activated bone-ECM-mimicking surface coating. The lipid components OO4/DOPE were formulated to
cationic liposomes. The cationic liposomes were assembled with DNA encoding either of the reporter gene green fluorescent protein (GFP) or the
therapeutic gene BMP-2, to LPX. LPX were assembled into DNA-activated surface coatings as tool for in situ transfection using the LbL technique.

proof-of-concept study, a strategy to incorporate LPX into PEMs
composed of hyaluronic acid and chitosan and demonstrated the
successful transfection of murine myoblasts and the epithelium
of the chorion allantois membrane of the chicken embryo./*!

In the present study, we combined both approaches, such
as the ECM-mimicking character of PEM and their ability to
be used as carrier for in situ transfection, to develop a gene-
activated ECM-mimicking surface coating to direct stem cells’
fate. We focused on a bone ECM-mimicking PEMs consisting of
Col and Cs loaded with LPX composed of 004/DOPE lipid com-
posite (see Figure 1). The DNA as biological active compound
encoded a BMP-2 sequence to stimulate surface-mediated, tran-
sient expression of BMP-2 in human adipose-derived mesenchy-
mal stem cells (hADSCs) to induce osteogenesis due to autocrine
and paracrine effects of the cytokine. The work focused on three
main objectives: 1) a material science part, in which we char-
acterized the multilayer formation processes, especially the em-
bedding of 004/DOPE LPX and the surface properties of LPX-
loaded PEMs. 2) In addition, general studies on cell prolifera-
tion, hADSCs attachment, and transfection were performed. 3)
We studied the ability of the system to induce osteogenic stem
cell differentiation by gene expression analysis and mineraliza-
tion assays. Summarizing, we present a new approach to engi-
neer a bone-ECM inspired gene-activated surface coating which
allows controlling stem cells function, and consequently, repre-
sents a promising tool to develop multifunctional surface coat-
ings for regenerative medicine strategies.

2. Experimental Section
2.1. Materials

If not stated otherwise, all chemicals were purchased from
Sigma-Aldrich/Merck (Taufkirchen, Germany). Col was pro-
vided from Sichuan Mingrang Bio-Tech (Sichuan, China). The
pDNA pCMV-GFP (3.5 kbp, 260 kDa) was acquired from Plasmid
Factory (Bielefeld, Germany). The synthesis and characterization
of the used cationic lipid OO4 was described in the authors’ pre-
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vious work.*’! The phospholipids DOPE, 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamin- N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (am-
monium salt) (NBD-DOPE) (4., = 460 nm and A°" =
535 nm), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine- N-
(lissamine rhodamine B sulfonyl) (ammonium salt) (Rho-DOPE)
(A% e = 560 nm and A°"__ = 583 nm) were acquired from

Avanti Polar Lipid, Inc. (Alabaster, AL, USA).

2.2. Methods
2.2.1. Preparation of Cationic Liposomes

For liposome preparation, lipids were separately dissolved
in chloroform/methanol (8:2, v/v) as lipid stock. The stocks
were combined in the desired molar ratio (OO4/DOPE 1/3
n/n, 004/DOPE/Rho-DOPE 1/3/0.04 n/n/n, 004/DOPE/NBD-
DOPE 1/3/0.04 n/n/n) and the organic solvent was evaporated
for 1 h at 200 mbar at a rotary evaporator. After formation of
dry lipid film, a solution of 150 mm NaCl 10 mwm acetic acid ad-
justed to pH4 was added to a final total lipid concentration of
1mgmlL-'. Afterward, the lipid dispersion was incubated at 50 °C
while shaking gently for 30 min at 1400 rpm (Eppendorf Ther-
momixer 5436) followed by sonication at 37 kHz and 50 °C for
5 min.

2.2.2. Plasmid DNA Isolation

pDNA with the human BMP-2 gene controlled by a human cy-
tomegalovirus promoter controlled and containing a neomycin
resistance gene (pCMV-BMP-2) was purchased from OriGene
Technologies GmbH (Herford, Germany). It was cloned and
amplified using Escherichia coli DH5a safety strain (Invitrogen,
Carlsbad, CA, USA). Plasmid purification was performed using
a Plasmid Maxi Prep Kit (Qiagen, Venlo, Netherlands) according
to manufacturer instructions, and the resulting pDNA pDNA)
was resuspended in MilliQ water. The pDNA concentration and
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purity were measured using a UV spectrophotometer at 260 and
280 nm and gel electrophoretic analysis.

2.2.3. Lipoplex Formation

LPX were prepared by combining pDNA with OO4/DOPE 1/3
(n/n) liposomes to a N/P ratio (N = primary amines of the cationic
lipids; P = phosphate groups of the nucleic acid) of 4 in sterile-
filtered solution of 150 mm NaCl with 10 mwm sodium acetate
buffer solution (pH 4). pDNA was pipetted to the liposomes and
gently mixed, followed by an incubation period of 15 min at room
temperature.

2.2.4. Characterization of Lipoplexes and Liposomes

The size was determined by dynamic light scattering (DLS) and
zeta potential by laser Doppler velocimetry (IDv) using a Zeta-
sizer Nano ZS ZEN3600 (Malvern Panalytical, Malvern, UK) as
described previously.>}] Briefly, DLS measurements at a scatter-
ing angle of 173° consist of 15 runs with a duration time of 20 s
for each. For size calculations, a viscosity n = 0.8872 mPa s and
a refractive index of 1.33 were assumed. 1Dv was performed in
a clear disposable folded capillary cell (DTS1060, Malvern Pan-
alytical) with 30 runs at a voltage of 60 V. For data evaluation,
the viscosity (n = 0.8872 mPa s), dielectric constant (¢ = 78.5 F
m™'), and refractive index (n = 1.33) of water were applied. Par-
ticle size distribution curves and zeta potential were calculated
using Zetasizer Software 7.13 (Malvern Panalytical). All measure-
ments were performed three times at 25 °C.

2.2.5. Preparation of Polyelectrolyte Multilayers

The polyelectrolytes solutions were prepared as follows:
Polyethylenimine (PEI, My =~ 750 kDa) was dissolved in
0.15 M NaCl solution to a concentration of 5 mg mL~" at pH 7.4.
Cs (My, ~ 25 kDa) was dissolved in 0.15 m NaCl solution to a
concentration of 0.5 mg mL™! at pH 4. Col (M, ~ 100 kDa) was
dissolved in 0.2 M acetic acid to a concentration of 2 mg mL™!
(stirring overnight). The final solution of Col was obtained by
diluting the stock solution in 0.2 M acetic acid supplied with
0.15 M NaCl at pH 4.

PEMs were assembled on surfaces (mainly glass coverslips,
but also silicon wafers) cleaned using the RCA protocol.*) PEI
was used as the first layer to obtain a positive charge on the sub-
strate followed by adsorption of Cs as an anionic layer and after-
ward, Col as the cationic layer. PEMs were fabricated by immers-
ing the glass coverslips or silicon wafers in the polyelectrolyte so-
lution for 15 min (PEI, Cs) and 20 min (Col) and one layer of LPX
for 2 h 30 min. Due to the different M, of the polyelectrolytes, the
larger Col molecules require more time for diffusion. For that rea-
son, the adsorption time of Col was prolonged to 20 min follow-
ing existing LbL protocols.l*’] By alternating adsorption of Cs and
Col, a basal PEM consisting of four polyelectrolyte bilayers and a
final Cs layer was fabricated [Cs/Col],Cs, followed by LPX adsorp-
tion [Cs/Col],Cs/LPX. Last, a Cs/Col cover layer was deposited to
prepare the gene-activated PEM [Cs/Col],Cs/LPX/Cs/Col. Each
adsorption step was followed by rinsing with 0.15 m NaCl solu-
tion at pH 4 (3 X 5 min).

www.advhealthmat.de

2.2.6. Confocal Laser Scanning Microscopy to Study Lipid and DNA
Deposition on PEM

A rhodamine-labeled lipid formulation of O0O4/DOPE/Rho-
DOPE 1/3/0.04 (n/n/n) (A*,,, = 560 nm; A" =583 nm) and
CyS5 labeled pDNA (A% ., = 649 nm; A°™ = 670 nm) was used
to screen for LPX deposition on the PEMs.>*) DNA was cova-
lently tagged with Cy5 using the Label IT Nucleic Acid Labeling
Kit from Mirus (Madison, W1, USA), according to the manufac-
turer’s instructions. After production of [Cs/Col],Cs/LPX using
the fluorescence-tagged LPX, the PEM was washed three times,
and the Cs/Col cover layer was deposited to obtain the final
construct [Cs/Col],Cs/LPX/Cs/Col for microscopical analysis.
The films were fixed with Aquatex mounting medium (Merck,
Darmstadt, Germany) and stored overnight at 7 °C to cure the
mounting medium before examining the distribution of the flu-
orophores by confocal laser scanning microscopy (CLSM) (LSM
710, Carl Zeiss, Oberkochen, Germany).

For time dependent evaluation of DNA embedding in the
PEMs, the LPX were prepared with Cy5 labeled pDNA and
embedded in the PEMs. The PEMs were stored in phosphate-
buffered saline (PBS) and Cy5 fluorescence was screened by
CLSM at different time points using identical parameter settings
for taking the micrographs. The fluorescence intensity was deter-
mined with 12 images per sample in triplicates using Image].

2.2.7. pDNA Loading Efficiency on the PEM Studied With Gel
Electrophoresis

DNA loading of PEMs was quantified by agarose gel elec-
trophoresis using an established protocol for indirect quantifi-
cation (see for visualization of method also Figure S1, Support-
ing Information)./** After basal PEM [Cs/Col],Cs preparation on
coverslips in 24-well plates, the coverslips were rinsed with 0.15 M
NaCl (pH 4) and then transferred into a new 24-well plate for the
incubation with LPX. Various O04/DOPE 1/3 (n/n) N/P 4 LPX
concentrations (0.26 to 3.15 ug pDNA cm~?) were used for incu-
bation under gentle shaking for 2 h 30 min. Subsequently, the
supernatant of each well was transferred into tubes for quantifi-
cation of DNA in LPX, and PEMs were afterward washed twice
with 0.15 m NaCl solution (pH 4). The washing solutions were
also transferred into separate tubes for quantification of DNA in
detached LPX. DNA quantification was performed by gel elec-
trophoresis after releasing the DNA from LPX. Briefly, 50 pL su-
pernatant/washing solution was mixed with 10 pL of blue /orange
6% loading dye (G190A) and 4 pL 1% heparin v/w. Heparin was
used to release complexed DNA from LPX. Electrophoresis was
performed on 1% agarose gel containing 0.308 ug mL~! Ethid-
ium bromide in 1% Tris-acetate-EDTA buffer (pH 8) for 1 h at
90 V, while a 1 kb DNA ladder (G571A) (Promega, Madison, WI,
USA) was used for size determination. Quantification was possi-
ble using a pDNA standard dilution series (0.01, 0.1, 0.2, 0.3, 0.5,
and 0.8 ug pDNA) to obtain a calibration curve. The fluorescent
DNA bands were quantified with a UVP UVsolo touch (Analytik
Jena AG, Jena, Germany) for imaging and the software Vision-
Works LS Analysis Software from Analytik Jena AG for fluores-
cence signal quantification. All samples were tested in triplicates.
The sensitivity of the used method was <0.015 mg cm—2.
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2.2.8. Quartz Crystal Microbalance With Dissipation Monitoring

A Q-Sense Pro quartz-crystal microbalance with dissipation
monitoring (QCM-D, Biolin Scientific, Gothenburg, Sweden)
was used to monitor LPX deposition on PEMs in detail.
Freshly cleaned gold-coated 5 MHz AT-cut quartz crystal sensors
(QSX301 Gold, Q-Sense) were used as substrate for the build-up
of the PEM thin films. The solutions were injected into a flow
chamber with a mounted quartz crystal at a constant flow rate of
50 mL min~'. The quartz crystal was excited at multiple overtones
(1st, 3rd, 5th, 7th, 9th, 11th, and 13th, corresponding to 5, 15,
25, 35, 45, 55, and 65 MHz, respectively) and shifts in frequency
(Af,) and energy dissipation (AD) were monitored in real-time.
The frequency of each overtone was normalized to the fundamen-
tal resonant frequency of the quartz crystal substrate (Af, /n, in
which n denotes the overtone number). An adsorption time of
6 min for each polyelectrolyte layer and an intermediate rinsing
step of 4 min with acetate buffer 0.1 m pH 5.5 were established.
LPX solution was injected and measured for 2 h in steady state
without a constant flow to mimic deposition conditions of the
film preparation mentioned above. The hydrodynamic thickness
of the PEMs at each deposition cycle as well as at the end of the
deposition cycles was estimated using the Voigt-based viscoelas-
tic model implemented in the Q-Sense Dfind software (Broadfit
function), assuming a fluid density of 1000 kg m~>, a layer den-
sity of 1000 kg m~2, and a fluid viscosity of 1 mPas.

2.2.9. Water Contact Angle Measurements

Static water contact angle (WCA) measurements were analyzed
at room temperature using an OCA15+ device from Dataphysics
(Filderstadt, Germany). The sessile drop method was applied us-
ing 1 pL of water with the Ellipse-fitting method. Reported con-
tact angles represent mean values and standard deviation of five
measurements per sample of duplicates.

2.2.10. Atomic Force Microscopy

Atomic force microscopy (AFM, Nanowizard IV, JPK-
Instruments, Berlin, Germany) in combination with an inverted
fluorescence microscope (OlympusIX71, Olympus, Olympus
Europa, Hamburg, Germany) was performed in quantitative
imaging mode (QI) to investigate the surface roughness and
topography as well as record corresponding fluorescence images.
Topographical images were recorded using a silicon cantilever
(qp-BioT, Nanosensors, Neuchatel, Switzerland) in a standard
liquid cell (JPK-Instruments) containing 0.15 M NaCl solution.
A force map area of 5 X 5 pm2 was recorded with a resolution of
512 x 512 pixel2. Post-processing and roughness analysis were
performed using the software JKP Data Processing V5.0.85 and
Gwyddion (GwyddionV2.58, 64-bit).

2.2.11. Fluorescence Recovery After Photobleaching

FRAP (fluorescence recovery after photobleaching) experiments
using CLSM were performed to evaluate the LPX mobility in the
PEM. This technique was developed by Axelrod et al. (1976) as a
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method to study mobility of substances for example proteins.**!
In FRAP, a specific area is photobleached by intense laser
light, removing fluorescence from this area, and screening af-
terward, the degree of fluorescence reappearance in this region.
The used fluorophore for this study was NBD-DOPE. The flu-
orophore was used to prepare fluorescence tagged liposomes
(O04/DOPE/NBD-DOPE 1/3/0.04 n/n/n) which were applied
for LPX formation with pCMV-GFP. The fluorescence tagged
LPX were adsorbed to [Cs/Col],Cs basal PEMs for 2 h 30 min.
The LPX-loaded PEM was finalized with an additional cover layer
of Cs/Col to [Cs/Col],Cs/LPX/Cs/Col. FRAP studies of NBD-LPX
loaded PEMs were performed using an LSM 710 confocal micro-
scope. A magnification of 40x with an oil objective was used for
that experiment. A defined area in the PEM was photobleached
(laser 488 nm, 20 cycles with a laser line attenuator transmis-
sion 100%). After defined periods of time, the area was examined
for NBD- fluorescence using the same setup parameters. Images
were processed with the ZEN2012 software (Carl Zeiss). The anal-
ysis of images to quantify RFU was performed with Image J.

2.2.12. Cell Culture

Cryopreserved hADSCs (StemPro) were obtained from Thermo
Fisher Scientific (Waltham, MA, USA) and thawed and grown in
Dulbeccos’s modified Eaflesss medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% antibiotic and anti-
fungal solution at 37 °C (basal culture medium, BM) in a humid-
ified 5% CO,/95% air atmosphere. Cells of almost confluent cul-
tures were washed once with sterile PBS followed by treatment
with 0.25% trypsin/0.02% EDTA at 37 °C for 3 min. Trypsin was
neutralized with DMEM with 10% FBS, and the cells were re-
suspended in DMEM after centrifugation at 250 x g for 5 min.
Last, the cells were seeded on PEMs-coated glass coverslips with
a cell density of 1 x 10° cells per mL. Cells used in this study were
from passage P1-P6, and 50% of the culture media was changed
three times a week.

For the purpose of osteogenic differentiation experiments, the
pDNA pCMV-BMP2, which encodes for BMP-2, was used for
LPX preparation. After the cells had reached 90% confluence,
the medium was changed to induce the osteogenic differentia-
tion. The cells were cultured in the osteogenic induction medium
(OM) containing 0.1 pm Dex, 10 mm sodium f-glycerophosphate
(R-Gly), and 0.05 mm ascorbic acid-2-phosphate (ASC), in addi-
tion toBM as described above. For the positive control, the Stem-
Pro Osteogenic-Differentiation Kit from Thermo Fisher Scien-
tific (Waltham, MA, USA) was used according to the manu-
facturer’s protocol. This medium contains components and cy-
tokines for an optimized osteogenic differentiation of hADSCs
and other stem cells provided by the supplier. As negative con-
trol group, the cells received BM. In addition, hADSCs cultured
on [Cs/Col], in OM were used as LPX-free positive control. The
cells were incubated for 24 or 28 days and medium was changed
once a week. All samples were tested for mineralization and gene
expression of osteogenic markers (see below).

2.2.13. Cell Adhesion Studies

Glass coverslips were coated with different PEMs composites:
[Cs/Col], (LPX free system), [Cs/Col],Cs/LPX (system with LPX
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on surface), and [Cs/Col],Cs/LPX/Cs/Col/ (final LPX loaded
PEM); placed in 24 well plates, hADSCs were seeded on the sam-
ples in DMEM at 37 °C for 4 h. Then, cells attached to PEMs
were fixed with 4% paraformaldehyde solution for 10 min and
rinsed twice with PBS for further studies. Cells were permeabi-
lized with 0.1% Triton X-100 in PBS v/v (Sigma) for 10 min,
rinsed with PBS, and nonspecific binding sites were blocked by
incubation with 1% w/v bovine serum albumin (BSA, Merck,
Darmstadt, Germany) in PBS at room temperature for 1 h. Vin-
culin was stained using monoclonal anti-vinculin clone hVIN-1
mouse ascites fluid antibody (1:200, Sigma—Aldrich, Germany);
and a secondary goat anti-mouse IgG, Alexa Fluor 647 (1:1000,
A% =650 nm and A" = 583 nm, Thermo Fisher Scientific,
Waltham, MA, USA). The actin cytoskeleton was stained with
phalloidin-Atto 488 (1:50, A** .. = 500 nm and A*" =520 nm,
Sigma-Aldrich, Germany) at room temperature for 30 min. Cell
nuclei were stained by BOBO-1 Iodide (1:200, A%, = 462 nm
and A" =481 nm, Invitrogen, Darmstadt, Germany), incubat-
ing the samples for 30 min. Before microscopic evaluation, sam-
ples were washed with PBS and mounted with Roti-Mount Fluo-
rCare (Carl Roth GmbH, Karlsruhe, Germany). Fluorescence mi-
crographs were taken with a LSM 710 confocal microscope using
10x, 20x objectives for cell adhesion and spreading analysis. A
63x oil immersion objective was used to visualize nuclei, actin cy-
toskeleton, and focal adhesions. Images were processed with the
ZEN2012 software (Carl Zeiss). The analysis of images to quan-
tify cell count and cell area was performed with Image J.

2.2.14. Cell Proliferation Studies With QBlue Cell Viability Assay

hADSC cells were seeded on LPX-loaded PEMs with and with-
out cover layer: [Cs/Col],Cs/LPX; [Cs/Col],Cs/LPX/Cs/Col. Cells
seeded on clean glass coverslip and the LPX-free PEMs [Cs/Col],
were used as controls. Cultures were incubated at 37 °C for 24 h,
2 and 4 days, respectively. After the incubation time, the cell via-
bility was determined by QBlue cell viability assay kit (Biochain,
Hayward, NJ, USA). The cells were washed once with PBS to
remove the medium. Then, 500 pL of Qblue solution with col-
orless medium (10:1) was added to each well and incubated at
37 °C for 3 h. Finally, 100 pL of supernatant from each sample
was added to a black 96 well plate and the fluorescence intensity
was measured at 544 nm excitation and 590 nm emission with
plate reader (FLUOstar Omega, BMG Labtech, Ortenberg, Ger-
many). All samples were tested in triplicates.

2.2.15. DNA Uptake Into Stem Cells

To visualize the DNA uptake from LPX-loaded PEMs, we pre-
pared fluorescence-tagged LPX using Cy-5 (A°* ., = 649 nm and
A = 666 nm) labeled pDNA-GFP (Label IT Nucleic Acid
Labeling Reagents, pDNA-GFP labeled according to manufac-
turer’s instructions) for the LPX preparation. After hADSCs were
cultured for 48 h on the [Cs/Col],Cs/LPX/Cs/Col coating, cells
were screened for Cy-5 positive structures while additional stain-
ing of nuclei and actin was performed for visualization of intra-
cellular distribution of pDNA-GFP. For this purpose, the cells
were fixed, permeabilized, and blocked as described above. The
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order of cell staining was designed as follows: a) Phalloidin-
Atto 488 (1:50) for staining filamentous actin and b) BOBO-1
(1:200) for staining the nucleus. All dyes were incubated for
30 min at room temperature and protected from light. PBS wash-
ing (three times, each 5 min) was performed after incubation
with fluorescent dyes. Afterward, all samples were briefly washed
with ultrapure water and mounted with Mowiol 4-88 contain-
ing 25 mg mL~! 1,4-diazabicyclo [2.2.2]-octane (Carl Roth GmbH,
Karlsruhe, Germany), a mounting medium providing high fluo-
rescence stability for storage at 4 °C in the dark. Samples were
analyzed with a LSM 710 confocal microscope.

2.2.16. Flow Cytometry Measurements to Determine the Reporter
Gene Expression

Cells with a cell density of 1 x 10° cells per mL were seeded on
PEMs containing pDNA-GFP encapsulating LPX. After an incu-
bation period of 24 h at 37 °C and 5% CO,, the expression of
the reporter gene encoding for green fluorescent protein (GFP)
was measured by flow cytometry. Briefly, cells were detached with
0.05% trypsin/0.02% EDTA solution from the PEMs and cen-
trifuged at 220 x g for 5 min, rinsed, and re-suspended in 500 pL
of PBS containing 1% BSA. A BD Accuri C6 Plus flow cytometer
(BD Bioscience, Franklin Lakes, NJ, USA) was used to analyze
10 000 cells per sample for GFP expression quantifying the rela-
tive fluorescence (GFP: A% =488 nm and A°" = 510 nm).
Single cells were gated by size (FSC-H) and granularity (SSC).
The calculated single cell population was gated to detect GFP-
expressing by calculating the relative number of transfected cells
and dead cells. The BD Accuri C6 Software was used for all data
evaluation. All samples were tested in duplicate.

2.2.17. Mineralization Experiments

Alizarin-Red-Assay:  After 24 days of the osteogenic differen-
tiation experiments, calcium phosphate deposition was inves-
tigated by Alizarin Red S staining. Briefly, the samples were
washed once with PBS and fixed with 4% paraformaldehyde for
10 min. After washing twice with distilled water, Alizarin Red S
(2%, pH 4.2, Roth) solution was added into each well and incu-
bated for 45 min under light exclusion at room temperature. Last,
the excess dye was removed by washing with distilled water. Im-
ages were taken in transmission mode with a Nikon ECLIPSE
Ti2, Tokyo, Japan equipped with a CCD camera (DCIN, Tokyo,
Japan).

OsteoImage Kit: The commercial mineralization kit (Os-
teolmage, Lonza) was used to visualize the hydroxyapatite por-
tion of bone-like nodules deposited by cells by measuring fluo-
rescence measurement (A%, =495 nm and A" . =519 nm).
This assay, as described by the manufacturer, uses a fluorescent
staining reagent that binds specifically to the hydroxyapatite por-
tion of the biomineralized structures. The intensity of the green
fluorescence is proportional to the amount of hydroxyapatite in
the sample. After 24 days of the osteogenic differentiation, sam-
ples were incubated with Osteolmage according to the manufac-
turer’s instructions and examined with a LSM 710 confocal mi-
croscope.
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Figure 2. Correlation functions (representative of three measurements) A) of DLS measurements and the resulting B) intensity-weighted and C) number-
weighted size distribution curves of OO4/DOPE liposomes (blue line) and LPX (0.1 ug pDNA, N/P 4) (red line) in 0.15 m NaCl containing 10 mm sodium
acetate buffer at pH 4. D) Zeta potential results of OO4/DOPE liposomes and LPX. Results are means and standard deviations of three measurements

(8-D).

2.2.18. Gene Expression Analysis

After 28 days of differentiation, the mRNA was extracted from
samples using Aurum Total RNA Mini Kit spin columns from
BioRad (Hercules, CA, USA) according to the manufacturer’s
recommended procedure. First, strand cDNA was synthesized
using an iScript Advanced ¢cDNA Synthesis Kit for RT-qPCR
(real-time quantitative polymerase chain reaction, Biorad) in
20 pL reactions, according to the manufacturer’s instructions.
A CFX Connect RT-qPCR Detection System (Biorad and pre
validated primer sets PrimePCR Probe Assays from Biorad were
used for gene expression analysis of the transcription factor
Noggin (assay ID: qHsaCEP0054879), Collagen type 1 alpha 1
(Col1A1; assay ID: qHsaCEP0050510), Run-related transcription
factor 2 (RunX2; assay ID: qHsaCEP0051329), Alkaline Phos-
phatase (ALP; assay ID: qHsaCEP0024224), and BMP-2 (assay
ID: qHsaCIP0029912). RPLPO (assay ID: qHsaCEP0041375)
was used as housekeeping gene. Data analysis was performed
using the BioRad CFX Manager Software 3.0. The following
scheme was used for the RT-qPCR: 95 °C for 30 s followed
by 39 cycles at 95 °C for 15 s and 60 °C for 30 s. The relative
expression levels of each gene were calculated and normalized

to the housekeeping gene RPLP0O using the DDCt method
(Z—AACI').[S‘)]

2.2.19. Statistical Analysis

All statistical analyses were performed with Origin 8G software.
If not stated otherwise, experiments were performed in triplicates
(n = 3) and the results presented as means +— standard deviation
(SD). If the number of experiments n was different from 3, the
value of n was given in the caption. Analysis of significance was
performed by one-way ANOVA followed by Scheffé post hoc test
with @ = 0.05. A value of p < 0.05 was considered as a significant
difference and was indicated by an asterisk. Further, box plots are
shown where appropriate. The box indicates the 25th and 75th
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percentiles, the median (dash), and mean value (black square),
respectively.

3. Results and Discussion

3.1. Characterization of Lipoplexes

The lipid formulation O04/DOPE 1/3 (n/n) (hereinafter referred
to as O04/DOPE) was used to prepare LPX as transfection ac-
tive component for the gene-activated surface coating. OO4
is a cationic peptide-mimicking amphiphile designed in our
group!**** and provided the positive charge for DNA complex-
ation as well as PEMs assembly. DOPE is a commonly used
co-lipid for lipid-based transfection agents. For efficient immobi-
lization of LPX into PEMs via electrostatic interaction, a positive
net charge was essential. DLS and zeta potential measurements
were carried out to obtain information on particle size and charge
of 004/DOPE liposomes and, more substantially, of LPX under
LbL preparation conditions. The data are presented in Figure 2.
The autocorrelation function (Figure 2A) was characterized by
intercepts at 0.9 for LPX (red) and 0.8 for liposomes (blue), a
sigmoidal decay of the signal and the absence of a noisy baseline,
indicating a good quality of DLS data for reasonable fitting. For
the liposomes, the intensity-weighted size distribution showed a
bimodal function, with a particle size population at diameter (d)
~ 50-100 nm and d ~ 200-400 nm (Figure 2B). For multimodal
size distributions, the intensity-weighted curve can be mislead-
ing because the scattering intensity is proportional to ~d® Hence,
small numbers of larger particles can dominate the distribution
function. Therefore, the number-weighted size distribution
curves were calculated (Figure 2C), showing that the 50-100 nm
population was in a much higher quantity than expected from
the intensity-weighted curve (compare blue size distribution
curves). In contrast, LPX showed an unimodal size distribution
with d &~ 100-200 nm, in both intensity- and number-weighted
curves (Figure 2B,C). The observed changes in particle size of
LPX, compared to the liposomes, are probably due to the lipid
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Figure 3. A) CLSM micrograph (40x magnification) of [Cs/Col],Cs/LPX/Cs/Col PEMs with fluorescent tagged LPX. The following fluorescence labels
were used: Rho-DOPE as lipid label (left image in grey scale, green in the merged right image) and Cy5-labeled pDNA (middle image grey scale, magenta
in the merged image right), which were used to visualize LPX attached to the PEMs. The inlay on the merged image (right), labeled with nc = negative
control, was the LPX-free negative control [Cs/Col]s which was examined under the same conditions as proof for the absence of auto-fluorescence
effects of the polyelectrolytes. The scale bars indicate 50 um. Images were analyzed using Image). B) Schematic illustration of the PEM sequence codes
[Cs/Col],Cs/LPX/Cs/Col (sample) and [Cs/Col] (negative control). C) Film-bound amount of DNA in pg cm=2 in [Cs/Col],Cs/LPX/Cs/Col films as a
function of the total DNA concentrations in the incubation medium (0.26-3.15 pg cm™2 LbL substrate). The calculation of the film-bound DNA was
based on the indirect quantification of the non-bound DNA using agarose gel experiments presented in Figure S2, Supporting Information (n = 3). The
red line shows the theoretical values of 100% binding efficiency. D) The calculated DNA loading efficiency from (C). Above is an LPX incubation with
total DNA amount of 0.75 ug cm~2 PEM substrate (indicated by the red line); the loading efficiency decreases below 100%. (B,D) show the means + SD
of triplicates. The bars indicate that the SD are below 0.04 ug cm~2; and therefore, are not seen due to resolution of the graphs.

membrane reorganization process during the complex forma-
tion between DNA and the cationic liposomes, based on the
templating effect of DNA.[*%!] Comparing zeta potential mea-
surements of liposomes and LPX, a decrease in the zeta potential
from ¢ ~ 38 mV to { ~ 18 mV was observed (Figure 2D) due
to complex formation between the positively charged liposomes
and the negatively charged DNA. Nevertheless, the positive net
charge of the LPX for embedding into PEMs was proven.

3.2. Structural Characterization of PEMs with Focus on LPX
Embedding

The embedding of LPX into PEMs composed of Cs and Col
was demonstrated by CLSM using dual fluorescence-tagged LPX:
The pDNA was covalently labeled with Cy5 and the lipid com-
posite was modified with 1.25-mol% Rho-DOPE as fluorescence
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label (Figure 3A). The images indicate a homogeneous distri-
bution of the labeled DNA as well as the lipid in the PEM
[Cs/Col],Cs/LPX/Cs/Col, considering the film curvature which
leads to out-of-focus effects in the edge regions. Nevertheless,
both channels do not fit in all details (merged images Figure 3A),
an observation which can be explained by the fact that at a lipid-
DNA loading ratio of N/P 4, some DNA-free cationic liposomes
exist besides LPX.[®? The LPX-free control [Cs/Col], (Figure 3A,
insert labeled with nc = negative control) shows no autofluores-
cence of the polyelectrolytes using the same experimental setup.

The DNA loading efficiency of [Cs/Col],Cs/LPX/Cs/Col films
was determined in more detail. It was not possible to quantify
DNA embedded in PEMs directly by gel electrophoresis or
fluorescence passed assays in a reproducible manner. The ap-
pearance of colloids after disintegration of LPX-loaded PEMs, re-
sulting in quenching and light-scattering effects, ] may explain
this problem. Recently, we described a method for an indirect
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Figure 4. A) Schematic illustration of the LbL sequence codes of investigated PEMs. B-D) Build-up of [Cs/Col],Cs/LPX/Cs/Col multilayered thin films
onto Au-plated quartz crystal sensors via incubation with polyelectrolyte solutions to achieve LbL deposition. QCM-D monitoring of the normalized
frequency (AF, panel B) and dissipation (AD, panel C) shifts. The frequency shifts of different overtones are presented. The dissipation shift is shown
for the 7th overtone (35 MHz). The background color indicates the incubation/washing medium: magenta = Cs; blue = Col; green = LPX; white =
washing buffer (B,C). Cumulative hydrodynamic thickness evolution for the [Cs/Col];Cs/LPX/Cs/Col PEM production, obtained using the Voigt-based
viscoelastic model (D). E) Static WCA measurement of intermediate and final PEM structures. The x-axis demonstrates the film composition deposited
as sequence code. Results represent means + SD with n = 10; significance was tested using one-way ANOVA followed by Scheffé post hoc test, a =

0.05, *p < 0.05.

quantification of DNA-LPX loading into PEMs by quantifying
the fraction of DNA which was not incorporated in PEMs./*®] For
this purpose, the DNA of the supernatant and washing solutions,
which was most likely complexed in LPX, was quantified via gel
electrophoresis, a method which needed a pre-incubation with
heparin to release all DNA from LPX (for details, see Figures S1
and S2, Supporting Information). The results are presented in
Figure 3B,C. The incorporation of different amounts of DNA,
from 0.26 to 3.15 ug cm=?, was evaluated. Up to a loading amount
of 0.75 pg cm 2, the LPX can be efficiently incorporated into the
LbL system (loading efficiency of 100%, Figure 3C). PEMs with
concentrations above 0.75 pg cm™ resulted in loading efficien-
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cies below 100% (Figure 3C). In other studies on polyplex-loaded
PEMs, a much lower DNA content of 25-30 ng cm™ was
described, showing that PEMs consisting of Cs and Col and
loaded with LPX represent an excellent system for gene-activated
PEMs.[* To evaluate whether LPX are desorbed from the PEM
during subsequent rinsing steps, the washing solutions were also
examined for DNA content, showing no burst release of adsorbed
LPX or released DNA from the PEMs (for details, see Figure S2,
Supporting Information).

QCM-D measurements were performed to monitor the ma-
terial deposition during the LbL assembly process in situ. In
Figure 4B, the frequency shift of different overtones is plotted.
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The stepwise decrease of AF indicates the successful deposition
of material, Cs, Col, or LPX, respectively, after each incubation
step. Multilayer growth was thus proven for each deposition step.
The interaction of the charged biopolymer or LPX with the oppo-
sitely charged surface was effective under the chosen assembly
conditions with a pH value of 4 and 150 mwm NaCl as electrolyte
solution. The time to reach the adsorption equilibrium was much
longer for LPX when compared to Cs and Col. Nevertheless,
the time periods needed for deposition provide evidence that we
reached the adsorption equilibrium with the PEM preparation
protocol used in this study (Section 2.2.5). The following rinsing
step did not result in an increase of AF; thus, excluding the
eventual desorption of adsorbed LPX. The evaluation of the
dissipation changes demonstrated a pronounced increase in
AD during LPX adsorption (Figure 4C, green area). Obviously,
the plastic proportion in the viscoelastic behavior increased,
concluding that the PEM gets softer and more hydrated due to
the adsorption of LPX. The high AD value remained also after
the deposition of the Cs and Col cover layers on the PEM film
(final sequence [Cs/Col],Cs/LPX/Cs/Col). Obviously, the LPX
dominated the film mechanics even with the outermost Cs/Col
layers. Previous structural investigation has demonstrated that
the LPX composed of O04/DOPE are soft matter nanoparticles
with a liquid crystalline substructure;(®! consequently, a vis-
coelastic behaviour was expected. Furthermore, the cumulative
hydrodynamic thickness evolution during the construction of
the multilayer film was calculated from QCM-D data (Figure 4D).
A linear increase of thickness was observed for the deposition
of either Cs or Col. The thickness increase of ~30 nm after LPX
deposition was much higher compared to the biopolymers. Nev-
ertheless, the DLS size distribution curves (Figure 2B,C) resulted
in a main LPX diameter of 100-150 nm, a much higher value.
Two facts may explain the discrepancy: 1) The LPX do not cover
the whole area (we have evidence for that conclusion from CLSM
micrographs; see also Figure 3A) combined with the fact that the
QCM-D determined thickness is a mean thickness. 2) As men-
tioned above, LPX are soft matter nanoparticles, and a deforma-
tion and flattening of the LPX nanoparticles after adsorption on
the surface can be expected.

The wetting behaviour of surfaces is an important parameter
because moderate wettable surfaces with WCA ~60° promote
protein adsorption and cell adhesion.[®! Figure 4E shows the
WCA of selected intermediates and the final construct of the
DNA-activated PEM and the LPX-free reference PEM of com-
parable layer number. Starting from the basal-PEM [Cs/Col],Cs,
which was the substrate for the LPX adsorption, a WCA of ~53°
was measured, indicating a moderate wettability related to the
presence of Cs as more hydrophilic molecule with carboxylic and
sulfate groups.”) When LbL was continued with Col adsorption
(sequences [Cs/Col];), a WCA of ~61° was detected, which is
related to additional presence of amino groups in the protein
which are less wettable than anionic groups. The alternating
WCA lower for anionic Cs and higher for Col terminal layers in-
dicates the dominance of these molecules in the outermost layer
of PEMs.

The adsorption of LPX (PEMs sequence [Cs/Col],Cs/LPX) re-
sulted in an increase of WCA to ~66° compared to the pre-
vious WCA of ~53° terminal Cs layer which is related to the
cationic nature of the LPX. A further coating with Cs (PEM se-
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quence [Cs/Col],Cs/LPX/Cs) caused an increase of WCA to 72°
which may be related to some structural rearrangements of
LPX upon contact with Cs which may be related to the pres-
ence of hydrophobic parts of lipid species, observed also in
a previous study with liposomes.I**! The terminal Col coating
[Cs/Col],Cs/LPX/Cs/Col resulted in no significant change in
WCA (~73°) which indicates some intermingling of LPX layer
with Cs and Col in the terminal layer related also to the much
larger size of LPX compared to both polyelectrolytes.>*!

AFM was performed to study the surface topography and
mechanical properties of the different PEMs (Figure 5). To inves-
tigate the elasticity and the force curve, the samples were com-
pressed by the AFM tip and the force mapping mode was applied
while the tip scanned a specific area of the sample.[®®] The force
mapping mode measured the interaction forces such as adhesion
or electrostatics and gives an idea regarding the stiffness and
topography. The interest in testing mechanical properties and
topography of surface coatings is related to their effect on cell be-
havior, such as spreading, proliferation, and differentiation.®*7°]
In addition, intermediate LbL process steps were investigated to
learn more about the LPX deposition and the embedding process.
The basal-PEM [Cs/Col],Cs, which was the substrate for LPX ad-
sorption, showed a homogeneous nanofibrous network that can
be assigned to Col deposition and fibrillization with a roughness
of ~12 nm (Figure 5A, Table 1). Previous studies demonstrated
that Col/Cs PEMs are characterized by a fibrillary structure
of Col.57¢7711 Due to its high charge density, Cs is known to
promote the Col self-assembly to fibrils.l”?) After the adsorption
of LPX, the surface topography changed showing a less orga-
nized fibrillary substructure (Figure 5B) but an increase of the
roughness ~23 nm (Table 1). Diffuse structures of different sizes
were observed for the [Cs/Col],Cs/LPX film. In addition, the
remaining fibrous structures appeared with a larger thickness
of higher variability and more extended smeared structures (Fig-
ure 5B, arrowhead). The addition of a covering Cs layer induced
the reappearance of the fibrillary topography with a roughness
of ~15 nm (Figure 5C, Table 1). The final DNA activated PEMs
[Cs/Col],Cs/LPX/Cs/Col was characterized by an extended
fibrillar structure, comparable to the basal-PEM (compare Fig-
ure S5A with Figure 5D; Figure S3, Supporting Information).
The addition of the soft matter nanoparticles such as LPX might
modify the arrangement of the Col fibers and it can influence
the roughness. The behavior is also expressed by the roughness
parameters shown in Table 1. R, and R, increased after LPX ad-
sorption ([Cs/Col],Cs — [Cs/Col],Cs/LPX) but decreased again
to the initial values for the full PEMs. The same tendency can be
seen in the waviness parameters R3z ISO, W,, and Wq (Table S1,
Supporting Information).

Figure SE presents the E; modulus distribution curves of the
highest and lower points in the measured area. The sequence
[Cs/Col],Cs was characterized by a broad distribution with a max-
imum value at E; = 199 kPa while a minimum value was seen
above 50 kPa. The mechanical properties of the basal layer show
the Col fibers with higher stiffness (maximum) than the sur-
rounding area (minimum). It is known that highly negatively
charged polysaccharides such as Cs have interfusing character-
istics in PEMs and can act as a cross-linker for Col, support-
ing also the organization of fibrils and making these areas of
PEMs stiffer.”*] The adsorption of LPX reduced the stiffness of
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Figure 5. A-D) Topography images [Cs/Col]4Cs (A), [Cs/Col],Cs/LPX (B), [Cs/Col]4Cs/LPX/Cs (C), and [Cs/Col]4,Cs/LPX/Cs/Col determined by AFM
[Scale bar 1 um] (D). E) Distribution curves of Young's modulus (Ey) with a force map of a defined area (see also Figure S4, Supporting Information).

Table 1. Roughness parameters of area mean roughness (R,), area root
mean squared roughness (R,) of PEMs sequences before and after LPX
deposition. 1D roughness analysis, according to DIN EN 1SO 4287, 4288,
3274, mean values + SD calculated from ten separate lines, In = 5 um,
Dc = 1 um, cutoff filter: 0.02 measured by AFM.

R, [nm] Ry [nm] E modulus [kPa]
[Cs/Col],Cs 9.6 +0.9 122413 199.5 +6.3
[Cs/Col],Cs/LPX 18.6 +2.7 23.5+3.3 1M1 +3.1
[Cs/Col],Cs/LPX/Cs 120 £1.8 15.5+2.4 103 +3.5
[Cs/Col],Cs/LPX/Cs/Col 9.4 11 12.8 +£1.8 98 +4.5

the PEMs showing a shift of E, distribution curve to a maximum
value of 111 kPa for [Cs/Col],Cs/LPX. An explanation is that LPX
represent liquid crystalline soft matter particles, which can re-
duce the stiffness./®! It is interesting to note that further adsorp-
tion of Cs, and then, Col caused a further decrease of E, to 103
and 98 kPa, respectively. The lower E; values of PEM after LPX
adsorption and the additional bilayer of Cs/Col are also related
to an increased thickness of PEMs that will further reduce the E
modulus of the coating due to swollen character of PEMs fabri-
cated from biopolymers./”?] Furthermore, this observation is also
in line with the effect of the LPX observed for the A D values dis-
cussed in the QCM-D section above.

In summary of WCA and AFM studies, the complete PEMs
[Cs/Col],Cs/LPX/Cs/Col is characterized by moderate wettabil-

Adv. Healthcare Mater. 2022, 2201978 2201978 (11 of 20)

ity and a higher roughness promoting cell adhesion.”*) What's
more, a decrease in the stiffness of PEM was observed when
LPX and the additional Cs/Col bilayer were added; the observed
E modulus in the range of 100 kPa was still supporting cell at-
tachment and spreading as found in other studies./®"!

3.3. Mobility of LPX Incorporated in PEMs

Potential time dependent changes of the LPX layer in the
PEMs [Cs/Col],Cs/LPX/Cs/Col stored in PBS were studied us-
ing CLSM. Although because of their relatively large size and the
electrostatic interaction with the polyanion Cs, a fast diffusion of
LPX in the multilayer system was not expected. Nevertheless, two
different experiments were performed to investigate if LPX have
a certain mobility in PEMs. In the first experimental setup, Cy5
labelled DNA was used for the preparation of LPX which were af-
terward embedded in the PEMs. These samples were examined
regarding the Cy5 fluorescence intensity at different time points
of incubation in PBS by CLSM: directly after PEMs construction,
as well as 24 h, 4 days, and 35 days after fabrication of PEMs. The
results are shown in Figure 6A. A weak trend of a decrease in
CyS5 fluorescence was observed, but all detected differences were
not statistically significant. Therefore, it can be assumed that the
DNA of the LPX remained entrapped in the PEMs within the
time interval of 35 days. The large size of DNA (3.5 kbp, 260 kDa)
in LPX and the complexation with the cationic lipids are certainly
the reasons for the stability of the system.
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Figure 6. A) Fluorescence intensity of covalently labeled Cy5 DNA in LPX immobilized in PEM [Cs/Col],Cs/LPX/Cs/Col. CLSM-based intensity
determination was done directly after the film construction (start) and after 1, 4, and 35 days. The results are given as means + SD (n = 36).
Significance was tested using one-way ANOVA followed by Scheffé post hoc test, a = 0.05, *p < 0.05, no significant difference was found. B,C) Results
of FRAP studies. Fluorescence intensity of NBD-DOPE was used as fluorescence probe in LPX (1 mol-% of the lipid composite). A defined area
was bleached with high laser intensity and micrographs for intensity determination were taken in a period of 60 min after bleaching. Images were
analyzed using Image) (B). CLSM images of [Cs/Col];Cs/LPX/Cs/Col loaded with NBD-labeled LPX directly (0 min) and 60 min after bleaching. The
white arrow indicates the bleached region which appeared black due to successful fluorophore inactivation. The red square indicates the area applied
to the fluorescence intensity determination of the bleached region in diagram (B); the blue square indicates the reference area of a non-bleached

region (C).

In the second experimental setup, FRAP experiments were
performed (Figure 6B,C). Here, the lipid components of LPX
were fluorescence tagged. NBD-DOPE as efficiently bleachable
fluorophore was used for the LPX preparation. Then, the PEM
with embedded LPX was bleached at an area by applying high
laser intensity (red box, Figure 6C). This photobleached area
was examined for recovery of NBD fluorescence for 60 min.
Indeed, a weak but steady increase in NBD fluorescence was
detected in the bleached area. However, only ~10% of the
intensity of the non-bleached reference area reappeared after
60 min (Figure 6B, red symbols). Note that the fluorescence
in the control region was slightly decreasing (Figure 6B, blue
symbols), an effect most-likely assigned to photo bleaching.
This would imply that the calculated relative intensity change
(Figure 6B, blue symbols) is biased, and the real reappearance is
lower. Hence, only a small fraction of non-bleached fluorophores
diffused into the bleached region, indicating that lipid com-
ponents of LPX have certain mobility. Smaller molecules can
diffuse in PEMs, as for example demonstrated for small model
peptides.””*!

Summarizing, it can be concluded that the DNA is stably en-
trapped in LPX which will also be evident by the subsequent
transfection studies.

Adv. Healthcare Mater. 2022, 2201978 2201978 (12 of 20)

3.4. Cell Studies

3.4.1. Cell Adhesion and Proliferation of Mesenchymal Stem Cells on
LPX-Loaded PEMs

Interaction of hADSCs with PEMs substrates was studied by
staining nuclei used for cell counting, actin cytoskeleton used
for cell spreading analysis, and the evaluation of focal adhesion
(FA) as marker of cell-ECM contact points. Cells cultured on
glass as positive control showed an extended phenotype with
longitudinal organization of actin filaments and well-developed
vinculin-positive FA in the cell periphery, indicating a normal
behavior of these cells (Figure 7A, actin fibers shown in green).
Cells cultured on LPX-free PEMs [Cs/Col], were characterized
by a longitudinal distribution of the actin filaments as well
(Figure 7B, actin fibers shown in green). Many vinculin-positive
FA were detected (Figure 7B, red signal in the merged image and
signal in the lower single channel image). Cells on the interme-
diate PEM construct [Cs/Col],Cs/LPX were less extended, but
also, a longitudinal organization of actin filaments was observed
(Figure 7C, actin fibers shown in green). Slightly fewer and larger
vinculin-positive FA were predominantly observed at the cell
periphery (Figure 7C, red signal in the merged image and signal
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Figure 7. A-D) Merged CLSM image of adherent hADSCs cultured on the different PEMs after 4 h of incubation in serum. Glass slide (A), [Cs/Col]s (B),
[Cs/Col]4,Cs/LPX (C), and [Cs/Col],Cs/LPX/Cs/Col (D). The cells were stained for filamentous actin (green), vinculin-positive FA (red), and nuclei (blue)
in the merged images. The vinculin channel is shown separately in gray scale below the merged image. The scale bar represents 20 um. E) Gives the
quantification of vinculin-positive FA number per cell and F) relative vinculin-positive FA area per cell determined by Image ) for representative six cells
(n = 6; significance was tested using one-way ANOVA followed by Scheffé post hoc test, a = 0.05, *p < 0.05, no significant difference was found). G)
Quantification of cell count per square millimeter and H) cell spreading area (um?) on each of the PEMs after 4 h (n = ten images per condition). (Box
plots with whiskers, representing first and third quartiles, medians and means. The star (*) indicates statistically significant differences using one-way
ANOVA followed by Scheffé post hoc test, a = 0.05, with a p-value < 0.05 (F,G).

in the lower single channel image). Cells cultured on PEMs
[Cs/Col],Cs/LPX/Cs/Col showed spread hADSCs with parallel
arrangement of actin filaments (Figure 7D, green staining) and
extended cell protrusions. Distinct vinculin-positive FA were ob-
served at the cell protrusions and cell periphery (Figure 7D, red
staining merged image and signal in the lower single channel
image). The quantitative evaluation of FA showed no statistically
significant differences between the positive control and PEMs;
for both, the number of FA per cell and the relative area of
vinculin positive FA. In addition, no statistical difference was
found between the different PEMs. However, a trend to higher
values was observed for PEMs [Cs/Col],Cs/LPX/Cs/Col (Figure
7E,F). The higher number of cells on the positive control in com-
parison to all PEMs shown in Figure 7G is probably related to the
stiffness of glass that promotes cell attachment.!”®l On the other
hand, the quantification of the cell area (Figure 7H) demon-
strated that hADSCs on glass had a smaller cell area in contrast
to [Cs/Col]4Cs/LPX PEM that showed higher cell spreading
(Figure 7H). The determined cell areas for the reference PEMs

Adv. Healthcare Mater. 2022, 2201978 2201978 (13 of 20)

[Cs/Col]; and [Cs/Col],Cs/LPX/Cs/Col were comparable and in
between the values of glass and [Cs/Col]4Cs/LPX PEM. As is
known, cell spreading is a promoter of osteogenic differentiation
so the PEMs made of Cs/Col may support osteogenesis of
hADSCs."””] Moreover, the presence of Col as component of all
PEMs can be considered as a promoter of mitogenic signal trans-
duction through integrin receptors such as @2f1 integrin, the
main receptor for Col.l>’]

The proliferation of hADSCs was studied by QBlue as-
say evaluating metabolic activity of cells seeded on glass
slides (positive control), PEMs [Cs/Col],, [Cs/Col],Cs/LPX, and
[Cs/Col],Cs/LPX/Cs/Col. In Figure 8, it is shown that cells
seeded on glass showed higher metabolic activity in contrast to
PEMs, which relates to the results of adhesion studies. For all
three surface coatings, a significant increase of the metabolic cell
activity from day 1 to day 4 was observed (Figure 8) indicating
cell growth with no differences among them on day 1. Compar-
ing the cell growth on subsequent days, it was seen that [Cs/Col],
provided superior conditions while the presence of LPX in the
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Figure 8. Growth of hADSCs seeded on PEMs sequence of glass slide (control), [Cs/Col]s, [Cs/Col]4Cs/LPX, and [Cs/Col],Cs/LPX/Cs/Col measured by
the QBlue assay after 24, 48, and 96 h. The values represent means + SD with n = 3. The star (*¥) indicates statistically significant differences using
one-way ANOVA followed by Scheffé post hoc test, a = 0.05, with a p-value < 0.05.

two other systems had a slightly inhibiting effect on cell growth
with significantly lower values comparing [Cs/Col], Cs/LPX with
[Cs/Col],. This may be related to the cationic nature of LPX that
may exert certain toxicity though adhesion studies did not pro-
vide any hints for that.®'l Overall, all PEMs enabled attachment,
spreading and growth of cells, as a prerequisite for subsequent
cell differentiation studies.

3.4.2. Transfection Studies

Successful transfer of DNA from [Cs/Col],Cs/LPX/Cs/Col into
hADSCs is essential for a clinical in situ transfection strategy.
To study the cellular uptake, LPX were loaded with Cy5 la-
beled DNA. The fluorescent tagged LPX were embedded in the
[Cs/Col],Cs/LPX/Cs/Col multilayer. Afterward, hADSCs were
seeded onto the fluorescent tagged in situ transfection system
and cells were evaluated after 2 days by CLSM (Figure 9). Cellu-
lar uptake of the Cy5 labeled DNA was demonstrated, showing
a Cy5 fluorescence signal accumulated in the perinuclear region
(Figure 9, yellow arrows). However, it is described in the literature
that the Cy5 label preferentially tends to accumulate in mitochon-
dria because of their higher mitochondrial membrane potential
compared to normal cells, which is why DNA is hardly recogniz-
able in the cell nucleus.”®”°l The mechanism of LPX-uptake by
cells from the PEMs [Cs/Col],Cs/LPX/Cs/Col is not understood
in detail. However, a cell-mediated endocytosis can be assumed
despite the presence of a cover layer because it was demonstrated
previously that mesenchymal stem cells can actively remodel Col
of Cs/Col-based PEMs.>’] Moreover, we recently described suc-
cessful endocytosis of liposomes from CS/Col-based PEMs into
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C2C12 myoblasts adhering to the coating.**! It is further known
that endocytotic uptake is the main route for LPX into cells./®*#]
To proof efficient DNA transfer to the nucleus, reporter gene
transfection experiments were also performed.

The DNA transfer activity of the gene-activated PEM
was evaluated using a pDNA encoding for GFP as re-
porter gene (Figure 10). Besides the DNA-activated
PEM [Cs/Col],Cs/LPX/Cs/Col, the intermediate ~PEM
[Cs/Col],Cs/LPX (surface adsorbed LPX which were not pro-
tected by a cover layer) and the LPX-free reference PEM [Cs/Col],
with LPX in the supernatant, were used for comparison. These
controls enable an assessment of the influence of the cover layer
on the transfection on the one hand and whether embedding
LPX in PEMs has an impact on the transfection efficiency on
the other. After 24 h, the highest efficiency was detected for the
system [Cs/Col],Cs/LPX (x~16% GFP positive cells), while the
final PEM [Cs/Col],Cs/LPX/Cs/Col showed a slightly reduced
efficiency (~12% GFP positive cells). The control with LPX
in the supernatant showed the lowest intensity. At 48 h after
incubation, no significant differences were observed among the
three groups and efficiency values of ~17-20% GFP positive
hADSCs were detected. The immobilization of LPX seems to
trigger a fast contact between LPX and cells, leading to higher
efficiency of the systems with PEM bound LPX after 24 h. This
kinetic effect levels off after 48 h. The results demonstrated that
LPX immobilization had no diminishing effect on the efficacy
of the LPX formulation in the time frame studied. In addition,
the transfection efficacy of 20% was promising to proceed exper-
iments with BMP-2 encoding DNA as autocrine and paracrine
effects could be expected when 20% of the hADSCs growing on
the PEMs express the gene of interest.®!]
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Figure 9. CLSM micrograph of transfected hADSCs after 48 h grown on [Cs/Col],Cs/LPX/Cs/Col with Cy-5 labeled DNA (merged image magenta). The
cells are stained for filamentous actin with Phalloidin-Atto 488 (merged image green) and nucleus with BOBO-1 (merged image cyan). Images were
taken at 40x magnification and evaluated with Image). The bar represents 50 um. Images are given as single channels and merged. The provided image
is an optical cross section taken by CLSM analysis. An additional optical cross section at lower z-value near the PEMs surface is given in Figure S5,

Supporting Information.

3.4.3. Osteogenic Differentiation of Mesenchymal Stem Cells on
BMP-2-Gene Activated LPX-Loaded PEMs

In this section, the transfection-active surface coating
[Cs/Col],Cs/LPX/Cs/Col was loaded with LPX with complex
BMP-2-encoding DNA. Potentially, successful BMP-2 expression
can lead to autocrine or paracrine BMP-2 effects by transfected
cells. Gene expression analysis of specific osteoblast markers
was performed by mRNA quantification. The expression of five
osteogenesis-related genes (RunX-2, BMP-2, ALP, Col1Al and
Noggin) was quantified by RT-qPCR 28 days after hADSCs were
seeded on [Cs/Col],Cs/LPX/Cs/Col (Figure 11). As medium for
the experiments, we have chosen OM, which contained essential
components for osteogenic differentiation: f-Gly serves as a
source of phosphate in hydroxyapatite structures, Dex has an
enhancing stimulus on BMP-2 effect, and ASC is an enhancer
of collagen type 1 secretion.l®>#*] The following controls where
chosen: cells cultured in BM on surfaces without PEM coating

Adv. Healthcare Mater. 2022, 2201978 2201978 (15 of 20)

were used as negative control due to the absence of inductors
for osteogenic differentiation (Figure 11, non-coated; BM). As
positive control, hADSCs were cultured on surfaces without
PEM coating using the StemPro Osteogenic-Differentiation Kit
provided by the supplier of the stem cells (Figure 11, non-coated;
StemPro). StemPro has an optimized mix of supplements and
cytokines to reliably induce differentiation to osteocytes. As
further necessary control, hADSCs in OM growing on [Cs/Col],
in the absence of LPX were examined because of two reasons:
1) we know from our previous work that PEMs composed of
ECM components can also trigger differentiation and want to
estimate that effect’**>*%’ and 2) due to the possibility to trigger
osteogenic differentiation by Dex of the OM.[**] Nevertheless,
as biogenic glucocorticoids exert profound effects on bone and
are essential for human osteoblast differentiation, we decided to
keep Dex in the OM. The presence of BMP-2 in Dex containing
OM has enhancing effects on the osteogenic differentiation of
stem cells.[%]
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Figure 10. Transfection efficiency of the three examined PEMs sequences: [Cs/Col],Cs/LPX, [Cs/Col]4,Cs/LPX/Cs/Col, and [Cs/Col]s (LPXin supernatant).
A) Transfection efficiency as fraction of GFP positive cells at 24 and 48 h after beginning of cell incubation. Error bars represent means + SD (n = 3),
statistically significant differences using one-way ANOVA followed by Scheffé post hoc test, a = 0.05, with a p-value < 0.05. B) Representative flow
cytometry dot plots representing sight scatter of cell light scattering (SSC) and the fluorescence intensity in the GFP-sensitive channel (GFP-A) of
hADSCs seeded on [Cs/Col]g (LPX in supernatant), [Cs/Col],Cs/LPX, and [Cs/Col],Cs/LPX/Cs/Col. Green color corresponds to GFP positive cells with
a higher fluorescence signal compared to the auto fluorescence of cells, and red color to the GFP- negative cells. The negative control of cells growing
on [Cs/Col]g in the absence of LPX is presented in Figure S6, Supporting Information.

cessful transfection and expression of the encoded gene in the
DNA-activated PEMs. The positive control (non-coated; Stem-
Pro) also showed a 5-fold increased BMP-2 expression but sig-

Analysis of the expression level of the mentioned osteogenic
markers demonstrated that cells grown on BMP-2 gene-activated
[Cs/Col],Cs/LPX/Cs/Col exhibited enhanced expression of all

osteo-specific genes compared to the negative control (Figure 11).
For BMP-2, [Cs/Col],Cs/LPX/Cs/Col showed a clearly increased
expression by 15-fold. This observation demonstrated the suc-

nificantly lower compared to the [Cs/Col],Cs/LPX/Cs/Col mul-
tilayer. Osteogenic differentiation can also be associated with in-
creased BMP-2 expression, which accelerates the differentiation

2201978 (16 of 20) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 11. RT-qPCR analysis of representative osteogenic markers: BMP-2, ALP, Col1A1, Noggin, and RunX2. The results represent the gene expression at
day 28 of the osteogenic differentiation experiments. For the BMP-2 gene activated PEMs [Cs/Col],Cs/LPX/Cs/Col hADSCs were seeded on the multilayer
in OM, containing f-Gly, Dex, and ASC but no BMP-2 or other cytokines). Multilayer film control without LPX hADSCs was grown on [Cs/Col]s in OM as

medium to check for differentiation triggered by the two ECM components.

For positive control, cells grew on non-coated wells and were treated with

StemPro osteogenic-differentiation Kit from Thermo Fisher Scientific, containing supplements and cytokines for efficient osteogenic differentiation of
hADSCs (non-coated; StemPro). For negative control, hADSCs grew on non-coated wells and were treated with BM (non-coated; BM). Results represent
means + SD, with n = 3; statistically significant differences using one-way ANOVA followed by Scheffé post hoc test, a = 0.05, with a p-value < 0.05.

process.®) The LPX-free PEM control film ([Cs/Col];; OM)
showed no significant difference to the negative control (non-
coated; BM) for the BMP-2 expression. As an antagonist of
BMP-2, we investigated the expression of the osteogenic marker
Noggin.*’] Noggin was significantly upregulated for the posi-
tive control (non-coated; StemPro), and the transfection system
[Cs/Col],Cs/LPX/Cs/Col also showed an increased expression of
this marker (Figure 11). This was significantly higher for the pos-
itive control; although, the BMP-2 expression was significantly
lower compared to the BMP-2 gene-activated PEM. It is known
from literature that Noggin has a biphasic dose-dependent ex-
pression, and it has been reported that at lower BMP-2 concen-
trations (0.01 to 1pg mL™"), Noggin induction is enhanced. By
contrast, induction of Noggin is diminished when BMP-2 con-
centrations are shifted from 1 to 50 ug mL~".%] This behavior
could explain why the positive control has a lower BMP-2 ex-
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pression but more than twice as much Noggin expression as
cells growing on the [Cs/Col],Cs/LPX/Cs/Col multilayer. Never-
theless, this explanation remains speculative because the BMP-2
amount in our experiments was not quantified, a focus of on-
going research. The third marker, RunX2, is one of the most
important transcription factors, which is especially important in
the early phase of osteogenic differentiation as it is upregulated
in pre-osteoblasts and downregulated in mature osteoblasts./®’!
For the sample [Cs/Col],Cs/LPX/Cs/Col and the positive con-
trol, RunX2 is upregulated. The BMP-2 gene-activated PEM has
significantly higher RunX2 values compared to all controls (Fig-
ure 11). The same expression pattern is found for ALP (Fig-
ure 11), which is needed to generate phosphate ions from nat-
ural sources for the hydroxyapatite matrix of bone tissues. The
significantly highest ALP expression is found in cells growing
on the [Cs/Col],Cs/LPX/Cs/Col. The last screened marker was
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Col1A1 because expression of the Col1A1 gene occurs mainly
during the shift from early to mature stages of osteoblast mat-
uration, when the osteoblasts start building the ECM./*") The
[Cs/Col],Cs/LPX/Cs/Col, the positive control (non-coated; Stem-
Pro), and the LPX-free PEMs reference ([Cs/Col];; OM) show a
significantly increased Col1A1 expression compared to the neg-
ative control (non-coated; BM) (Figure 11). That result can be ex-
pected for the [Cs/Col],Cs/LPX/Cs/Col and the positive control
because the other osteogenic markers are also increased in the ex-
pression analysis. For the LPX-free [Cs/Col] reference, Col1A1 is
the only marker screened in this study which has statistically sig-
nificant increase compared to the negative control (non-coated;
BM). A closer look to the results for BMP-2, RunX2, and ALP
expression of cells on LPX-free PEMs ([Cs/Col],;; OM) shows
a slight but non-significant increase of gene expression com-
pared to the negative control (non-coated; BM). It is known from
previous research that Col/Cs PEMs can promote osteogenic
differentiation,™”! which was why we have chosen these compos-
ites as main component for the DNA-activated PEM. Neverthe-
less, these studies demonstrated the additive effect of the ECM
mimicking PEMs in combination with the in situ BMP-2 trans-
fection.

To further evaluate osteogenic differentiation, all samples were
tested for mineralization (Figure 12). At the final stage of os-
teoblast differentiation, the formation of mineralized nodules
was a crucial phenomenon that indicates the maturation of os-
teoblasts. To evaluate this, Alizarin red staining was used to
screen the degree of mineralization by visualizing calcium nod-
ules after 24 days (stained red spots). Cells cultured on BMP-
2 gene activated [Cs/Col],Cs/LPX/Cs/Col and positive control
(non-coated, StemPro) developed large Alizarin positive nod-
ules, a strong indication of hADSC undergoing osteogenesis.
The poor performance of mineral nodules for hADSCs grow-
ing on [Cs/Col], in OM may result from the lack of BMP-2,
again demonstrating the enhancing effect of in situ BMP-2 trans-
fection. As the bone ECMcontains hydroxyapatite, a phosphate
mineral with the composition Ca,,(PO,),(OH),, a method for a
mineral-specific staining provides more information than non-
specific Alizarin staining. Osteolmage™, a commercially avail-
able hydroxyapatite specific fluorescence dye, was used to screen
for these osteo-specific mineral deposition. The images from
this staining confirm the results from alizarin red staining (Fig-
ure 12). Both the positive control (non-coated, StemPro) and
the BMP-2 gene activated [Cs/Col],Cs/LPX/Cs/Col show pro-
nounced hydroxyapatite structures after 24 days, which are ab-
sent in the negative control (non-coated, BM) and for hADSCs
on [Cs/Col], in OM. Concluding, the data from RT-qPCR are
supported by these staining for the inorganic ECM components
of bone tissue. The BMP-2 gene-activated PEM can induce os-
teogenic differentiation of hADSCs comparable to the positive
control.

4. Conclusion

The main goal of this work was to develop a novel gene-
functionalized ECM-mimicking multilayered thin film for im-
plants coating. We demonstrated that it is possible to entrap LPX
into PEMs composed of the bone ECM components Cs and Col
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Figure 12. Histochemical (Alizarin) and fluorescence (Osteolmage) stain-
ing for inorganic bone matrix at day 24 of the differentiation experiment.
The alizarin staining appears for calcium structures red, while Osteolm-
age fluorescently stains hydroxyapatite with high specificity for CLSM in-
vestigation (here shown in green). To prove osteogenic differentiation
with the developed PEMs, hADSCs were seeded on BMP-2 gene-activated
[Cs/Col],Cs/LPX/Cs/Col in OM. PEMs without LPX was investigated with
cells growing on [Cs/Col]g in OM. For positive control, cells grew on non-
coated wells using the StemPro osteogenic-differentiation Kit to induce os-
teogenic differentiation. For negative control, hADSCs grew on non-coated
wells using BM. Micrographs were taken for Alizarin staining at 10X mag-
nification (bar represents 150 um) and for Osteolmage staining at 40x
magnification (bar represents 50 pm).

‘

[Cs/Col]g;

oM

to engineer a nanoparticle functionalized thin film surface coat-
ing. The affinity of stem cells to the surface coating was proven as
well as its ability of contact triggered transfection of cells growing
on the gene-activated PEMs, triggering their differentiation into
the osteogenic lineage. The transfection activity allows an in situ
cytokine production which is spatially and temporally restricted
due to the contact triggered transfection of cells with a non-viral
gene delivery system, which only allows episomal gene uptake
in cells resulting in a transient genetic modification. Hence, this
PEM system is promising for clinical application as implant coat-
ing for bone tissue regeneration due to its camouflaging effect by
mimicking bone ECM, providing an effective biological niche for
osteogenic cell differentiation. The presented PEM-LPX system
can also be used as an mRNA delivery system because mRNA
also allows transient protein expression with promising opportu-
nities for regenerative medicine.'”! Therefore, this system is of
high interest to develop novel alternatives for implant coating for
future in vivo use in bone tissue regeneration and in other tissue
engineering applications.
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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 gPCR. 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 PEMSs.
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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