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ABSTRACT

THE EFFECT OF BONE SURFACE MIMICKED
MAGNETIC PARTICLE EMBEDDED PDMS MEMBRANES

ON HUMAN OSTEOBLAST BEHAVIOR

Cell microenvironment can be defined as all biophysical, biochemical, biome-

chanical properties that affect cell behaviour and cell fate. These factors include surface

topography, roughness, stiffness along with the extracellular matrix (ECM) and pres-

ence of other soluble factors. Changes in the microenvironment are directly or indirectly

converted into signalling pathways inside the cell and affect cellular metabolism. In this

thesis, effects of surface topography and surface chemistry were investigated by synthe-

sizing magnetic particle embedded (MP) (0.5% w/w) bone surface mimicked (BSM)

polydimetylsiloxane (PDMS) membranes on osteoblast behavior. Bone tissue microen-

vironment were imitated by chemically modifying membrane surfaces with extracellular

matrix proteins Fibronectin and Collagen-I. Human fetal osteoblast cells (hFOB) were

seeded on these magnetic particle embedded bone surface mimicked scaffolds in order

to observe potential differences in osteoblast behavior. Material characterization for

all membranes were done using Water Contact Angle (WCA) measurements, Vibrat-

ing Sample Magnetometry (VSM), Fourier Transform Infrared Spectroscopy (FTIR),

Scanning Electron Microscopy (SEM), and Transmission Electron Microscopy (TEM).

Cellular behaviour on these membranes were investigated using alamarBlue cell prolif-

eration assay, indirect MTT assay, actin and nuclear fluorescent stainings. Results of

these study indicated that the protein modifications and surface topography resulted

from bone surface pattern transfer to membrane surfaces have increased osteoblast ad-

hesion and proliferation. Cell morphologies were natural and consistent with previous

findings but further experimentations are required to understand possible effects of em-

bedded magnetic particles (Fe3O4) on mechanotransductive and intracellular signalling

pathways.

Keywords: PDMS, Bone Surface Mimicking, Magnetic Particle, Protein Modification.
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ÖZET

MANYETİK PARTİKÜL İÇEREN KEMİK YÜZEY
TAKLİTLİ PDMS MEMBRANLARIN İNSAN OSTEOBLAST

HÜCRESİ DAVRANIŞLARINA ETKİSİ

Hücre mikroçevresi, hücre davranışlarına ve hücre metabolizmasına etki eden

biyofiziksel, biyokimyasal ve biyomekanik özelliklerin tümü olarak tanımlanabilir. Bu

özellikler, yüzeylerin topografyası, pürüzlülüğü ve sertliğinin yanı sıra hücre dışı ma-

tris ve çeşitli çözülebilir faktörleri içermektedir. Hücre mikroçevresi üzerindeki değişik-

likler doğrudan ya da dolaylı olarak hücre içerisindeki çeşitli sinyal yolağlarını akti-

fleştirerek hücre metabolizmasını etkilemektedir. Bu tezde, manyetik partikül gömülü

(ağırlığınca %0.5) kemik yüzey taklitli polidimetilsiloksan yüzeylerin hücre metabo-

lizması ve davranışları üzerindeki etkileri incelenmiştir. Kemik dokusu mikroçevresi,

kemik yüzey taklitli membran yüzeylerinin hücre dışı matris proteinleri olan Fibronek-

tin ve Kollajen-I ile kimyasal olarak modifiye edilmesi ile taklit edilmiştir. Hücre

metabolizması üzerindeki olası etkilerin gözlemlenmesi için insan osteoblast hücreleri

bu manyetik partikül gömülü kemik yüzey taklitli membranların üzerine ekilmiştir.

PDMS membranların malzeme karakterizasyonları için su temas açısı, Titreşimli Örnek

Manyetometresi, Fourier transform kızılötesi spektrometresi, Taramalı Elektron Mikroskobu

ve Transmisyon Elektron Mikroskobu kullanılmıştır. Hücre davranışlarının gözlem-

lenmesi için alamarBlue hücre proliferasyon tayini, indirekt MTT sitotoksisite tayini

ve aktin hücre iskeleti ve çekirdek boyamaları gerçekleştirilmiştir. Çalışma sonuçları

göstermektedir ki, protein modifikasyonu ve kemik yüzey dokusunun membran yüzey-

lerine transferinden kaynaklı artış gösteren pürüzlülük, osteoblast hücre tutunması ve

proliferasyonu arttırmıştır. Hücre morfolojilerinin doğal olduğu gözlemlenmiş ancak

manyetik partiküllerin mekanotransdüktif ve hücre içi sinyal yolağları üzerinde olası

etkilerinin gözlemlenmesi için daha fazla çalışma yapılması gerekmektedir.

Anahtar Sözcükler: PDMS, Kemik Yüzey Taklidi, Manyetik Partikül, Protein Mod-

ifikasyonu.
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1. INTRODUCTION

1.1 Motivation

Bone regeneration is a physiological process of bone formation involves complex

and well-organized pathways. These processes take place constantly throughout adult

life and can be observed during fracture healing. In the case of more complex circum-

stances where greater quantities of bone regeneration is necessary for healing different

strategies has to be followed to assist and further augment these healing processes via

bone grafting, use of growth factors and using biocompatible scaffolds. Most com-

monly performed procedure to overcome severe bone related disorders is bone grafting

and its gold standard is autologous bone usage. Autologous bone grafting satisfies all

prerequisites such as presence of BMPs, osteoprogenitor cells to trigger osteogenesis

and a scaffold to initiate osteoconduction, but it requires extra surgical operations

with substantial costs and patient discomfort. An other option for bone grafting is

allogeneic grafting which bypasses gathering of bone tissue from patient and enables

to find an appropriate alternative from a cadaver or from another person [1]. Xeno-

geneic grafts, which means a tissue taken from another species, can also be used but

allogeneic and xenogeneic grafts have underlying limitations such as immunogenic re-

sponses, infection, and pathogen transmission risks on transplanted patient [2]. These

circumstances made researchers to lean towards to the use of biocompatible and pos-

sibly biodegradable materials, which can bypass these problems and also be designed

uniquely for every patient. Healing of a damaged area can be augmented and sup-

ported externally using different types of biomaterials, designed to interact with cells

in their natural environment, using biomimetic and bioinspired approaches.

Cell microenvironment is defined as biochemical and biophysical factors that

have an effect on the cell behaviour. Extracellular matrix (ECM), other neighbouring

cell types, bioactive agents and hormones, surface topography and mechanical forces

can be collectively taken as cellular microenvironment [3]. Physical cell interaction with
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this microenvironment is now known through several factors that have been detected,

such as stiffness, porosity and surface roughness which directly effects focal adhesions

of cells onto these surfaces [4].

Mechanotransduction can be explained as an emergent biological response from

a cell, upon a physical stimilus. These mechanotransductive pathways are triggered

through mechanosensitive molecules and proteins inside the cell such as integrins, ion

channels and growth factor receptors. Main source of cellular mechanotransduction

happens on the cell membrane where the cells are in direct contact with their ECM

through focal adhesions. These focal adhesions are continuously formed by integrins

and they are regimented according to the ECM protein composition, such as fibronectin,

collagens and laminins [5]. Sensitivity of cells to their topographical environment af-

fect different cell adhesion and gene expression behavior as surface properties change

in a physical level [6]. Bone surface topography does not have ordered symmetries

and its randomized pattern is crucial for osteoprogenitor cells to show osteospecific

differentiation patterns [7]. Apart from topography biochemical composition of bone

surface is also crucial for bone formation. Natural bone extra cellular matrix (ECM)

consists collagen, several growth factors, hydroxyapatite (found in bone matrix) and

proteoglycans. There are several methods to combine these physical and chemical

properties such as modification of polymers using biochemical molecules, extracting

readily formed ECM components from decellularized tissue and combining them with

polymeric carriers, or static culturing on porous scaffolds to generate ECM coating [8].

Polydimethylsiloxane (PDMS) is a silicon based organic polymer. PDMS has

high degrees of biocompatibility and biostability, making the polymer suitable for long

term implantations [9]. This material is widely used in various fields due to its non-

toxicity, optical transparency, chemical inertness [10], adjustable stiffness and its ability

to be used in soft lithography [11] and its chemically modifiable surface using various

methods [12]. With pattern transfer resolutions in sub-15 nm range [13], PDMS is

a great candidate to be used as a bone surface topography mimicking membrane on

in vitro cell culture studies. On the other hand, PDMS is chemically modifiable with

proteins using various methods such as O2 plasma, UV/ozone treatments and Corona
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discharge [12].

Magnetic nanoparticle embedded scaffolds, along with externally applied mag-

netic fields, increased osteoblastic functionality. It is thought to be related to effects

of static magnetic fields (SMFs) with integrins and and BMP-mediated signaling path-

ways [14].

PDMS is selected as a model surface and the membrane polymer because of its

ability to mimic surface properties with nanometer precision via soft lithography. More-

over, it is chemically modifiable with ECM proteins such as Fibronectin and Collagen-I.

Both bone surface mimicked surface topography and protein modifications were done

in order to contribute to physical and chemical osteoblastic cell microenvironment. Ef-

fects of Fe3O4 magnetic particles embedded into PDMS membranes is also added to

the study in order to investigate their effect on cellular behaviour and mechanotrans-

duction.

1.2 Objective

Main goal of this study was to investigate the effects of bone surface topography

and surface modification on osteoblastic cell behaviour, using PDMS soft lithography

techniques to develop bone surface mimicked PDMS membranes. To further investigate

osteoblastic behavior under weak magnetic fields, magnetic particles were embedded

homogeneously inside the membranes using different concentrations. Main objectives

of this study were;

• Transferring bone surface topography patterns to PDMS membranes using a soft

lithography approaches.

• Synthesizing and homogeneous dispersion of Fe3O4 magnetic particles inside

PDMS membranes.
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• Modification of surfaces with bone matrix proteins, namely Fibronectin and type

I Collagen.

• Investigation of change in material characteristics and osteoblast cell behaviour

with different membrane surface topographies, surface protein modification and

under Fe3O4 magnetic particle presence.

1.3 Outline

This thesis is presented as chapters in the order of; Background Information

about bone structure and biology along with the information of materials used in

this work, Materials and Methods presenting experimental procedures, Results and

lastly Discussion where all data collected from experiments are analyzed, discussed

and compared to the literature.
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2. BACKGROUND

2.1 Bone structure

Bones of the skeleton support the body structure, allowing movement and mo-

tion by acting as levers for the muscles, protecting organs, helps regulation of mineral

homeostasis and acid/base balance, serving as a supply of growth factors and cytokines

and provide the environment for production, development and differentiation of various

types of blood cells within the bone marrow [15].

From a morphological point of view bone can be defined either as trabecular

or as cortical. Cortical compartment of bone structure fills up approximately 80% of

the total bone mass. Vascular channels present inside this region inhabit 30% of this

volume. Ratio of volume to surface is relatively higher compared to trabecular region.

In the trabecular compartment 20% of the volume is composed of bone and rest of the

space is filled with marrow and fat. Trabecular bone is more related with metabolic

activities than cortical bone, which generally yields substantial mechanical strength

[16], [17].

Trabecular bone tissue is a porous sponge-like structure, composed of soft and

hard portions. They can be located at the interior parts of long bones and in the verte-

brates. Hard trabecular bone mesh forms a firm structure with relatively high ductility

compared to its surrounding sub-tissue, provides the framework needed for the bone

marrow. In a microscopic scale, optimization of load transfer is achieved across this

trabecular framework due to its properly organized structure. Mechanical properties

of trabecular bone tissue is determined by its degree of mineralization, framework of

trabecular struts and plates and collagen content present in this tissue [18].

As mentioned above, cortical bone constitutes approximately 80% of the total

mass in the entire bone structure. Low porosity and high matrix mass per unit volume
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ratio allows cortical bone to have great compressive strength, therefore; conspicuously

support the mechanical role of bone. Trabecular part of the bone is enclosed by a

relatively thinner cortical shell. Long bone structure constitutes from two ends of

the bone (epiphysis) and cylindrical body (diaphysis). Tubular design arranges bone

minerals away from the bending axes and increases bending resistance without an

incidental increase in total bone mass. Rigidity provided by cortical bone allows weight

load and muscular action, whereas trabecular enclosing provides porous and lightweight

framework for energy efficiency during motion [19].

Periosteum is a tissue surrounding the cortical bone and consists of two distinct

layers, an outer fibrous layer and an inner cambium layer with osteoblast like cells.

This tissue covers majority of bones present inside the body except their joints and

sesamoid bones. Formation of the bone takes place in two processes called membra-

nous and endochronal ossification [20]. Outer layer of periosteum contains compact

collagen fibers, fibroblasts and their progenitor cells whereas inner layer contains os-

teoblasts and osteoprogenitor cells [21]. Overall process is named skeletogenesis, and it

starts with moving of mesenchymal stem cells from embryonic lineages to areas where

bones would be formed. Cell densities present in those areas thought to determine

the shapes and sizes of these bones. From condensed cellular clusters, mesenchymal

stem cells differentiate into osteoblasts or chondrocytes to from cartilage (endochondal

formation) or bone tissue (intramembranous formation), respectively [22]. Periosteum

is a connective tissue located in the interfaces between bones and neighboring tissues

and it is a source of progenitor cells to assist bone tissue repair and shown to accel-

erate healing processes of these tissues. Its inner layer is directs in contact with the

bones and characterized by the shapes of osteoblasts organized in rows. Osteoblasts

and preosteoblasts found inside inner periosteum secretes osteoblast-specific factor-2

as an ECM protein and thought to be a parameter of cell adhesion on these surfaces

[23].
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Figure 2.1 Layers of periosteum [21].

Figure 2.2 Macroscopic anatomy of bone [19].
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2.2 Biology of Bone

Cellular composition of the bone includes osteoblasts, osteocytes, bone lining

cells, and osteoclasts. Osteoblasts are the cells derive from mesenchymal stem cells

and responsible for formation of new bone inside the body. Osteoblasts synthesize the

extracellular matrix with different types of proteins with most abundant being fibrous

Col-I. Bone extracellular matrix contains several growth factors such as TGFβ, BMPs,

insulin like and platelet derived growth factors [24]. These cells also regulates mineral-

ization of ECM by secretion of membrane bound vesicles that concentrate calcium and

phosphate and dispatch mineralization inhibitors in the surrounding area. Osteoblasts

differentiate into osteocytes with an extended canalized network linking them to the

other types of cells present in the bone tissue, such as bone lining cells, osteoblasts and

osteocytes, by becoming enclosed in its ECM [15]. Interestingly osteoblasts are also

responsible for regulating bone resorption, even though osteoclasts are cells involved

in the resorption process, due their receptors for well-known bone resorbing hormones

PTH and 1,25(OH)2-vitamin D3 [24].

Osteocytes are the cells differentiated from osteoblasts buried within the self

created bone matrix. They are the main sensor, integrator and transducer of the skele-

ton. Along with the other cell types present inside the bone, osteoblasts, osteoclasts

and bone lining cells, they are also responsible for the growth, maintenance and healing

of the bone. Osteocytes contact other osteoblasts, bone marrow, and other osteocytes

through tubular canaliculi via their dendrites and they constitute the living network

within the mineralized matrix. To increase adaptation to the environment these cells

across the bone are organized in a three dimensional way and form the bone membrane

and cell matrix interface [25]. They reside inside the lacunae under the mineralized

bone matrix. Network formed by these cells is called lacunocanacular network and it

is the main path to provide nutrients and oxygen to maintain viability [26].

Osteocytes are distributed inside the bone membrane ideally to sense mechanical

loads applied onto the bone [18]. Their mechanosensitive function is established due to

their location inside the matrix. Shape and spatial composition of these cells express



9

Figure 2.3 Osteogenic pathways of mesenchymal stem cell differentiation [27].

biochemical signals upon mechanical stimulus. There are two proposed explanations

of this mechanotransductive pathway. One of them is expression of proteins upon

stimulus said to be important to maintain mechanotransductive signalling and bone

formation, PolyCystins 1 and 2. The other proposed pathways is producing secondary

messengers after stimulation such as ATP, Nitric Oxide (NO), Ca2+ and prostaglandins.

Regardless of the pathway, mechanotransductive functionality is possibly made possible

by the canalicular network [28].

2.3 Cellular Microenvironment

Cell microenvironment can be defined as the biochemical, biophysical and biome-

chanical factors that affect cell behavior. These effects include ECM, other neighboring

cells, hormones, cytokines and similar chemical factors, surface topography and me-

chanical forces acting upon cells [3]. This microenvironment plays crucial roles migra-
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tion, proliferation, differentiation and apoptosis [29]. Cell microenvironment changes

depending on the cell function and location. For example, cellular microenvironment

for stem cells might dictate whether if the cell differentiates, proliferates or dies ac-

cording to the soluble factors effecting intracellular pathways [30].

However, recreating this microenvironment proves to be challenging due to the

numerous factors in play such as mechanical stimuli that are generated on the cell from

atmospheric pressure, 3D nature of natural cell microenvironments present compared

to usual 2D environment of in vitro studies. Especially for bone microenvironment

mimicking, mechanical factors such as stiffness and porosity is hard to replicate [31].

It should be also remembered that the natural microenvironment constantly changes

and an exact replication remains challenging.

2.4 Biomaterials used in Bone Regeneration Applications

Biomaterials being used in bone regenerative medicine can be classified under

three main types, natural polymers, synthetic polymers and inorganic materials. Each

subtype of these materials (Metals, bioceramics, natural and synthetic polymers etc.)

have their advantages and disadvantages [32]. Metallic biomaterials are commonly

used in bone healing treatments and research are Titanium (Ti) and Tantalum (Ta)

and their alloys due to their great mechanical properties and porous structure allowing

cell growth [33]. Ceramics are used as a biomaterial to develop 3D scaffolds from various

materials such as hydroxyapatite and tricalcium phosphate. They are inorganic compo-

nents of the bone tissue and also release calcium ions while degrading. These materials

are biocompatible and also osteoinductive; therefore, they are used in various bone tis-

sue engineering studies as well [34]. Some polymers are widely used as membranes in

bone tissue related research due to their wide range of properties and biocompatibility.

Naturally available polymers such as starch and alginate or proteins such as collagen

and silk are degradable and biocompatible [35]. Synthetic polymers such as poly(lactic

acid) (PLA), poly(glycolic acid) (PGA) and their combination poly(lactic-co-glycolic

acid) (PLGA) are also being used as membranes in bone regeneration research. They
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are FDA approved, have controllable degradation rates are easily produced [36].

All these materials have their disadvantages as well such as metals are not

biodegradable and may corrode to present toxicity. Ceramics have a better range

of mechanical properties but they are brittle and they may fracture. Polymers have

their controllable degradation properties but they usually lack necessary mechanical

strength to be used in applications for bone tissue [37]. Therefore, there is no perfect

biomaterial in every aspect and one should pick the most suitable material and modify

its properties for the field of study.

2.5 Properties of Polydimethylsiloxane (PDMS)

Polydimethylsiloxane (PDMS) is a relatively inexpensive material with adjustable

mechanical properties, gas permeability, little auto fluorescence, ability to be used in

soft lithography applications and nano-scale pattern mimicking precision [38]. It is a

strong, flexible and elastically deformable ductile material with a wide range of use

in fields like making valves and pumps, microfluidics and in biological studies [39].

Any desired design of a micro-structure can be transferred onto the PDMS structures

using CAD softwares by printed that desired design transparencies. These transparen-

cies are then used as photomasks and transferred onto silicon wafers using UV-photo-

lithography, creating a silicon wafer master mold. These molds can be used afterwards

to transfer the patterns onto PDMS structures using soft lithography [40].

Furthermore, PDMS is transparent and bio-compatible. Along with its gas

permeability, and adjustable stiffness, PDMSmembranes are widely used on cell biology

studies [41]. One major downside of PDMS is its hydrophobic nature (Water contact

angle >100◦) [39]. To overcome this effect methods such as oxygen plasma treatment

to create hydroxyl groups on the polymer surface [42], UV/ozone treatment to break

methyl groups on backbone structure of PDMS and replace them with silanol groups

[43], and using corona discharges to creation of hydroxyl groups [44]. Even though these

methods decrease surface water contact angle, they are not permanent and structure
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retains its hydrophobicity due to hydrophobic recovery [45]. Several methods of post

treatments after surface activation have been reported to preserve hydrophilicity of the

PDMS structure, such as PEG and HEMA grafting of PDMS surfaces aiming to lower

zeta potentials of structure and retaining surface hydrophilicity [46]. Another study

have shown that PDMS surface grafting using various materials such as acrylic acid,

acrylamide, dimethylacrylamide, 2-hydroxylethyl acrylate, and poly(ethylene glycol)-

monomethoxyl acrylate have been successfully grafted onto PDMS surface after UV

exposure and decreased surface hydrophobicity [47], allowing its use in different areas

such as in microfluidic devices and cell culturing experiments. Other methods to modify

PDMS surfaces after surface activation include chemical vapor deposition, silanization,

grafting-to and -from methods to attach functionalized polymer chains onto reactive

sites and initiating polymerization on the surface, respectively [12].

2.6 Effects of magnetism on cell metabolism

Natural geomagnetic field is between 20-70 µT over the Earth surface and living

organisms are constantly being affected from this magnetic field. It is implicated that

some animal species even migrate according to fluctuation of this magnetic fields [48].

Static Magnetic Fields (SMF) are a type of magnetic field usually generated from

metals with magnetic properties. They are non-invasive, not being generated from a

device powered with electricity. They also do not cause any change in temperature

or any electrical hazard on the target tissue [49]. Application of magnetic fields are

readily being used in various bone related diseases or dysfunctionalities such as fracture

healing, spinal fusion, osteoarthritis and wound healing.

Generally, effects of these magnetic fields are closely related to the type of cell

line. It was reported that cell proliferation stood unaffected for 21 days up under

magnetic fields up to 1.5T for the human fetal lung fibroblasts [50]. Another study

suggests that human skin fibroblasts change their morphology under 0.2 T magnetic

fields, thought to be related to charged sugar residues modify on cytoskeleton arrange-

ment under 0.2 T magnetic field, but their proliferation potential didn’t change [51].
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Effects of magnetic fields on osteoblastic cell behaviour had been studied and

observed over past decade. These effects include, an increased rate of osteoblast prolif-

eration using pulsed electromagnetic fields (PEMF) [52], promotion of osteoblast dif-

ferentiation using electrostatic field induction devices (EFID) [53], increase in alkaline

phosphatase secretion and a change in Col-I and FN expressions under large-gradient

high magnetic fields [54]. Also an increase in osteocalcin up until day 3 was reported

under static magnetic field exposure for an hour each day but this effect was reversed

after day 7. In addition to this, continuous exposure resulted in a decrease in osteo-

calcin secretion. Quantitative PCR results have also shown that osteoblastic markers

were unaffected from applied magnetic fields and cell morphologies haven’t been ef-

fected [55]. It can be concluded that there are alterations in cell biology under applied

magnetic fields but there isn’t a definitive conclusion and more studies should be made

for better understanding of these possible effects.
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3. MATERIALS AND METHODS

3.1 Bone Xenograft Cleaning

Bone pattern used in this study was obtained from bovine femur. Bovine fe-

mur bone was purchased from a local butcher and chemically cleaned using xenograft

cleaning process [56]. Bone chips were obtained by cutting bovine femur using a bone

saw and placed inside absolute ethanol for 30 minutes and transferred into a 10% NaCl

solution for 24h with first and last 20 minutes inside an ultrasonic bath to remove cells

and tissue remaining on the bone surface. Bone chips were then placed inside acetone

for 20 minutes to remove lipids and possible residues from surface. To remove immuno-

logic structures and inactivate prions, bone chips were immersed into 3% H2O2, 2 M

NaOH and acetone for 72 h, 2 h, and 144 h respectively. Chemically cleaned bone

chips were left to dry overnight and used in soft lithography. Schematic showing the

cleaning process with details are given in Figure 3.1.

Figure 3.1 Schematic of xenograft bone cleaning process.
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3.2 Magnetic particle synthesis

Magnetic particles used in this study were synthesized using co-precipitation

method (Figure 3.2). 125 mL of 1.5 M NaOH solution was prepared and placed inside a

container. Reactive solution was prepared by combining iron (Fe) salts by adding 0.6627

g FeCl24H2O, 1.083 g FeCl36H2O, 3.4 mL 12.1 M HCl and 80 mL dH2O together and

stirring until salts were dissolved solution color turned to yellow. Under constant N2

atmosphere and mixing at 1200rpm, salt solution was added to reaction chamber drop-

wise at 80 ◦C. After entire acidic salt solution was added, mixture was left to stir for 20

minutes. Synthesized magnetites (Fe3O4) were precipitated using a neodymium magnet

and supernatant was removed. Magnetites were suspensed with 0.01M HCl inside

microcentrifuge tubes and centrifuged at 14000 rpm for 15 minutes twice. Magnetites

were then resuspended with dH2O. Suspensions were dried at 50 ◦C overnight on a

glass petri dish and scraped after drying.

Figure 3.2 Schematic of magnetic particle synthesis.
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3.3 Production of PDMS Membranes

3.3.1 Preperation of plain PDMS membranes

PDMS membranes were prepared by mixing silicon elastomer and curing agent

with a 10:1 ratio (w/w) (Sylgard 184, Dow Corning, US). This mixture was degassed

inside a vacuum chamber until air bubbles were completely removed and poured onto

a glass surface and heat cured at 70 ◦C for 4 hours. Cured PDMS was peeled off and

cut according to desired size and shapes. Preparation of magnetic particle embedded

PDMS membranes (mp-PDMS): Magnetic particles (Fe3O4) were added into curing

agent and homogenized using a digital homogenizer (Omni Ruptor 4000, Omni Inter-

national, US) for 20 minutes inside an ice bath to avoid heating of curing agent. This

mixture was mixed with silicon elastomer 10 times the weight of curing agent used in

magnetic particle dispersion to obtain 10:1 ratio (w/w) and stirred vigorously for 5 min-

utes. PDMS prepolymer containing magnetic particles was degassed inside a vacuum

chamber until air bubbles were removed completely and poured onto a glass surface

and heat cured at 70 ◦C for 4 hours. Prepared magnetic particle (Fe3O4) embedded

PDMS membranes is given in Figure 3.4.

3.3.2 Preperation of Bone surface mimicked PDMS membranes (BSM

PDMS)

Negative bone surface mimicked PDMS membranes were obtained by trans-

ferring bone surface patterns onto PDMS membranes using soft lithography. These

negative molds were coated with a thickness of 40 nm with gold (Au) using a sput-

ter coater (Polaron SC 7640 Sputter Coater, Quorum Technologies, UK). Gold coated

negative PDMS membranes were immersed into PDMS prepolymer and degassed by

displacing membranes inside prepolymer and degassing repeatedly until all air bubbles

under negative molds were removed. PDMS was cured at 70 ◦C for 4 hours. After

curing process positive patterned PDMS membranes were collected from gold coated

molds by peeling gently. Entire process is visualized in Figure 3.3, and obtained BSM
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PDMS membranes can be seen in Figure 3.5.

Figure 3.3 Preperation of BSM PDMS membranes.

Figure 3.4 PDMS membranes with different concentrations of magnetic particles embedded. (A)
Plain PDMS, (B) 0.5% mpPDMS, (C) 1% mpPDMS, (D) 2% mpPDMS.
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Figure 3.5 PDMS membranes with different approaches of bone surface mimicry. (A) Plain PDMS,
(B)BSM PDMS,(C)BSM PDMS (before optimization).

3.4 Protein Modification

Both Collagen-I and Fibronectin modifications were done as reported previ-

ously [57]. PDMS surfaces were treated with O2 plasma and silanized in 10% (3-

aminopropyl)triethoxysilane (APTES) at 50 ◦C for 2 hours. APTES solution was

removed and membranes were washed twice with dH2O. Membranes were further

crosslinked with 2.5% Gluteraldehyde (GA) solution for an hour. Membranes were

washed twice with dH2O and modified with either 0.5 mg/mL Fibronectin or Collagen-I

overnight at 4 ◦C.

3.5 Material Characterization

3.5.1 Water Contact Angle Measurements (WCA)

Water contact angles of PDMS membranes were measured using was Contact

Angle Measurement Instrument (CAM 100, KSV). Deionized water droplets (10 µL)

were dropped onto different experimental groups and water contact angles were mea-

sured by circle fitting. Water contact angles for PDMS, BSM PDMS, Negative BSM

PDMS, 0.5% mpPDMS, 1% mpPDMS, PDMS+Col-I, PDMS+FN, BSM PDMS+Col-

I, BSM PDMS+FN, 0.5% BSM mpPDMS and 1% BSM mpPDMS were measured.

Protein coated membranes were modified with their respective protein, 24 hours before

measurements.
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3.5.2 Transmission Electron Microscopy (TEM)

Images of synthesized magnetic particles were gathered using TEM (Tecnai G2

20 TWIN, FEI Company, US). LaB6 electron emitter was used and images were taken

at a emission voltage of 200 kV.

3.5.3 Vibrating Sample Magnetometer (VSM)

Magnetic properties of PDMS, 0.5% mpPDMS and 1% mpPDMS membranes

were characterized using vibrating sample magnetometer (S700X SQUID Magnetome-

ter, Cryogenic Limited, UK). Before the measurements, all membranes were magnetized

at room temperature until they became magnetically saturated and their magnetic

curves were obtained.

3.5.4 Investigation of Membrane Topographies

Surface topographies of plain and BSM PDMS membranes were investigated

with SEM imaging (Philips XL30 ESEM-FEG/EDAX). Membranes were sputter coated

with gold (Au) (Polaron SC 7640 Sputter Coater, Quorum Technologies, UK) and im-

aged at 5 kV with 100x and 2500x magnifications.

3.5.5 Atomic Force Microscopy (AFM)

Surface topography profiles along with the values for surface roughness and root

mean roughness of plain PDMS and BSM PDMS were obtained from contact force

modulation mode AFM imaging (AFM-Nanosurf Flex-5) using LFMR and Contscr

probes, respectively.
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3.5.6 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) spectra was obtained to doc-

ument chemical composition of PDMS membranes (Alpha FTIR, Bruker, MA, US).

FTIR absorption spectra for different concentration of magnetic particle embedded

PDMS membranes were presented as Transmittance vs. Wavenumbers. Measure-

ments were taken between 600 cm−1 and 4000 cm−1 for protein characterizations for

PDMS, PDMS+Col-I and PDMS+FN. For material characterizations, measurements

were taken between 500 cm−1 and 4000 cm−1 for PDMS, 0.5% mpPDMS and 1%

mpPDMS.

3.6 Cell culture studies

Human fetal osteoblast was obtained from ATCC (hFOB 1.19 ATCC CRL-11372

Homo sapiens bone) and used between passage numbers 6 and 9. Samples were cultured

with complete DMEM-F12 medium containing 10% FBS 1% antibacterial/antimycotic

solution and 1% L-Glutamine.

3.6.1 Indirect MTT Cytotoxicity assay

To assess possible cytotoxic effects of magnetic particle embedded PDMS mem-

branes, an indirect MTT assay was performed. Magnetic particle embedded PDMS

membranes with different magnetic particle concentrations (0.5% w/w, 1% w/w and

2% w/w) were sterilized with 70% ethanol and UV treated for 30 minutes. Membranes

were washed twice with 1x PBS and placed inside serum free DMEM-F12 (89% v/v)

supplemented with FBS (10% v/v) and antibacterial/antimycotic solution (1% v/v) for

24 hours inside an incubator. Human fetal osteoblast (hFOB 1.19 ATCC CRL-11372

Homo sapiens bone) cell line was cultivated using respective culturing medium with

magnetic particle embedded PDMS membranes prepared. MTT assay was performed

on 48th and 72nd hours by adding 50 µL of 5 mg/mL MTT solution in PBS into each
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well. After 3 hours of incubation, MTT solution was aspirated and 400 µL DMSO was

added to each well and shaked gently to dissolve formazan crystals. Absorbances were

measured with a microplate reader (iMark Microplate Absorbance Reader, BioRAD

Laboratories, CA, US) at 570nm wavelength, with a reference wavelength of 750nm.

3.6.2 alamarBlue cell proliferation assay

2.5 x 104 hFOB human osteoblast cells were seeded on PDMS, mpPDMS, BSM

PDMS and mpPDMS membranes inside a 24-well plate. For the elimination study,

amounts of cells seeded per well was 1.8 x 104 At the days 1, 3 and 7, culturing medium

was aspirated and alamarBlue solution (BioRAD Laboratories, CA, US) was diluted to

1:10 with DMEM-F12 and added onto samples. After 3 hours of incubation, reduced

alamarBlue solutions were transferred into a 96-well plate aseptically and samples were

resuspended with fresh medium. Measurements were taken at 570nm excitation filter

and 600nm emission filter using a microplate reader (iMark Microplate Absorbance

Reader, BioRAD Laboratories, CA, US) and obtained absorption data was analyzed

using manifacturers guidelines.

3.6.3 Flourescent Imaging

Samples were fixed on days 3, 14, and 21 in 4% formaldehyde solution for 15

minutes. Adherent cells on PDMS membranes were permeabilized in 0.1% Triton-X

for 10 minutes and blocked with 1% BSA in PBSt for 20 minutes. Actin filaments

were stained with phalloidin (Alexa Fluor 488 Phalloidin, ThermoFisher Scientific,

MA, US), prepared by diluting 15 µL of methanolic stock solution in per mL of 1%

BSA solution. For nuclear localization, cells were counter stained with DAPI. Images

were taken in blue excitation filter for F-actin and violet excitation filter for nuclei

stainings. Magnetic particle embedded flat membranes were turned upside down in

order to avoid absorbance of excitation light by magnetic particles. Obtained images

were merged using ImageJ software.
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4. RESULTS

4.1 Material Characterization

4.1.1 Magnetization Measurements

Measurements for magnetization curves for plain PDMS, 0.5% mpPDMS, 1%

mpPDMS membranes are given in Figure 4.1. Measurements resulted in saturation

magnetizations of 0.15 emu/g and 0.30 emu/g for 0.5% mpPDMS and 1% mpPDMS,

respectively. Both magnetic particle embedded membranes have shown to be super-

paramagnetic.

Figure 4.1 Magnetization measurements of PDMS membranes with different magnetic particle
concentrations.
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4.1.2 Water Contact Angle Measurements

Water contact angles of PDMS membranes were measured using Contact An-

gle Measurement instrument (CAM 100, KSV). Water contact angles for PDMS, BSM

PDMS, Negative BSM PDMS, 0.5% mpPDMS, 1%mpPDMS, PDMS+Col-I, PDMS+FN,

BSM PDMS+Col-I, BSM PDMS+FN, 0.5% BSM mpPDMS and 1% BSM mpPDMS

were measured. Results were presented in Table 4.1 an images for water contact angles

for different PDMS membranes were given in Figure 4.2.

Figure 4.2 Water contact angle images of PDMS membranes with different topography and protein
modifications (A) Plain PDMS, (B) 0.5% mpPDMS, (C) 1% mpPDMS, (D) BSM PDMS, (E) 0.5%
BSM mpPDMS, (F) 1% BSM mpPDMS, (G) Plain PDMS+Col-I, (I) Plain PDMS+FN, (J) Negative
BSM PDMS, (L) BSM PDMS+Col-I, (M) BSM PDMS+FN.
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Table 4.1
Water Contact Angle measurements of experimental groups and controls.

Experimental Groups Average [◦] St.Dev

PDMS 104.98 4.83

BSM PDMS 104.22 3.87

Negative BSM PDMS 108.00 3.99

0.5% mpPDMS 107.04 8.25

1% mpPDMS 102.14 2.10

PDMS+Col-I 32.98 8.23

PDMS+FN 66.29 3.06

BSM PDMS+Col-I 47.60 24.82

BSM PDMS+FN 53.70 6.03

0.5% BSM mpPDMS 103.70 9.49

1% BSM mpPDMS 103.91 9.49

4.1.3 Atomic Force Microscopy (AFM)

Surface profiles of plain PDMS and BSM PDMS are obtained from AFM and

presented in Figure 4.3. Surface roughness (Sa) for plain PDMS and BSM PDMS

membranes are 3.01 nm and 223.04 nm, respectively. Root mean square roughness (Sq)

for plain PDMS and BSM PDMS membranes are 6.22 nm and 292.05 nm, respectively.

Figure 4.3 AFM surface profile for different PDMS membranes. (A) Surface profile for Plain PDMS
membrane, (B) Surface profile for BSM PDMS membrane.
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4.1.4 Transmission Electron Microscopy (TEM)

Magnetic particles (Fe3O4) synthesized using the schematic given in Figure 3.2

were investigated using TEM. Image for synthesized magnetic particles is given in

Figure 4.4. Average particle size and size distribution of magnetic particles is presented

in Figure 4.5.

Figure 4.4 TEM image of synthesized magnetic particles (Scale bar: 20nm).
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Figure 4.5 Histogram of the TEM image of magnetic nanoparticles, showing the number of particles
counted in different size ranges. Average particle size and standard deviation is given on the graph.

4.1.5 Investigation of Membrane Topograpies

PDMS membrane surfaces were imaged using SEM with various magnifications

to investigate surface topographies and also to verify pattern transfer quality of PDMS

membranes.
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Figure 4.6 Comparison of surface topographies of bovine femur bone, BSM PDMS membranes and
plain PDMS membranes. (A) Bovine Femur Bone, (B) BSM PDMS membrane. (C),(D) Plain PDMS
membranes (2500x), (E) BSM PDMS membrane (100x), (F) BSM PDMS membrane (2500x).

4.1.6 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of plain PDMS, 0.5% mpPDMS and 1% mpPDMS were presented

in the Figure 4.7. FTIR spectra of Col-I and FN modified membranes are presented

in Figure 4.8. To better view the characteristic bands, magnified versions are also

presented inside the spectra.
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Figure 4.7 FTIR Spectra of plain PDMS, 0.5% mpPDMS and 1% mpPDMS membranes. Charac-
teristic Fe-O bands were enlarged for visibility.

Figure 4.8 FTIR Spectra of PDMS, PDMS+FN and PDMS+Col-I membranes. Secondary amine
band around 3345 cm−1. Protein specific bands were enlarged for visibility.
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4.2 Cell Culture Studies

4.2.1 Indirect MTT cytotoxicity assay

Cytotoxic effects of PDMS, 0.5% mpPDMS, 1% mpPDMS and 2% mpPDMS

were investigated with an indirect MTT assay. Cells were seeded on 24-well plates using

different DMEM-F12 cell culturing media which had been incubated with different

concentration of mpPDMS for 24 hours. Results are presented in Figure 4.9. There

were no statistically significant differences between cell viabilities on both day 2 and

day 3.

Figure 4.9 Indirect MTT cytotoxicity assay.

4.2.2 Elimination studies

To eliminate groups that will either decrease proliferation or replicate certain

trends compared to groups that would yield more meaningful results, two different

alamarBlue assays were conducted among the groups listed in Table 4.2 and shown on
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Figure 4.10 and Figure 4.11. All adherent cells on coated membranes had significantly

proliferation rates compared to cells on uncoated membranes (Figure 4.10). All BSM

groups were significantly different than their controls (p<0.01). Cell proliferation on

1%mpPDMS membranes follows a declining trend. Plain PDMS groups maintained

their proliferation levels. There were no statistical significant difference between the

magnetic and non-magnetic field groups (Figure 4.11). On spite of these results, mag-

netic field and 1% mpPDMS groups were eliminated and 0.5% mpPDMS is selected as

the sole magnetic particle embedded group for rest of the study.

Table 4.2
Preliminary alamarBlue assay groups.

Static Magnetic Field Control

Group 1 PDMS PDMS

Group 2 PDMS BSM PDMS BSM

Group 3 0.5% mpPDMS 0.5% mpPDMS

Group 4 0.5% BSM mpPDMS 0.5% BSM mpPDMS

Group 5 1% mpPDMS 1% mpPDMS

Group 6 1% BSM mpPDMS 1% BSM mpPDMS

Group 7 TCP TCP
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Figure 4.10 alamarBlue cell proliferation assay to assess the differences between uncoated, Col-I and
FN coated membranes among PDMS, 0.5% mpPDMS and 1% mpPDMS membranes. All uncoated
groups are significantly different than all other groups. Other pairs of groups showing statistical
significant differences are shown on the graph (*:p<0.05) (Days 1-7).
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Figure 4.11 alamarBlue cell proliferation assay to assess differences between cells under static
magnetic field (SMF) and controls using all experimental groups listed in Table 4.2. All membranes
were coated with Col-I. All BSM groups were statistically significant different than their controls
(*:p<0.01) (Days 1-7).
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4.2.3 alamarBlue Cell proliferation assay

Cell proliferation rates of osteoblast cells were measured using alamarBlue cell

proliferation assay. Resazurin, a weak fluorescent dye, present inside alamarBlue solu-

tion take electrons from electron transport chain enzymes such as nicotinamide adenine

dinucleotide and reduces into resofurin, a pink highly fluorescent molecule. Increased

metabolic activity yields more reduction, therefore increased fluorescence represents

higher levels of viability [58]. Cell proliferation on different biochemically modified

membranes were observed over 7 days with alamarBlue cell proliferation assay. On the

surfaces with bone surface topography, osteoblast cells have shown higher proliferation

rates compared to their plain counterparts. Differences of Fibronectin and Collagen-I

was also observed. Plain PDMS membranes modified with Fibronectin are significantly

different (p<0.05) than those modified with Collagen-I. Plain PDMS membranes with

embedded magnetic particles have effected cell metabolism whereas BSM PDMS mem-

branes with embedded magnetic particles didn’t show this behaviour. Both protein

modifications across all BSM groups have increased cell proliferation rates.
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Figure 4.12 alamarBlue cell proliferation assay for PDMS, 0.5% mpPDMS and their BSM variants
for different protein coatings (Fibronectin and Col-I). All BSM groups are statistically significant
different than their controls. Except for Col-I coated PDMS and BSM PDMS (p<0.05), all P-values
are smaller than 0.01. (Days 1-7).
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4.2.4 Fluorescent Imaging

In order to assess actin cytoskeleton and nuclei localization of osteoblasts ad-

herent on PDMS, 0.5% mpPDMS, BSM PDMS and 0.5% BSM PDMS membranes are

given in Figures 4.13 for day 3, 4.14 for day 14 and 4.15 for day 21. Cell morphology

and behaviour observed over 21 days in addition to cell viabilities to further assess

their cell-cell and cell-surface interactions.

Additionally, actin cytoskeleton and nuclei stainings of adherent cells on un-

coated plain PDMS membranes and FN and Col-I coated 0.5% and 1% PDMS mem-

branes were presented as Figure 4.17 and Figure 4.16, respectively, in order to observe

cell behaviour morphology on uncoated PDMS membranes and to observe effects of

flat 0.5% and 1% PDMS membranes.
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Figure 4.13 Actin filament and nuclei of adherent cells were stained to observe effects of surface
topography and protein modifications on cell behaviour and morphology. (A) Plain PDMS+FN, (B)
Plain PDMS+Col-I, (C) BSM PDMS+FN, (D) BSM PDMS+Col-I, (E) BSM mpPDMS+FN, (F)
BSM mpPDMS+Col-I (Day 3).
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Figure 4.14 Actin filament and nuclei of adherent cells were stained to observe effects of surface
topography and protein modifications on cell behaviour and morphology. (A) BSM PDMS+FN, (B)
BSM PDMS+Col-I, (C) BSM mpPDMS+FN, (D) BSM mpPDMS+Col-I (Day 14).
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Figure 4.15 Actin filament and nuclei of adherent cells were stained to observe effects of surface
topography and protein modifications on cell behaviour and morphology. (A) Plain PDMS+FN, (B)
Plain PDMS+Col-I, (C) BSM PDMS+FN, (D) BSM PDMS+Col-I, (E) BSM mpPDMS+FN, (F)
BSM mpPDMS+Col-I (Day 21).
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Figure 4.16 Actin filament and nuclei of adherent cells were stained to observe effects magnetic parti-
cle presence and protein modifications on cell behaviour and morphology. (A,B) 0.5% mpPDMS+FN,
(C,D) 0.5% mpPDMS+Col-I, (E) 1% mpPDMS+FN, (F) 1% mpPDMS+Col-I (Day 7).
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Figure 4.17 Actin filament and nuclei of adherent cells were stained to observe effects of uncoated
PDMS surfaces on cell behaviour and morphology. (A) Plain PDMS, (B) 0.5% mpPDMS, (C) 1%
mpPDMS (Day 3).
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4.3 Statistical Analysis

All statistically significant differences mentioned throughout this thesis were

determined using one-way ANOVA with post-hoc Tukey’s honest significant difference

test where p<0.05 was considered to show meaningful statistical difference.



42

5. DISCUSSION

5.1 Material Characterization

Water contact angle measurements have shown the effect of protein modifica-

tions on PDMS membranes. Native PDMS membranes had their signature hydropho-

bic properties with 104.98 ◦ [12]. BSM pattern transfer didn’t significantly change

water wettability properties. Schneider et al. have reported that water contact an-

gle was dependent on geometry of surface properties and not to the height of those

properties from material surface [59]. BSM PDMS membranes have high orders of

randomness on their surface features and properties,therefore; it is not possible in this

case to quantitatively report a water contact angle change depending on the mate-

rial surface properties alone. This claim is further supported in the literature where

the lotus leaves hydrophobic properties are coming from their highly organized and

optimized wax crystals and micro scale papillae [60]. On the other hand the protein

modified PDMS membranes using O2 plasma treatment had their water contact angle

significantly reduced and shows consistency with works in literature in terms of PDMS

surface modifications such as Collagen type IV adsorption [61], C2F4 and HEMA mod-

ification after O2 plasma treatment [62], and PEG grafting after O2 plasma treatment

[63]. Collagen-I modified membranes had lower contact angle measurements compared

to the ones modified with Fibronectin which was also reported by Kuddannaya et

al. [57]. Protein modified BSM PDMS membranes have shown a reverse behaviour

on contact angle measurements where the Fibronectin modified membranes yielded

smaller contact angle values than the Collagen-I modified membranes. This can be

explained with varying surface roughnesses result in different effective surface areas

on the membranes. Also as explained above, randomness of surface properties com-

bined with hydrophilized surface might have resulted in this reversed wettability values.

Ultimately, protein modification lowered water contact angles of the membranes and

positively affected cell viability on those surfaces. Cell adhesion is generally related

to surface chemistry and hydrophobicity [64]. In a material characterization point of
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view, increased hydrophilicity resulted in cell adhesion on surfaces and enhanced cell

proliferation, which will be discussed later in this chapter.

Size distribution of magnetic particles vary from 4 nm to 12 nm with an average

of 7.18 nm and standard deviation of 1.95 nm. Mahdavi et al. have shown that

the size of the particle change with stirring rate and also points out that stirring

rate stops to have an effect on particle size when going past 800rpm. They have also

reported that their average particle size and standard deviation as 7.83 nm and 1.87 nm,

respectively at 800 rpm stirring rate, which are consistent with our results measured

after 1200 rpm mixing rate [65]. Magnetization of magnetic particle embedded PDMS

membranes have been measured using VSM. It can be seen that increased concentration

of magnetic particles inside membranes also linearly increases magnetization values.

Average particle size affect the magnetization values since bulk magnetite (Fe3O4) yields

480-500 emu/g of magnetization whereas magnetites of 15 nm in size has shown around

66 emu/g to 68 emu/g of magnetization [66]. Magnetization of the magnetic particles

inside polymers has also reported to get weaker because of decreased concentration and

also the polymer coating around them [67]. Magnetization curves for 0.5% mpPDMS

and 1% mpPDMS membranes reach saturation magnetization at 0.15 emu/g and 0.3

emu/g respectively and both membranes show superparamagnetic behaviour. Increase

in magnetization of particles with increased concentration inside the membranes is also

consistent with the literature [68].

Transferring bone surface patterns onto PDMS membranes properly and consis-

tently was one of the main challenges to accomplish in order to simulate natural bone

microenvironment on a modifiable surface to obtain an effective biomaterial surfaces in

terms of topography and optimization of BSM membrane production was crucial. First

attempts of BSM PDMS synthesis weren’t feasible to be used in cell culture studies

due to their thickness. Preliminary studies for this thesis have shown that cells seeded

onto thick membranes haven’t had enough time to adhere on BSM PDMS surfaces and

slipped off of membrane surfaces. Moreover, thicker membranes contain more magnetic

particles inside them, rendering their control group inconsistent. To overcome these

problems, a method to produce thinner BSM PDMS membranes was developed. Fur-
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thermore, BSM PDMS membranes have shown promising pattern transferring quality.

When comparing both femur bone and BSM membrane SEM images it can be shown

that porous and rough topographical structure is transferred onto PDMS membrane

from femur bone. At 2500x magnifications plain PDMS membranes show almost no

roughness on the surface, whereas BSM PDMS membrane at the same magnification

show greater relative roughness, therefore increased surface area, which is also shown

with AFM results and discussed further in AFM section.

Figure 4.3 (A) shows surface topography profile of plain PDMS membrane

scanned over 6400 µm2 area. Surface of plain PDMS membrane was smooth and its

roughness was measured in nanometer scale. Figure 4.3 (B) shows surface topography

profile for BSM PDMS membrane scanned over 1600 µm2 area. BSM PDMS mem-

brane has notable differences compared to plain PDMS with surface height changes

drastically and its roughness is in micron scale. Surface roughness (Sa) is recorded as

3.0067 nm and root mean square roughness (Sq) is measured as 6.2181 nm for plain

PDMS. Recorded values are usually measured between 0.4 nm and 0.65 nm for surface

roughness in the literature [69], [70]. Even though measured values for this work are

still relatively small compared to BSM experimentation groups (Sa: 223.04 nm and

Sq:292.05 nm), it is still almost 5-fold higher than reported values. It might have been

caused prolonged periods of curing time due to the fact that all membranes were at-

tached to plate surfaces using same PDMS formulation to avoid any cell to proliferate

on tissue culture plates, practically at least doubling the time required the PDMS to

cure fully. Types of curing usually do not exceed 75 ◦C for 4 hours but rarely goes

above 100 ◦C, even so curing times above 100 ◦C is generally under half an hour for

thin films. A reported AFM study cured 2mm of thin PDMS film at 150 ◦C for only

10 minutes before analysis [70]. Prolonged periods of curing time may have affected

the topographical properties by forming nano-scale cracks on the surface.

Chemical compositions of magnetic particle embedded membranes used in this

study were investigated using FTIR spectroscopy. Figure 4.7 shows spectra of plain

PDMS, and mpPDMS membranes with different magnetic particle concentrations.

Characteristic absorption bands for PDMS are clearly visible around wavenumbers
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2900, 1450, 1410, 1250 and 1000 cm−1, representing the stretching, rocking and bend-

ing of bonds present in its chemical structure in addition to the band around 560

cm−1, a characteristic of Fe-O bonding generated from magnetite present inside the

polymer and all spectra are consistent with the literature [71]. Enlarged part of the

spectra on Figure 4.7 clarifies the effect of increased magnetic particle concentration.

Peak observed around 560 cm−1 from the spectra of 1%mpPDMS decreases in strength

compared to 0.5%mpPDMS peak, which can be explained by the increased absorption

resulted from increased particle concentration. Also to verify protein modification of

the membranes, FTIR spectra for PDMS, and PDMS membranes modified with Fi-

bronectin and Collagen-I proteins were separately taken. Peaks around 3345 cm−1

is visible for both protein modifications. These peaks are often associated with sec-

ondary amine (-NH) bending. Furthermore, protein specific C=O bands are visible

around 1636 cm−1. Both of these absorption bands are consistent with literature [72].

Also, a peak around 1537 cm−1 is also visible and it is associated with amide II ab-

sorption due to the N-H bending and C-N stretch [73]. It can be concluded that the

protein modifications along with magnetic particle embedding on PDMS membranes

were successful.

5.2 Cell culture studies

Indirect MTT assay conducted in order to assess any possible cytotoxicity may

have caused by the presence of magnetic particles inside PDMS membranes haven’t

shown any cytotoxic effect on cell proliferation. All groups were on par in terms of

proliferation. To better focus on the effects of different parameters introduced in this

study, some experimental groups listed on Table 4.2 were eliminated using cell viability

data presented in Figure 4.10 and Figure 4.11. Cell viability on protein coated mem-

branes have shown significant differences over uncoated membranes. Inefficiency and

negative effects of plain PDMS membrane on cell growth is reported in the literature

[74]. However Collagen-I and Fibronectin coated membranes overcame this problem

by creating a surface with ECM proteins where integrin receptors can attach to them.

Even though it is reported in the literature that the Fibronectin coatings are superior
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to the other ECM molecules in terms of cell adhesion and spreading [75], Collagen coat-

ings on these membranes has shown better viability results in this study, but they are

not significantly different. It may be concluded that, cellular viability is less dependent

on initial cell adhesion in case of PDMS membranes. It should be also noted that there

are several other parameters such as the effects of magnetic particles and mechanical

properties that may have played a role on this behaviour. Experiment presented in

Figure 4.11 was conducted to assess the effect of magnetic fields on cell proliferation

among plain and BSM groups. Cells seeded on BSM membranes have shown an in-

creasing trend across all experimental groups and their % cell viabilities (normalized

to TCP) were significantly different compared to their plain control groups (p<0.01).

Overall, there is no statistical significant differences of cellular viability between mag-

netic field and non-magnetic field groups. On both main groups (Magnetic Field and

Control (Non-magnetic field), cells have shown a decreasing trend of cell viability on

1% mpPDMS membranes. 0.5% mpPDMS groups and plain PDMS membranes were

relatively static in terms of cell viability. Difference between the data presented on

Figure 4.10 and Figure 4.11 is the cell seeding density. Former of these two has gen-

erated from a cell seeding amount of 25000 per well, whereas latter of these two has

been generated from a cell seeding amount of 15000 per well. It has been reported on

the literature that cell proliferation rates are effected from cell seeding density [76]. It

may be concluded that the initial amount of cells per well effected cell proliferation.

On spite of these results, to make the study to focus more on bone surface mimicry

and effects of magnetic particle presence on osteoblast cell metabolism, static magnetic

field groups along with 1% mpPDMS groups are completely removed from the study.

Also, increased magnetic particle concentration on PDMS membranes gets increasingly

difficult to homogenize, visible clearly on the surface imperfections, therefore chang-

ing the surface roughness, on 2% mpPDMS membrane in Figure 3.4, which has been

proven to be another factor to include well-suited control groups to the study.

Cell viability data was obtained using alamarBlue cell proliferation assay to ob-

serve metabolic activity on plain and BSM PDMS membranes. All membranes were

coated with either type-I Collagen or Fibronectin to mimic ECM microenvironment on

a molecular level. These two proteins are available in natural bone matrix along with
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noncollagenous proteins such as osteocalcin, osteopontin ans osteonectin [28]. Previous

attempts to mimic natural bone microenvironment that only consisted of topograph-

ical mimicry without any protein modification yielded low levels of cell attachment

and proliferation. Figures 4.12 show cell proliferation on experimental groups with

FN and Col-I surface modifications. Bone surface pattern transfer onto PDMS mem-

branes increased osteoblast cell proliferation across all experimental groups compared

to their plain counterparts (p<0.01). Only exception is Col-I coated PDMS to its BSM

counterpart that has a slightly higher p-value (p<0.05). Correlation between surface

roughness and cell adhesion has been reported in the literature for different types of

scaffolding materials on cell lines such as fibroblasts [77], and osteoblasts [78], [79].

Even though plain PDMS membranes coated with either protein continue to have in-

creased proliferation potential, fibronectin coated plain PDMS membranes had a lesser

rate of increase compared to its Collagen coated counterpart. This can be explained by

the abundance of collagenous proteins naturally available at bone matrix. Therefore

Col-I coating, along with BSM surfaces, provided osteoblasts to proliferate under more

natural microenvironment. It should be noted that abundance of collagen resulted in

relatively better results comparing Plain PDMS+FN and Plain PDMS+Col-I, it is re-

ported in the literature proteins containing RGD sites, such as fibronectin, are needed

initiate particular pathways of bone formation [80]. Cells adherent on membrane sur-

faces coated with collagen may have resulted in better viabilities but it can be argued

that several pathways would not be activated until cells secrete their own ECM, which

may ultimately yield the same results with the cells initially adhered on Fibronectin in

the long run. Plain mpPDMS membranes have shown very little proliferation. On the

contrary, BSM mpPDMS membranes have shown the similar rates of proliferation as

BSM PDMS membranes, whereas plain PDMS membranes without magnetic particles

didn’t show such variety compared to BSM PDMS membranes and proliferation has

been observed on plain membranes with both protein modifications. Effect of surface

topography on osteoblastic growth and differentiation is shown to be an enhancing fea-

ture in the literature[81], [82]. However, there is no reported evidence of how magnetic

particles effect cell metabolism on plain membranes to our knowledge. This phenom-

ena could be explained with several propositions. It is reported in the literature that

magnetic nanoparticle embedded scaffolds upregulated integrin subsets α1,α2,β1,β3
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and also it is reported that α1β1 and α2β1 integrins are specific to collagen binding

whereas αVβ3 integrin is specific to RGD sequenced proteins such as fibronectin. It

is also reported that the mechanotransductive pathways are initiated through integrin

binding sites [83]. It may be speculated that the possibility of increased integrin reg-

ulation resulted in some mechanotransduction related signaling events and resulted in

decrease or stasis in proliferation. Another possibility of this proliferation profile may

have caused by surface stiffness. It is also known that the surface stiffness affect cell

proliferation [84]. Addition of magnetic particles inside PDMS membranes ultimately

change the composition of the polymeric structure; therefore, changing stiffness of the

membrane. Stiffness changes also affect mechanotransduction, such as Rho/ROCK

signalling pathways [85], which are responsible for motility, cellular contraction, cell

division and morphology [86].

Overall, results obtained from alamarBlue cell proliferation assay can also be

interpreted as the effect of surface topography on cell adhesion and growth overcomes

the inhibition effect thought to be originated from embedded magnetic particles.

To evaluate osteoblast behavior and growth patterns on all PDMS membranes

and visualize actin cytoskeleton and nuclei, adherent cells were stained with phalloidin

for F-actin and DAPI for nucleus. Imaging of actin filaments and nuclei at day 3 have

shown how surface topography and chemistry affected osteoblast cell adhesion. Figure

4.17 shows cell behavior on uncoated PDMS membranes. Osteoblast cells minimized

their surface interactions by forming a cell sphere. It is known that surface hydropho-

bicity decreases cell adhesion [64]. As reported in Table 4.1, plain PDMS membranes

are hydrophobic. By contacting more with neighboring cells, they have minimized

their surface interactions with PDMS. (B) and (C) also show minimal cell-surface in-

teractions with surroundings for 0.5% and %1 mpPDMS membranes, respectively and

adherent cell amount was significantly decreased. This lower amount of adherent cells

have also been observed in cell viability studies in Figure 4.10. Figure 4.13(A) shows

cell adhesion behavior on plain PDMS membranes with FN coating, the cells remain

disconnected from each other, whereas, (B) shows the behavior on its Col-I coated

counterpart. Cells started to stretch and they began to interact with surface and each
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other by their filopodia, trying to communicate and migrate. BSM surfaces provided a

better environment for cell adhesion and growth. Fibronectin coated membranes BSM

PDMS membranes(C) shows similar filopodia behavior as (B) and Collagen coated

membranes started to show pattern adaptation and began to align in a unidirectional

fashion. Filopedia are still present to find desirable migration paths. Same conclusions

of filopodia presence can be made on BSM mpPDMS, (E) and (F), but as discussed

before, presence of magnetic particles somehow inhibit cell growth and this phenomena

is present on some cells which they preferred to minimize contact area with the surface

even on more suitable Col-I coating whereas some cells have shown the same behaviour

as BSM membranes.

Staining of day 14 samples have shown more organized patterns of cell forma-

tion on each BSM membrane. Most of the surfaces of these membranes were covered

with cells at this point and cells started to show contact inhibition some point closely

before or just after day 14 which was observed during cell proliferation studies. Images

taken from this day forward was taken near the edges of cell mono layers to investigate

better filament organization(Figure 4.14). All the adherent cell on membranes created

their ECM at this point. Fibronectin coated BSM PDMS membranes (A) build their

actin filament network more randomly at moderate levels compared to Collagen coated

BSM membranes(B). It is still challenging to find distinguishing differences between

two different protein coatings after they reach confluency. It is known that the os-

teoblasts interact and adhere to surfaces using integrins present on their membrane

to the proteins bound to membrane surface initially, after secretion of ECM proteins

these cells also interact with new proteins present in the environment [79]. Figure

4.14(C) and (D) shows cell behavior on BSM mpPDMS with FN and Col-I modifica-

tions, respectively. Effect of magnetic particles are still present, where some cells do

not show classic osteoblastic morphology and smaller in size with more randomized

actin filament organization. On the other hand, cell proliferation on BSM mpPDMS

membranes are on par with BSM PDMS membranes. It can be argued that different

cellular morphologies might show similar cell proliferation.

Figure 4.15(A) and (B), which are plain PDMS membranes coated with FN
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and Col-I respectively, show differences in cellular alignment. Even without the rough

pattern provided by BSM membranes, Col-I coated cells exhibit a clear tendency to

unidirectional alignment with actin filaments few hundred microns long where cells

adherent on the FN coated membranes preferred more random placement and tend

to clump together. It is reported in the literature that cell follow the alignment of

Collagen-I secreted for ECM [87]. BSM membranes of same day (C) and (D) also

exhibit the same directional pattern same as their controls. FN coated BSM membrane

demonstrate more clumping and formation of more randomized actin network with

nuclei generally inclined to stay together. Col-I coated membranes continued to form

more unidirectionally aligned actin network. This stretching behaviour on both coated

membranes may have resulted in different signalling pathways such as Runx2, ALP,

Osterix (OSX) and Osteocalcin (OCN) as reported in the literature [88], and it is also

discussed as a precursor events for osteoblast differentiation to osteocytes [28]. After 21

days of incubation, differentiation is expected. It is clear that surface roughness of BSM

PDMS and 0.5% BSM mpPDMS membranes assisted osteoblasts to show significantly

increased cell proliferation and natural cell morphology but without quantifying gene

expression profiles for these pathways on these stages it is not possible to reach to

certain conclusions about differentiation.

In order to assess the effects mpPDMS membranes with increasing concen-

trations of embedded magnetic particles on adherent cells, another actin cytoskele-

ton/nuclei staining was performed after BSM actin cytoskeleton/nuclei staining, using

the method given in Section 3.6.3. Figure 4.16 (A,B) shows cell morphology on differ-

ent sites on FN coated 0.5% mpPDMS membranes. (A) shows a natural osteoblastic

morphology, whereas, (B) shows a crescent shaped morphology. Even though both

images were taken from the same membrane, cellular morphology changes throughout

the membrane. Same trend continues with Col-I coated %0.5 mpPDMS membranes

(C) and (D). Finally (E) and (F), which are adherent cells on %1 mpPDMS+FN and

1% mpPDMS+Col-I, show decreased amount of adherent cells on those membranes.

Crescent shaped cells were still present on Col-I coated membranes, but FN coated

%1 mpPDMS membranes lost almost all their adherent cells. All stainings are con-

sistent with our cell viability results. Even though magnetic particles were dispersed
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homogeneously, these particles tend to agglomerate and form clusters during degassing

process, resulting in increased concentration of magnetic particles in some sites of mem-

branes. This crescent shape behavior can be associated with cellular migration, where

F-actin filaments were recruited to the adhesion sites [83]. On images (B, D and F)

increased actin signals can be observed on migration front, usually towards the same

direction. Movement of cells also create traction force underneath the cell which reg-

ulates mechanotransduction processes [29]. It is also reported in the literature that

the shear stress applied onto osteoblast cells trigger intracellular pathways related with

focal adhesions [89]. It might be speculated that this mechanotransductive effects re-

sulted from magnetic particle presence affect cell adhesion and migration. Especially

on 1% mpPDMS membranes, adherent cells may have constantly tried to migrated and

weren’t able to form cell-cell interactions through N-Cadherins, which was reported to

be an important factor for elaboration of a osteoblastic morphology [90]. On the con-

trary, the reason BSM mpPDMS membranes did not show this kind of behavior can

be explained as the effect of surface patterning and roughness, which is also reported

to be a factor in cellular movement [91], which may have resulted in more efficient

migration and finding a location for suitable proliferation sites. All these effects com-

bined might explain as how magnetic particle presence in PDMS membranes affect cell

migration and proliferation in terms of cell viability and morphology, but the results

obtained from cell viability and stainings of 0.5% and 1% mpPDMS membranes differ

significantly; therefore, more detailed studies should be carried out in terms of gene

expressions responsible for focal adhesions, integrins, and proliferation related markers

to further understand how magnetic particle presence effects osteoblast cell behavior.

5.3 Conclusion

In conclusion, variants of PDMS membranes,bone surface mimicked, magnetic

particle embedded, and combination of both, were successfully produced and has proven

to be usable in osteoblast cell culture studies. Pattern transfer onto BSM membranes

were also which was shown successful shown with SEM and AFM. Easily replicable

homogeneous dispersion of magnetic particles in a polymer as viscous as PDMS was
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also achieved, which was a first in this field to our knowledge. Evidence gathered from

cellular characterizations, BSM membranes significantly enhanced cell functionality in-

vestigated in this thesis such as, increased cell viability, natural morphology and ECM

secretion. Different types of protein modifications were investigated in this study and

it was concluded that the both protein modifications are viable for cell growth and

metabolic activities, Col-I modifications have shown to be better candidates for early

growth phases on both plain and BSM PDMS membranes, mainly because their abun-

dance and presence in natural bone microenvironment. Effects of magnetic particles

were also investigated but more studies should be conducted to make a more detailed

conclusion on the effects of magnetic particles on cell viability and morphology. Effect

of surface topography of BSM PDMS membranes overcame the effect of magnetic fields

on cell proliferation and extraordinarily increased viability to the level of plain BSM

PDMS membrane groups. Collective evidence from this study also suggests that the

magnetic particle presence in membranes affect cellular migration and sensing functions

via mechanotransductive pathways.

5.4 Future studies

To further investigate possible effects of these particles, expressions of osteoblast

specific and possible magnetic field related genes will be examined after extensively re-

viewing the current literature. Also stiffness is another important factor in mechanosens-

ing and all the work done for this thesis conducted with a constant material stiffness.

Better candidates for optimized stiffness will be investigated and would be implemented

to future studies.
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APPENDIX A. SUPPLEMENTARY INFORMATION

A.1 Bradford Protein Quantification Assay

Protein content in Collagen-I solutions were quantified using Bradford Protein

Quantification Assay. 2 mg/mL of BSA in dH2O was prepared and a protein standards

were diluted from that solution, ranging from 1500 µg/mL to 125 µg/mL with 250

µg/mL increments. 250 µL of Coomassie Brilliant Blue was added to each well along

with 5 µL of each standard or protein solution. Absorbances were measured at 595 nm

and 450 nm and their ratio was plotted against concentrations to obtain a calibration

curve. Collagen-I concentration inside the protein solution were calculated using the

calibration curve prepared using BSA standards.

Solubility of type I collagen purified from rat tails were analyzed using Bradford

protein quantification assay as reported previously [92]. Using the calibration curve

given in appendix section Figure A.2, Collagen-I dissolved in 0.5M acetic acid solution

was 40.89 µg/mL. Using the calibration curve given in appendix section Figure A.1,

Collagen-I dissolved in 0.1M acetic acid solution was 26.97 µg/mL.
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Figure A.1 Calibration curve for Bradford assay created for 0.1M Acetic acid solubility.

Figure A.2 Calibration curve for Bradford assay created for 0.5M Acetic acid solubility.

Calibration curves for protein concentrations for both 0.1M and 0.5M acetic

acid solvents are given above.
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