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ABSTRACT
BIOACTIVE GLYCOPEPTIDE NANOFIBERS FOR TISSUE
REGENERATION APPLICATIONS

Özüm Şehnaz Çalışkan
M.S.in Materials Science and Nanotechnology
Advisor: Mustafa Özgür Güler
Co-Advisor: Ayse Begüm Tekinay
May, 2016

Natural extracellular matrix (ECM) is rich in glycopeptides and glycosaminoglycans,
which function in controlling cellular processes. In this thesis, glycopeptide
molecules that mimic natural glycopeptides and glycosaminoglycans were designed
and synthesized and it was demonstrated that they induce directed differentiation of
mesenchymal stem cells into chondrogenic and adipogenic lineages.
In the first part of the study, hyaluronic acid (HA)-mimicking glycopeptide
amphiphile molecules were synthesized to induce chondrogenic differentiation of
mesenchymal stem cells (MSC). HA is the most abundant glycosaminoglycan
(GAG) found in hyaline cartilage ECM. Peptide amphiphiles were synthesized by
solid phase peptide synthesis method and used to form self-assembled bioactive
glycopeptide nanofibers which mimic fibrous morphology of the ECM. Scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and circular
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dichroism (CD) were used for morphology and secondary structure analyses of the
obtained nanofibers. It was demonstrated that glycopeptide amphiphiles create
fibrous structure formed by nanofibers. Morphological changes, GAG production
(Safranin-O staining and DMMB analysis), and chondrogenic gene marker
expressions (qRT-PCR) of MSCs cultured on HA-mimetic nanofibers were analyzed.
It was shown that HA-mimetic glycopeptide nanofibers induce early differentiation
of MSCs into hyaline like chondrocytes.
In the second part of the study, it was demonstrated that minor changes on
glycopeptide

backbone

can

create

specific

glycopeptides

which

induce

differentiation of MSCs into brown adipocytes. Brown fat adipocytes do not store
chemical energy as fat but dissipates it as heat and so they have emerged as
promising anti-obesity agents. Lipid droplet accumulation (Oil Red-O staining) and
adipogenic gene marker expression analyses (qRT-PCR) showed that the new
glycopeptide nanofiber scaffold is a specific inducer of differentiation of MSCs into
brown fat adipocytes.

Keywords: Peptide amphiphile, peptide nanofiber, glycosaminoglycan, glycopeptide,
mesenchymal stem cell, extracellular matrix, hyaluronic acid, mesenchymal stem cell
differentiation, cartilage tissue, tissue regeneration, brown fat tissue, adipogenesis.
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ÖZET
BİYOAKTİF GLİKOPEPTİT NANOFİBERLERİN DOKU
REJENERASYONU UYGULAMALARI

Özüm Şehnaz Çalışkan
Malzeme Bilimi ve Nanoteknoloji, Yüksek Lisans
Tez Danışmanı: Mustafa Özgür Güler
Tez Eşdanışmanı: Ayşe Begüm Tekinay
Mayıs, 2016

Doğal hücreler arası matris (HAM), hücresel olayları kontrol eden glikopeptit ve
glikozaminoglikanlar bakımından zengin bir yapıdır. Bu tez çalışmasında, doğal
glikopeptitleri ve glikozaminoglikanları taklit eden ve mezenkimal kök hücrelerin
(MKH) kıkırdak ve yağ hücrelerine farklılaşmasını tetikleyen glikopeptit moleküller
tasarlanmış ve sentezlenmiştir.
Çalışmanın ilk bölümünde, hyaluronik asidi (HA) taklit eden glikopeptit amfifil
molekülleri MKH’lerin kıkırdak hücre hattına farklılaşmasını tetiklemek amacıyla
sentezlenmiştir. HA, camsı kıkırdak HAM’inde en fazla miktarda bulunan
glikozaminoglikandır. Peptit amfifil molekülleri katı fazlı peptit sentezi yöntemi ile
sentezlenmiş ve HAM’in fibröz yapısını taklit etmek amacıyla kendiliğinden bir
araya gelen biyoaktif glikopeptit nanofiberler oluşturulması için kullanılmışlardır.
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Taramalı ve geçirimli elektron mikroskopisi ve dairesel dikorizm yöntemleri ile elde
edilen nanofiberlerin ikincil yapıları ve morfolojileri incelenmiş, glikopeptit
amfifillerin

nanofiberlerden

oluşan

boşluklu

fibröz

bir

yapı

oluşturduğu

gösterilmiştir. HA’yı taklit eden nanofiberler üzerinde kültürlenen MKH’lerin
morfolojik değişimleri, GAG üretim miktarları (Safranin-O boyaması ve DMMB
analizi) ve kondrojenik gen işaretleyicilerinin ifade seviyeleri (gerçek zamanlı RTPZR) analiz edilmiştir. Analizler sonucunda HA-taklidi glikopeptit nanofiberlerin
MKH’lerin camsı kıkırdak hücrelere farklılaşmasını sağladığı ve bunu erken
dönemde başlattığı gösterilmiştir.
Çalışmanın ikinci kısmında, glikopeptit omurgasında yapılan kimyasal değişimler
sayesinde MKH’lerin kahverengi yağ hücrelerine dönüşümü gösterilmiştir.
Kahverengi yağ hücreleri kimyasal enerjiyi yağ olarak depolamaz; bunun yerine ısı
olarak harcarlar. Bu sayede umut vaat eden anti-obezite ajanları olarak kabul
edilmektedirler. Lipit damla birikimi (Oil-Red O boyası) ve adipojenik gen
işaretleyicilerinin ifade seviyelerinin incelenmesi (gerçek zamanlı RT-PZR) ile elde
ettiğimiz sonuçlar, bu glikopeptitnanofiber iskelenin MKH’lerin kahverengi yağ
hücrelerine dönüşmesinin spesifik tetikleyicisi olduğunu göstermiştir.

Anahtar

Sözcükler:

Peptit

amfifil,

peptit

nanofiberler,

glikozaminoglikan,

glikopeptit, mezenkimal kök hücre, hücrelerarası iskele, hyaluronik asit, mezenkimal
kök hücre farklılaşması, kıkırdak doku, doku rejenerasyonu, kahverengi yağ dokusu,
adipojenez.
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CHAPTER 1
INTRODUCTION

1

1.1 A brief introduction to tissue regeneration
Tissue failure or loss has been a major health problem throughout the history of
humanity.1 It adversely affects the patient’s life quality and even most severe losses
may cause deaths. Therefore, there has been a huge effort to address tissue loss
problems since old human history. Drug treatment can be applied for the least severe
cases2, however more severe cases require different treatment options. The other
treatment options include artificial prostheses, surgical repair, mechanical device
replacements and any type of transplantations (auto-, allo-, and xenograft).2,3
However, artificial prostheses or surgical repair do not meet the needs of a fully
functional tissue or organ replacement. Transplantation then emerges as a best
option, but it has certain drawbacks and limitations. Autografts are the best option for
replacement, however, its excision creates another surgical site in the patient and it
cannot satisfy the need if the required tissue size is large. The other option, allografts,
can create immune response by the patient. In addition to this, to find an appropriate
allograft donor is a really big challenge.1 According to current data supplied by the
Ministry of Health of the Republic of Turkey, more than 28.000 patients are on
transplant wait list in Turkey.4 Xenogafts, cross-species transplantation, offer an
unlimited supply of organs but they have similar constraints with allograft
transplantation. Besides, it is less likely that tissues or organs from different species
match with humans.5 Then, mechanical devices emerge to answer the needs, but they
are currently very limited in terms of variety.
Tissue regeneration by biomaterials, or tissue engineering, is emerging as a potential
alternative and complementary solution. Tissue engineering can be defined as
fabricating new and functional tissues by use of living cells, a matrix or scaffold
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which guide the cells to proliferate, differentiate and to communicate with other cells
for tissue development.2 Tissue engineering is an inter- and multidisciplinary field
that combines cells, biomaterials and biological signals.6 These cells, the
biomaterials and the interactions between the cells and biomaterials are the
fundamentals of tissue engineering. Biomaterials are generally used as scaffolds.
Scaffolds provide the structural support for cell attachment and subsequent tissue
development.7 Scaffolds have to mimic the natural structure of tissue of interest.
Physical, chemical and rheological structure of a scaffold is very important for tissue
formation as it affects the cellular behaviors like differentiation, adhesion and
proliferation.7 Applied cyclic load, electrical signals and extension/contraction of
scaffold are the other factors that change the differentiation profile of the cells.8
These scaffolds can either be used to grow tissue in in vitro conditions9 or be applied
in vivo to support the body to regenerate the tissue.10 As different tissues have
different properties, there is a variety of scaffold types developed for different
application purposes. Degradable, non-degradable, synthetic, natural, syntheticnatural hybrid, inert or bioactive scaffolds are noted in literature.11,12,13,14,15,16 The
unchanging parameter for all type of scaffolds is cyto- or tissue compatibility.
Cell types have enormous influence on the formation of functional tissue type of
interest. Progenitor-type cells or stem cells are used for tissue engineering and
regeneration. Embryonic stem or embryonic germ line cells are non-differentiated
cells and are able to differentiate into any type of cells.6 For this reason, they attract
much attention for tissue engineering purposes. Stem cells also exist in adults;
however, they are not able to differentiate into all kinds of cells into body. The tissue
origin of the adult stem cells determines their differentiation capability and the
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lineages that stem cells differentiate into.17 Therefore it is important to choose
appropriate origin of stem cells depending on the type of tissue that is aimed to
regenerate.
Growth factors have a huge impact to differentiate cells towards certain types.
Growth factors are specific proteins that are secreted by paracrine or autocrine
manner and play key roles in cellular behavior like proliferation and differentiation.6
Therefore growth factors, proteins and hormones that are involved in formation of
tissue of interest have to be clearly identified and appropriate cocktail of the factors
should be supplied to the environment for tissue regeneration and engineering.18
There are certain challenges about tissue engineering. First of all, behaviors of cells
in normal development, factors that control differentiation, proliferation and
communication between cells should be learned in detail in order to mimic and
stimulate these behaviors in engineering process. Second, limited source of stem
cells or limited number of progenitor-type cells are other challenges. Another
challenge is the limitations over methods for scaffold fabrication. All these fields
require more studies to understand and better address the needs of tissue engineering
field.

1.2 Tissue Types
Human body is composed of different and complex types of tissues and organs. Each
tissue has its own physical, physiological and mechanical characteristics. For tissue
engineering and regeneration purposes, these characteristics have to be known in
order to design appropriate scaffolds, choose the correct cell type and to create
optimum environment by chemical factors. In this section, two different types of
tissues are introduced briefly: cartilage and adipose tissue. These are the tissue types
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into which differentiation of mesenchymal stem cells is induced by peptide
amphiphile scaffolds in this thesis study.

1.2.1

Cartilage Tissue

Cartilage is a type of connective tissue with a dense but elastic structure. It is not
rigid as bone tissue but also not elastic as muscle tissue, which are other types of
connective tissues. Cartilage is found in the body where there is need for some
structural support but also elasticity in a certain range due to its unique rheological
properties. Cartilage functions as shock absorber, gives some support to body and
creates friction free surfaces especially between the articular surfaces of bones.19 Its
most important characteristic is that it lacks of blood vessels and nerves.20 Water
(~75%), collagen (~20%) and proteoglycans (~5%) are the main constituents of
cartilage.20 The ratios can change depending on the type of cartilage, age of the
person and healthy structure of the cartilage.
Cartilage has four basic components: perichondrium, chondroblasts, chondrocytes
and matrix. Perichondrium is an exception because fibrous and articular hyaline
cartilages do not have perichondrium.21 Perichondrium is a vascularized connective
tissue sheet that is rich in collagens (collagen I especially) and surrounds cartilage
like a capsule.22 As perichondrium is the only vascularized part of the cartilage, it is
at the same time the only source of the nourishment for cartilage. Nutrients diffuse
from the capillaries that reside in perichondrium into the matrix.21 Cartilage
thickness should be in a certain range as increased thickness hardens the diffusion of
nutrients. Perichondrium is also the part where growth and repair of cartilage
occurs.21 It consists of an outer fibrous layer and an inner chondrogenic layer.23 The
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outer layer contains fibroblasts that secrete collagenous fibers. Inner layers host the
chondroblasts and some undifferentiated mesenchymal cells. Chondroblasts
differentiate from MSCs that reside in the perichondrium and are progenitors, or
immature forms of chondrocytes.24 They secrete type II collagen and other
components of the extracellular matrix.25 As they continue ECM production, they are
entrapped by the ECM inside small spaces called lacunae.23 Inside lacunae,
chondroblasts mature and turn into chondrocytes, which are the only cells found in
healthy cartilage tissue. Chondrocytes are specialized cells that synthesize and
maintain matrix infrastructure.26 Matrix is composed of fibers, either elastic or
collagenous, and ground substance which is a gel-like substance surrounding the
cells.22 Ground substance contains combinations of proteins and sugars,
glycosaminoglycans (GAGs), most notably hyaluronic acid, proteoglycans and
glycopeptides. These glycoproteins help anchor chondrocytes to matrix, maintain
tissue integrity and mediate transmembrane signaling.27 Glycoproteins perform these
tasks via their multiple binding sites to the receptors on chondrocyte surfaces.21
Presence of GAGs and proteoglycans make the matrix basophilic. Due to high
negative charges that GAGs and proteoglycans have, they attract positive molecules
and repel negative molecules and this increases ion concentration in the matrix.
Increased ion concentration increases osmolarity of the cartilage and thereby high
amount of water is attracted.22 Thus, GAGs and proteoglycans hold high amount of
water indirectly by the increased osmolarity (Gibbs-Donnan effect) and directly via
intermolecular hydrogen bonds.21,28
There are three types of cartilage; hyaline, elastic and fibrocartilage.27 The
classification is done depending on the density and type of fibers presented in its
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composition. Therefore, they slightly differ from each other and they have very
similar histology, but their localization in the body is different.27 Hyaline cartilage
localizes in tracheal rings, sterna margins of ribs and in the articular surfaces of joints
where the bones meet with each other. Hyaline cartilage that is located in the
articular surfaces may also be called as articular cartilage.29 Hyaline means
transparent, glassy substance and as the name suggests, hyaline cartilage has a
transparent appearance.30 It is the most abundant type of cartilage in the body.
Chondrocytes constitute 1-1.5% volume of the hyaline cartilage.31 Water is the
prominent component of articular hyaline cartilage. 80% of the superficial zone and
65% of the deep zone of articular hyaline cartilage matrix is composed of water.31
Resilience against load, which is a critical biomechanical function of articular
hyaline cartilage, is attributed to this high amount of water.21 Major classes of
proteoglycans found in hyaline cartilage are aggrecans32, large aggregating
proteoglycans, and small proteoglycans like decorin and fibromodulin. Hyaluronic
acid is the GAG that acts as central chain of proteoglycans. The principal component
of the framework of hyaline cartilage is collagen type II, which forms the 90-95% of
it.29 The matrix contains abundant amounts of collagen type II as thin fibrils and they
provide tensile strength. Elastic cartilage cannot be differentiated from hyaline
cartilage in histological staining, unless elastin fibers are stained.27 Matrix and
perichondrium of elastic cartilage contains thick bundles of elastic fibers.21 It is
found in ears, epiglottis and eustacian tube and it is not calcified with increasing age.
Fibrocartilage is found in inter-vertebral disc. Collagen type I layers interrupting the
matrix is the distinct feature of fibrocartilage.23 Another important characteristic
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about fibrocartilage is that it does not have perichondrium, like articular hyaline
cartilage.
1.2.2

Adipose Tissue

Adipose tissue, also known as body fat, is a fibrous loose connective tissue that is
primarily composed of adipocytes.33 Apart from mature adipocytes, which form
approximately one-third of fat tissue, a combination of mesenchymal stem cells
(MSCs), T regulatory cells, endothelial precursor cells, macrophages and
preadipocytes in various stages of development form the remaining two-third of the
fat tissue.34 Adipose tissue is primarily located in subcutaneous layer between muscle
and dermis, particularly in the abdominal region of the body.35,36 However, the
selective localization of adipose tissue may differ between men and women.37
Additionally, it surrounds the vital organs like heart and kidney.35 Due to its
particular locations and tissue structure, adipose tissue acts as a cushion against a
physical collision and insulator for heat loss.35,37 As an insulator, it passively assists
in body temperature regulation.35 Apart from them, primary function of adipose
tissue is accepted as storage of excess energy in the body until the recent decades.
Discovery of complement factor D (today most commonly known as adipsin, which
is an endocrine factor) in 1987 and subsequent identification of leptin (another
circulating endocrine hormone) in 1994 introduced adipose tissue as an endocrine
organ.33,38 Adipose tissue is now known to be involved in a variety of biological
processes including energy metabolism, neuroendocrine function, and immune
function.33 There are two distinct types of adipose tissue: white adipose tissue
(WAT) and brown adipose tissue (BAT).39 They differ from each other both
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histologically and metabolically. WAT is the energy storage reservoir of the body
and has endocrine functions; BAT on the other hand is the site of nonshievering
thermogenesis.39 White adipocytes are monolocular, they have one and large lipid
droplets and nucleus is located near the membrane. In contrast, brown adipocytes are
unilocular, have abundant mitochondria and characteristic protein called UCP1.39
There is a third type of adipocytes which is called beige fat cell.40 They highly
resemble white adipocytes with extremely low basal expression of UCP1, however,
upon induction by different elements such as cold exposure, beige adipocytes
turnover their metabolism into brown fat like metabolism, highly elevate UCP1
expression and get involved in heat production.41 Beige cells derive from different
embryonic precursors and express different genes from brown fat cells. Thus, beige
cells are introduced as a third distinct type of fat cell.42

1.3 Glycosaminoglycans

(GAGs):

Chemistry,

Functions,

Regenerative Potentials, and Applications
Glycosaminoglycans (GAGs) are a group of extracellular matrix (ECM)
polysaccharides which are unbranched and are involved in numerous biological
activities.43 They are important as molecular co-receptors in cell–cell interactions via
their ability to interact with ECM proteins and peptide growth factors.44 GAGs have
vital roles in the binding and activation of growth factors in cell signal transduction
required for biological development such as cell adhesion, migration, growth and
differentiation.45
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GAGs are unique in terms of their repeating disaccharide units.43 The reason behind
name given as GAG is that one of the two sugars in the repeating disaccharide is
always an amino sugar (N-acetylglucosamine or N-acetylgalactosamine). Except
hyaluronic acid, the amino sugar of all GAGs is sulfated.43,46 Due to the presence of
sulfate or carboxyl groups on most of their sugars, GAGs are highly negatively
charged. For this reason, they can be accepted as the most anionic molecules
produced by animal cells.47
GAGs can be grouped into four categories according to their sugars, the type of
linkage between the sugars, and the number and location of sulfate groups. GAG
types are hyaluronic acid, chondroitin sulfate and dermatan sulfate, heparan sulfate,
and keratin sulfate.47 Repeating dissacharide monomers of GAGs can slightly vary in
terms of type and also position of the sulfate groups. Most common forms of
dissacharide units of GAGs are given in Table 1.1.

Table 1.1 GAGs and their repeating dissacharide units
Glycosaminoglycans

Repeating dissacharide

Hyaluronan

D-Glucuronic acid and
N-acetylglucosamine

Chondroitin sulfate

D-Glucuronic acid and
N-acetylgalactosamine

Dermatan sulfate

D-Glucuronic acid/L-iduronic acid and
N-acetylgalactosamine

Heparan sulfate

D-Glucuronic acid/L-iduronic acid
and D-glucosamine

Keratan sulfate

D-Galactose and
N-acetylglucosamine
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1.3.1

Chemical and functional properties of glycosaminoglycans

Apart from HA, GAG chains are usually covalently linked to a protein which is
called core protein and form proteoglycans. Generally the properties of the GAGs
tend to dominate the biophysical and biochemical characters of the entire molecule.
GAGs are highly polyanionic molecules, therefore, in aqueous solution they attract
bivalent cations such as Ca2+ and Na2+.48 This creates a high hydrodynamic volume
combined with low compressibility.48 GAGs with these properties take a role as a
size-selective barrier in which only small molecules can freely diffuse, restricting the
bioavailability of larger molecules.48 In this way GAGs modulate water and
extracellular cation homeostasis. GAGs are the major organic components of the
extracellular matrix.48 As an ECM component, GAGs modulate the attraction and
migration of precursor cells, and their subsequent differentiation.44,49 They also
attract and regulate the action of proteins that are essential for tissue regeneration.
GAGs also act as scaffolds that can modulate the function of diverse proteins,
including cytokines, chemokines, growth factors, enzymes, and adhesion
molecules.43,50 Due to these interactions, GAGs regulate cellular processes such as
adhesion, migration, proliferation, and differentiation of various cell types.51 When
processed into collagen scaffolds, they also modulate the structure of the collagen
matrix. Their composition changes during the remodeling process such as bone
formation, wound healing or scaring.48 It is known that GAGs in the skin and bone
undergo quantitative and qualitative changes upon aging and UV radiation.48
The degree of sulfation and polymer length is important to determine the precise
action of glycosaminoglycans.52 It has been shown that sulfation degree of GAGs
changes their functional properties. In a recent study, native GAGs (HA and CS),
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highly sulfated HA and CS and GAG free control were compared in different
aspects.53 This study revealed that sulfation causes the loss of the proliferative
activity of MSCs by about 40%, while it almost completely suppresses necrosis and
apoptosis.53 Increased sulfation also modulates MSC differentiation. MSCs cultured
in osteogenic medium show increased osteogenic marker gene expression when
treated with sulfated GAGs compared to native GAGs. Mineral deposition of MSCs
that are treated with sulfated GAGs also increased compared to native GAGs, which
is an important marker of osteogenic differentiation53. In another study, it is shown
that desulfation and/or shortening of heparin results in loss of its binding ability to
heparin binding proteins.48
1.3.2

GAG types: a more detailed explanation

GAGs are classified into six different groups: chondroitin sulfate (CS), dermatan
sulfate (DS), heparan sulfate (HS), heparin, keratin sulfate (KS), and hyaluronic
acid.54 This classification is done based on their uronic acid composition, amino
sugar composition, linkage between amino sugar and uronic acid, chain length of the
dissacharide polymer, presence or absence of sulfate groups and their position of
attachment to the sugar, nature of the core protein to which they are attached and
their tissue distribution.55 CS disaccharide units are arranged in alternating
unbranched sequences that can bear sulfate ester substituents in a variety of
positions. Variations in molecular weight, chain length and the position of sulfate
substitution can be observed depending on the species, which renders sequence
heterogeneity.56 CS chains have important functions in central nervous system
development, wound repair, infection, growth factor signaling, morphogenesis and
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cell division, in addition to their conventional structural roles.56 It is also the most
abundant GAG in the body with its presence in tendons, ligament, aorta and
cartilage.54 It binds to proteins, like aggrecan, to form large aggregates of
proteoglycans.54
Dermatan sulfate (DS) is also known as chondroitin sulfate B. DS is first isolated
from the skin.57 DS is defined as a chondroitin sulfate if GalNAc is present in the
structure. The presence of iduronic acid (IdoA) in DS distinguishes it from
chondroitin sulfates-A and -C and bridges it to heparin and heparin sulfate.58 DS is a
key biological response modifier. It is a stabilizer of cofactor and/or co-receptor for
growth factors, cytokines and chemokines. It regulates enzyme activity.59 DS acts as
signaling molecules in response to cellular damage, such as wounding, infection, and
tumorigenesis.58 Besides, it is a target for bacterial, viral and parasitic virulence
factors for attachment, invasion and immune system evasion.56
Heparin and heparan sulfate (HS) terms can sometimes be confusing. There is not a
certain definition or criteria that distinguish between heparan sulfate and heparin.
Both molecules are sulfated but heparin is more extensively so, and that provides
higher electronegativity.60 Another structural difference between these two molecules
is that HS includes a greater proportion of GlcA, whereas heparin contains more
IdoA.60 While heparin is only synthesized by connective tissue mast cells, HS is
found on cell surfaces or in the extracellular matrix of all mammalian organs and
tissues in the form of proteoglycans.61 The initial product in their biosynthesis is a
non-sulfated polymer and this polymer then enzymatically transformed into complex
sulfated derivatives.62 While heparin is used as an anticoagulant in the clinic, HS
exists at the cell surface and ECM.63 As HS is found at the cell surface, it binds to a
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variety of protein ligands and regulates a wide variety of biological activities,
including developmental processes, angiogenesis, blood coagulation and tumor
metastasis.63–65
Keratan sulfate (KS) is an atypical GAG type. It is the most heterogeneous GAG
type,54 is the only one that does not contain uronic acid.62 The family that it
represents does not have acidic residues alternating in the basic unit structure with an
N-acetylated amino-sugar.56 It is highly expressed in cornea, bones and brain.59
Corneal transparency is dependent on the amount of KS.66
HA, also called hyaluronan, is the sole GAG that does not form proteoglycan and is
not sulfated.54 It is synthesized in the cytoplasm at the plasma membrane and is
delivered into the extracellular space without post-modification.67 HA is a major
component of the ECM of the skin, joints, eye, and cartilage.68 Due to high degree of
polymerization capability, HA molecules can compose large molecules that reach up
to several million daltons in weight which exceeds other GAGs in length.67 There are
different types of HA-binding proteins that are called hyaladherins.69 Among them,
CD44 and CD168 are distinct HA cell surface receptors. CD168 triggers motility by
controlling focal adhesion kinase, and activation of mitogen-activated protein
kinases.48 CD44 is the main receptor for HA and it modulates macrophage fusion,
migration, and polarization of cells, and serves as co-receptor and organizer of the
actin skeleton.69,70
HA has extraordinarily wide-ranging biological functions depending on the size
despite its uniform and simple primary structure. For example in cartilage, HA is an
important structural element of the matrix.71,72 It creates an aggregation centre for
aggrecan which is a large chondroitin sulfate proteoglycan that retains its
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macromolecular assembly in the matrix due to specific HA–protein interactions.73,56
The presence of negatively charged HA in cartilage ECM helps retain high water
content and this creates a lubricant ECM that reduce friction between bones which
also protects bones by absorbing dumping pressure. They also take role as spacefilling, antiangiogenic and immunosuppressive materials.56

1.3.3

Roles of GAGs in biology

Glycosaminoglycans are seen in ECM of all the connective tissues. They modulate
cell adhesion and motility. Many cell adhesion promoting components in ECM or on
cell surfaces bind GAGs and support adhesion. GAGs and proteoglycans act as coreceptors for integrins and are involved in transducing signals.74 Bioactivity of GAGs
is related to the interaction of their negatively charged groups to the positively
charged amino groups of proteins. It is hypothesized that these charged functional
groups have vital role in the formation of proteoglycans, thus, they are important for
biochemical processing/signaling related to cell functionality and survival.45
GAGs also take role in immunity. It is reported that CS creates an anti-inflammatory
environment by downregulating the expression of MMPs, IL-1β, TNFα, COX-2, and
NOS2 as a result of blocking the NF-κB signaling pathway.48 HS has been shown to
regulate leukocyte development and migration, immune activation, and inflammatory
processes.75 HA takes a role in the recruitment processes of leukocytes to the
inflammation site through its interaction with CD44.76 HA protects the healthy form
of skin acting as scavenger for free radicals, that can be form upon exposure to UV
light,

which may result in oxidative stress on cell.56 HA regulates osteoclast

precursor mobility and may act as a diffusion barrier for enzymes from the resorption
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area. It is suggested that HA may take a role in osteoclast attachment and resorption
via CD44.48 The main GAG type in bone tissue is chondroitin-4-sulfate while HA,
DS and chondroitin-6-sulfate can be seen in less amounts in bone. Expression of
these molecules enhances osteogenic differentiation of mesenchymal stem cells
(MSCs).77 Glycosaminoglycans modulate the attraction of bone precursor cells
including the actions of proteins essential for bone regeneration.45
The epidermis and dermis, which are different layers of skin, contain various types of
GAGs. Although they make up only 0.1–0.3% of the total skin weight, GAGs define
skin volume and elasticity due to their large water-retaining capability.78 When it
comes to wound healing, the quantity and qualitative composition of GAGs differ in
healthy skin and scar tissue.48 In fact, this difference is one of the reasons of scar
formation rather than complete healing. The fibroblasts in scar tissue, produce more
HA, and more C4S (chondroitin-4-sulfate), but less DS than fibroblasts in healthy
skin.48 It is also known that de novo synthesis of GAGs is increased temporarily
during the proliferation phase of wound healing. In addition to that persisting high
HA levels in granulation tissue are related to scarless healing.48
GAGs are also studied in cancer biology due to their functional properties related to
adhesion, motility and signal transduction. Tumor cells must adhere to extracellular
matrix (ECM) proteins and molecules on other cells in order to invade and
metastasize. Integrins, the receptors that are responsible for cell-to-ECM interactions
are therefore important in tumor cell invasion and metastasis.79 GAGs have a
modulating role for integrin binding and this is one of the reaction types that makes
them important molecules in cancer studies. There are several examples that show
GAGs-cancer relation. In one example, α4β1 integrin-mediated melanoma cell
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As mentioned above GAGs have diverse biological functions and this makes them a
shining candidate for regenerative purposes. Currently, collagen–GAG composites
are developed for a wide range of applications in tissue engineering of bone and
skin.48 GAGs also can be used as anticoagulation agents. Heparin and heparin like
GAGs are used to inactivate coagulation proteases and blood anticoagulation.80 In
another study, regeneration potential of GAGs on spinal cord injuries was studied. In
this work, chondroitin sulfate with two sulfate groups showed excellent motor
recovery in vivo assay, improved axonal growth in vitro, and neuroprotection against
the NMDA induced neuronal cell death. Besides, it was observed that GAGs do not
inhibit axonal growth.81 The importance of GAGs in neural tissue regeneration is
also revealed by studying healthy and crush-injury models of sciatic nerve in vivo. In
this study, GAGs are recovered from supernatant and pellets of tissue homogenates
and assayed for different GAG types. The study shows that GAG profile in
supernatant and pellets differ among injury model and healthy tissue. In addition,
GAG amount is two times higher in healthy samples. This indicates the need to
modulate the glycosaminoglycan expression pattern in adult neural tissue
regeneration after post-traumatic period.82
GAGs have several important roles in tissue healing and remodeling. HA accelerates
healing processes of dermal wounds.68 It is shown that hyaluronic acid modulates the
inflammation at short term but also at later stages of tendon or ligament healing, also
it involves in collagen fibril aggregation and development.83 It improves the healing
quality of the injured tissues by increasing cell migration and proliferation in the
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internal parts of the injured tendon and ligaments and by reducing peritendinous
adhesion over the tendon and ligament surface as it decreases cell proliferation. HA
is also used as chondroprotective and its effects are shown in vitro and in vivo.68 In
addition, HA is used as space-filling matrix of the eye in ophthalmology
applications.68
GAGs can also be used in vascular tissue regeneration. Vascular endothelial cells are
the cells found in vascular tissue and they synthesize collagen IV and elastin during
angiogenesis. In one study, it was shown that collagen IV and elastin deposition in
matrix is increased and their mRNA expression is upregulated when endothelial cells
are cultured in matrix that incorporated HA and HA+HS combination.84
In another study, GAGs were shown to modulate differentiation of MSCs. It was
shown that hMSCs (mesenchymal stem cells isolated from human bone marrow)
selectively differentiate into bone when they are cultured on GAG containing tissue
culture plates. Except from chondroitin-4-sulfate, all tested GAG types which were
DS, chondroitin-6-sulfate, heparin and HA, increase osteoblast differentiation related
genes expression.77 To sum up, GAGs of extracellular matrix played a significant
role in regulating osteoblast differentiation and could be exploited in the biomimetic
approach of fabricating or functionalizing scaffolds.77 Depending on the type of
GAG that is used, MSCs were also directed into chondrogenic differentiation by
changing the mechanical and morphological properties of the scaffold that they were
incorporated in. In the study that compares effects of CS and HA incorporated
collagen based scaffolds on MSC differentiation, it was shown that HA scaffold
promotes cartilage differentiation. While expression of chondrogenic related gene
markers such as Sox-9 and collagen II increased significantly, HA scaffold also
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provided greater levels of MSC infiltration in comparison to the CS scaffolds which
is characteristic for cartilage tissue.85 Conversely, gene expression studies, scaffold
morphology and mechanical characterizations revealed that scaffold incorporated
with CS induce osteogenic differentiation. Therefore, this study also points out that
GAG type determines differentiation fate of the MSCs.
1.3.4

GAG-protein interactions

GAGs are generally believed to exert their biological activities through the
localization, stabilization, activation or inactivation of interacting proteins.80 GAGreceptor and GAG-protein interactions are important as these interactions modulate
various biological signals. High molecular weight HA (HMW-HA) inhibits
osteoclast differentiation via Toll-like receptor (TLR)-4 by interfering with colony
stimulating factor (M-CSF) signaling. In the inflammatory phase, GAG binding of
chemo-attractants such as IL-8 and TGF-β provides the ECM with cues directing the
migration of neutrophils and macrophages, towards the wounded tissue. HA runs
most of its reaction upon binding CD44, which is the main receptor for HA.48 The
most studied GAG-protein interactions involves HS and growth factors, especially
fibroblastic growth factor.61 DS is also shown to bind to hepatocyte growth factor.58
Heparin forms complexes with thrombin and protease inhibitors, and inhibits
coagulation.61 There are different factors that affect GAG-protein binding. One of
them is presence of internal ion pairing in place of counter-ions. For example Na+ on
GAGs and Cl- on the proteins influence GAG-protein interactions. High energy
binding sites and the entropy of the environment are other factors that affect
interaction80. Amino acid sequence also affects the binding behavior. There are

19

certain amino acids that particularly bind to GAGs when they are found in peptide
sequence. Peptides including high amounts of arginine and lysine bind to GAGs with
greatest affinity.54 Peptides with high affinity for heparan sulfate are also enriched in
other polar amino acids including serine. Asparagine residues are commonly found
in heparin binding site.80 For heparan sulfate binding, peptides are enriched in
glutamine residues. Tyrosine residues are also enriched in known heparin binding
regions.80 These specific preferences are believed to stem from differences in
abundance of chemical interactions like hydrophobic and hydrophilic interactions.

1.4 Peptide Amphiphiles
Peptide amphiphiles are molecules that combine structural features of amphiphiles
and with functions of peptides that can be biologically active. They consist of two
main blocks: an alkyl tail connected to a peptide block. Alkyl tail is the part that
gives the structure lipophilicity. Therefore, PAs can also be called as lipopeptides, or
amphiphilic peptides.86,87
A typical PA design includes four key regions.88 First region is the hydrophobic
domain, which is generally composed of an alkyl tail and gives lipophilicity to the
molecule. Second region is located adjacent to the alkyl tail and is composed of a
short peptide sequence capable of forming intermolecular hydrogen bonding and βsheet secondary structure. Third region is designed to enhance water solubility of the
PA molecules by providing charges to the molecule. This part is composed of either
basic or acidic amino acids. Another function of this region is to make PA molecule
assembly controllable by charge, pH, salts and ions. The last part is used to present
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bioactive signals which may be an epitope to interact with cell receptors, a segment
that binds proteins or biomolecules, or a pharmacological agent. This typical design
of PAs can change depending on the application purpose. For example, PAs that are
designed to functionalize liposomes include proline residues instead of β-sheet
forming amino acids in order to trigger micelle structure formation.89
PAs are self-assembling molecules in aqueous conditions. Forces that drive selfassembly include hydrophobic interactions of the alkyl tails, hydrogen bonding
among the middle peptide segments, and electrostatic repulsions between the charged
amino acids.88 Amphiphilicity is the main triggering factor for the self-assembly of
PA molecules.86 Assembly of PAs can also be triggered by ions and pH change.
Upon self-assembly, PAs can form diverse nanostructures. These structures can have
α-helical, and parallel or anti-parallel β-sheet secondary structures. Nanofibers,
nanotubes, tape-like structure and cylindrical micelles are among the more
sophisticated structures that can be obtained by self-assembly PAs.90–93
PAs are biocompatible, biodegradable, and can be easily controlled to form different
shapes. Another most important feature of PAs is their high density epitope
presenting properties. As they intrinsically self assemble, they present bioactive
epitope groups to the environment with a much higher density compared to single
bioactive peptide molecules. These features make PAs versatile tools as selfassembled building blocks. PAs can be used as delivery agents for drugs and
miRNAs, as MRI contrast agents, antimicrobial agents, incorporated into energy
applications, used in vitro to control cell fate and in vivo to induce or suppress
(depending on the purpose) angiogenesis and to trigger tissue regeneration.10,11,89,94–97
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CHAPTER 2
EXPERIMENTAL
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2.1 Materials
[4-[-(2’,4’-dimethoxyphenyl)

Fmoc-aminomethyl]phenoxy]

acetamidonorleucyl-

MBHA resin (Rink amide MBHA resin), Fmoc-Glu(OtBu)-Wang resin, 2-(1H
Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexaﬂuoro-phosphate (HBTU), 9Fluorenylmethoxycarbonyl (Fmoc) and tert-butoxycarbonyl (Boc) protected amino
acids were purchased from NovaBiochem, ABCR and Sigma-Aldrich. Fmoc-Ser[Glc(OAc)4]-OH was purchased from AAPPTec. N,N-diisopropylethylamine (DIEA)
and lauric acid were purchased from Merck. Piperidine, acetic anhydride,
dichloromethane (DCM), dimethylformamide (DMF), triﬂuoroacetic acid (TFA) and
triisoproplysilane (TIS) were obtained from Sigma-Aldrich. All other chemicals and
materials were purchased from Invitrogen, Fisher, Merck, Alfa Aesar, and
SigmaAldrich. Deionized water (ddH2O) used in experiments had a resistance of
18.2 MΩ.cm (Millipore Milli-Q). All chemicals and materials were used as provided.
For cell culture experiments, Dulbeccos Modiﬁed Eagle Medium (DMEM),
Penicillin/Streptomycin (PS) antibiotic mix and Fetal Bovine Serum (FBS) were
purchased from Gibco, Life Technologies. LIVE/DEAD Viability/Cytotoxicity Kit
was purchased from Invitrogen. Cell Proliferation ELISA, BrdU (colorimetric) kit
was purchased from Roche. Safranin-O and Oil Red-O were obtained from SigmaAldrich.
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2.2 α-N-Acetyglucosamine Carboxylic Acid Synthesis

Figure 2.1 Synthesis of 2-Acetamido 2-deoxy-a-D-glucopyranose 3,4,6 triacetate
carboxylic acid derivative. Carboxylic acid functionality appended to N-acetylglucosamine.

2.2.1

Synthesis of Allyl-N-Acetyl-α-D-Glucopyronoside-3,4,6 Triacetate

0.2 mL of BF3.Et2O was added to a solution of 2 g N-acetyl-glucosamine in 50 mL
allyl alcohol and reaction mixture was refluxed at 130 °C for 2 h. After complete
conversion allyl alcohol was removed on rotary evaporator to get crude allyl-Nacetyl-α-D-glucopyranoside. The crude product was purified by dissolving in 20 mL
ethanol and then adding diethyl ether. Desired compound separates as a white solid.
White solid compound was dissolved in 20 mL dry pyridine, acetic anhydride at 0 °C
was added and then stirred at room temperature for 12 h. After the completion of
reaction, pyridine was removed on rotary evaporator. Then crude material was
dissolved in ethyl acetate and washed with dil. HCl, brine and water. Organic layer
was dried on anhydrous Na2SO4 and column purified to get desired compound after
evaporating organic solvent. 1H NMR 5.88 (1H, m), 5.72 (1H, J=9.54Hz, d), 5.27
(3H, m), 5.12 (1H, J=9.54, t), 4.88 (1H, J=3.51Hz, d), 4.35 (1H, m), 4.23 (1H,
J=12.30 & 4.52Hz, q), 4.18 (1H, m), 4.09 (1H, m), 4.02 (1H,m), 3.96 (1H,m), 2.09
(3H,s), 2.02 (3H,s), 2.01 (3H,s), 1.95 (3H,s).

24

2.2.2

Synthesis of N-Acetyl-α-D-Glucopyronoside-3,4,6 Triacetate Carboxylic
Acid

Into the stirred solution of allyl-N-acetyl-α-D-glucopyronoside-3,4,6 triacetate,
dissolved in 23 mL CCl4, 23 mL CH3CN and 30 mL H2O at 0°C, NaIO4 and
RuCl3.H2O was added. The reaction mixture was stirred for 12-16 h and after
completion was checked by thin layer chromatography (TLC), reaction mixture was
evaporated on rotary evaporator to get crude carboxylic acid derivative which was
directly used for coupling on solid phase. 8Hz; 4.12-4.27 (m, 6H); 3.98 (d, J=15.0Hz,
1H), 3.54-3.79 (m, 9H), 3.20-3.50 (m, 26H), 3.10-3.17 (m, 5H), 2.10-2.25 (m, 5H),
1.93-2.01 (m, 4H), 1.86 (s, 3H), 1.55-1.81 (m,3H), 1.40-1.49 (m, 5H), 1.20-1.30 (m,
25H), 0.8-0.9 (m, 18H).

2.3 Synthesis, Identiﬁcation and Puriﬁcation of Peptide Amphiphile
Molecules
2.3.1

Synthesis of Peptide Amphiphile Molecules

Peptide amphiphile molecules were synthesized by standard SPPS (solid phase
peptide synthesis) method. Peptide amphiphiles, except E-PA, were constructed on
MBHA Rink Amide resin, and E-PA [Lauryl-VVAGE] was constructed on Wang
resin pre-loaded with Fmoc-Glu(OtBu). The resins were swelled in DCM for 30 min.
Following resin swelling, DCM solvent was exchanged to DMF, in which all
remaining reactions were carried out. All amino acid couplings, except Fmoc-Ser[Glc(OAc)4]-OH, were performed with 2 equivalents of Fmoc protected amino acid,
1.95 equivalents of HBTU and 3 equivalents of N,N-diisopropylethylamine (DIEA)
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in DMF. Coupling duration was at least 3 h but varied depending on the type of
amino acid that is coupled. Fmoc-Ser[Glc(OAc)4]-OH coupling was performed with
1.2 equivalents of amino acid, 1.1 equivalents of HBTU and 1.8 equivalents of N,Ndiisopropylethylamine (DIEA) in DMF. Equivalences are based on the resin that was
used for construction.
Fmoc deprotections were performed with 20% piperidine/dimethylformamide (DMF)
solution for 20 min. After each coupling reaction, resin was treated with 10% acetic
anhydride in DMF for 30 min to block any remaining free amino groups. Before each
succeeding event, washing was performed by DMF, DCM, and DMF three times
each, respectively. Cleavage of the peptides from resin was carried out with a
mixture of triuoroacetic acid (TFA) : triisoproplysilane (TIS) : water in the ratio of
95 : 2.5 : 2.5 for 2 h. Excess TFA was removed by rotary evaporation. The remaining
viscous peptide solution was treated with ice-cold diethyl ether overnight at -20 °C.
Ether decantation was performed after centrifugation at 4 °C, 8000 rpm for 15 min.
After complete evaporation of diethyl ether via air drying, the resulting pellet was
dissolved in ddH2O, sonicated for 30 min, freeze-dried at -80 °C, and lyophilized.
Deacetylation of Glc-PA [Lauryl-VVAGKS[β-D-Glc(OAc)4)-Am] was carried out in
solution phase. Acetyl protecting groups on glucose of Glc-PA [Lauryl-VVAGKS(βD-Glc)-Am] were removed in NaOMe in methanol solution. The reaction was
carried out at room temperature, in argon atmosphere, for 3-4 h by stirring. The
reaction was quenched at acidic condition which is created by a few drops of acetic
acid. Solution was removed by rotary evaporator and obtained product was dissolved
in ddH2O and freeze-dried. The PAs were stored at -20 °C.
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Figure 2.2 Schematic representation of the sequential synthesis of amphiphilic
glycopeptide. N-acetyl-α-D-glucopyronoside-3,4,6 triacetate carboxylic acid was
attached to the PA backbone from the side chain of lysine.
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2.3.2

Characterization of Peptide Amphiphile Molecules

The synthesized peptide was characterized by liquid chromatography mass
spectrometry (LC-MS) on an Agilent 6530 Q-TOF mass spectrometer equipped with
ESI source and reverse phase analytical high performance liquid chromatography.
Basic conditions and acidic conditions were used to identify negatively charged and
positively charged PA molecules, respectively. For basic conditions, Zorbax ExtendC18 (4.6 x 50 mm) column and water/acetonitrile gradient with 0.1% volume of
NH4OH were used. For acidic conditions, Zorbax 300 SB-C8 (4.6 x100 mm) column
and water/acetonitrile gradient with 0.1% volume of formic acid were used.

2.3.3

Purification of Peptide Amphiphile Molecules

An Agilent 1200 preparative reverse-phase HPLC system was used for purification
of PA molecules. As stationary phase, a Luna 5u C8 (2) (21.20 x 100 mm) column
for acidic conditions and a Gemni 5u C18 (21.20 x 100 mm) column for basic
conditions were used to purify positively charged and negatively charged PA
molecules, respectively. As mobile phase, water/acetonitrile gradient with 0.1%
volume of NH4OH for basic conditions and water/acetonitrile gradient with 0.1%
volume of TFA for acidic conditions were used.
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2.4 Formation

of

Peptide

Amphiphile

Nanostructures,

Spectroscopy and Morphological Characterizations
2.4.1

Formation of Self-Assembled PA Nanostructures

To induce nanoﬁber formation, PA solutions were prepared from the solid form of
the PAs by dissolving in ddH2O. GlcNAc-PA [Lauryl-VVAGK(GlcNAc)-Am], GlcPA (or other name K-Glc-PA) [Lauryl-VVAGKS(β-D-Glc)-Am], E-Glc-PA [LaurylVVAGES(β-D-Glc)- Am] and K-PA [Lauryl-VVAGK- Am] solutions were prepared
at 1 mM concentration, E-PA [Lauryl-VVAGE] was prepared at 0.5 mM
concentration and then PA solutions were sonicated for 15 min and sterilized under
UV for 15 min. PA nanostructures were formed on well plates by mixing counter
charged PAs with equal volume. Final net charges of PA mixtures were obtained as
zero. Hyalgan® was 1:25 diluted in ddH2O to arrange molarity as approximately 1
mM. Diluted Hyalgan® was mixed with 1 mM K-PA at 1:1 volume ratio. Coated
plates were incubated at standard conditions for half an hour to allow homogeneous
mixing of PA molecules. After the incubation, plates were left under laminar flow for
overnight to dry peptide gel. Prior to cell seeding, plates were sterilized by UV
radiation for 30 min.
2.4.2

Circular Dichorism

Secondary structures of the PA molecules were characterized by J-815 Jasco circular
dichroism spectrophotometer in the far ultra-violet region. PA solutions were
prepared and nanoﬁber formations were conducted as explained in the ―Formation of
Self-Assembled PA Nanostructures‖ part. PA solutions and peptide gel were
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incubated for 15 min prior to measurement in order to allow self-assembly formation
and diluted 1:3 with ddH2O. CD spectrum was measured from 300 to 190 nm, with
100 nm/min scanning speed, 0.1 data pitch, 1 nm bandwidth, 4 s D.I.T. and
measurements were performed with three accumulations. Selectivity was selected as
standard. Measurements were performed in quartz cuvettes with 1 mm path length.
The results were obtained as molar elipticity and converted into the unit of
deg.cm2.dmol-1 using the formula given below:
[𝜃] =

100 𝑥 𝛺
(𝐶 𝑥 0. 𝑙)

where 𝛺 is the obtained value, C is the concentration in molar, and 0.l is the cell path
length in centimeters.

2.4.3

Scanning Electron Microscopy Imaging

For SEM imaging, peptide hydrogels were prepared on cleaned silica wafers, by
mixing 10 mM PA solutions at 1:1 ratio, except combinations including E-PA. PAs
that were combined with E-PA were mixed at 2:1 ratio, where E-PA was the 1
equivalent. Obtained gels were incubated for 20 min at room temperature to allow
gelation and then dehydrated. Dehydration was performed in 20, 40, 60, 80, and
100% ethanol solutions, sequentially. Dehydrated gels were dried with a Tourismis
Autosamdri-815B critical-point-drier to preserve the network structure. The dried
samples were covered with Au/Pd at 5 nm thickness and visualized under high
vacuum with a FEI Quanta 200 FEG scanning electron microscope equipped with
ETD detector.

30

2.4.4

Transmission Electron Microscopy Imaging

TEM samples were prepared on a 200-mesh cupper TEM grid. Nanostructures were
formed as explained above and these solutions were 10 times diluted. 30 µL from the
solutions were dropped on a paraﬁlm which is hydrophobic surface and the grid was
placed onto droplet. After 5 min incubation, grid was taken, excess PA solution was
removed and the grid was stained with 2 wt% uranyl-acetate for 3 min. Immediately
after 3 min, uranyl-acetate was removed, the grid was rinsed with ddH2O and left to
air drying. TEM images were acquired with FEI Tecnai G2 F30 TEM at 300 kV.

2.5 Cell Culture and Maintenance
Rat mesenchymal stem cells (rMSCs) (Invitrogen) were cultured as monolayer
cultures in DMEM medium supplemented with 10% FBS and 1% penicillinstreptomyocin in tissue culture plates at standard conditions (at 37 °C under 5%
CO2). Cells were seeded at 3000-5000 cells/cm2 and passaged at 80% conﬂuency by
Trypsin-EDTA (0.025%). The culture medium was replaced every 3-4 days. In all
experiments, cells between passage 6-9 were used. All cell culture reagents were
purchased from Invitrogen.

2.6 Cell viability, Adhesion and Proliferation Analyses
2.6.1

Viability Assay: MTT assay

Viability of rMSCs seeded on nanoﬁber networks were quantiﬁed by MTT assay
(Sigma, Cat no: TOX-1). In order to perform MTT assay, cells at a density of 1.2 x
104 cells/cm2 were seeded on PA coated wells and on bare wells as a control in
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maintenance medium. Then, plates were incubated at standard conditions for 12 h.
After incubation period, medium was replaced with phenol red free medium
containing (3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT)
reagent and cells were incubated for 4 h at standard cell culture conditions.
Following the incubation period, plates were removed from the incubator and
resulting formazan crystals, formed by viable cells through cleavage of tetrazolium
ring, was dissolved in MTT Solubilization Solution [M-8910] as indicated in the
procedure. Spectroscopic measurement was performed at a wavelength of 570 nm
and obtained results were converted into % viability against bare surface.

2.6.2

Cell Adhesion

Adhesion proﬁle of rMSCs on PA coated and on bare surfaces were analyzed after 4
h incubation. To perform adhesion test, growth medium of the ﬂask was replaced
with adhesion medium which is serum free low glucose phenol red including
DMEM, supplemented with 3 wt% BSA and 0.05 wt% cycloheximide, and cells
were incubated for 1 h at standard cell culture conditions. In order to detach cells
from the ﬂask surface trypsin was added and incubated just for 30 sec. Later 0.6 x
104 cells per cm2 were seeded on PA coated wells and on bare wells and incubated at
standard conditions for 5 h. After 5 h, media was removed by aspiration, the wells
were washed with PBS and cells were stained with 2 µM Calcein AM (Invitrogen) in
PBS for 40 min. Stained cells were imaged by an inverted ﬂuorescent microscope
and counted by using ImageJ software. The experiment was carried out on a 96-well
plate.
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2.6.3

Cell Proliferation

Proliferation of cells was determined by Cell Proliferation ELISA, BrdU (colorimetric) (Roche) according to the manufacturer’s protocol. 96-well plate was used for
the proliferation assay. In brief, 1.2 x 104 cells per cm2 were seeded on PA coated
wells and on bare wells and incubated for 48 h at standard conditions. After 48 h,
medium was replaced with 10 µM BrdU containing medium and cells were
incubated at standard conditions for additional 4 h. Cells were then ﬁxed and stained
by using labeled antibody against BrdU. Cells were washed three times with PBS,
and substrate solution was added. After 20 min, color development was measured at
a wavelength of 370 nm by using microplate reader (Molecular Devices Spectramax
M5) and subtracted from reference wavelength (492 nm) values.

2.7 Cell Diﬀerentiation Analyses
2.7.1

Sulfated Glycosaminoglycan Production Analyses

2.7.1.1 Safranin-O Staining
Glycosaminoglycan accumulation was visualized by Safranin-O staining. In order to
perform Safranin-O staining, rMSCs were seeded on PA coated wells of 96 well
plates and bare wells as a control in maintenance medium. Cells were seeded at a
density of 1.2 x 104 cells/cm2 and then plates were incubated at standard cell culture
conditions. At the indicated time points, medium was discarded by aspiration and
cells were washed with 1X PBS and fixed with 10% formalin (in PBS) for 15 min at
RT. The cells were blocked with 1% BSA/PBS (w/v) for 30 min at RT after a
washing step, in order to eliminate non-specific binding of dye. Thereafter cells were
treated with 0.1% (w/v) Safranin-O in 1% (v/v) acetic acid for 5 min at RT.
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Immediately after 5 min, dye was removed by aspiration and the wells were
extensively washed with 0.1% (v/v) acetic acid in PBS to remove unbound dyes.
That last washing step with 0.1% (v/v) acetic acid in PBS was repeated 3 times, each
for 5 min on a shaker. After third wash, washing solution was replaced with ddH2O
and the stained cells were imaged by an inverted light microscope.
2.7.1.2 Dimethyl Methylene Blue Assay
Quantiﬁcation of the accumulated sulfated glycosaminoglycans was performed by
dimethylmethylene blue (DMMB) assay. For the DMMB assay, 48 well plates were
coated with 200 µL peptide solution in total as described, and 1.2 x 104 cells per cm2
were seeded. In order to perform DMMB assay, culture medium was removed by
aspiration, wells were washed once with PBS, and 200 µL of papain digestion buﬀer
(100 mM sodium phosphate buﬀer/ 10 mM Na2EDTA/ 10 mM L-cysteine/ 0.125
mg/mL papain) per well was put. Cells were scraped with pipette in papain digestion
buﬀer. The samples were collected in 1.5 mL eppendorf tubes and incubated
overnight at 65 °C. Tubes were centrifuged at 2000 rpm for 5 min and supernatants
were taken in a new tube and used for following measurements. DNA amount per
construct was determined by using Qubit dsDNA quantiﬁcation kit (Invitrogen)
according to the manufacturer’s instructions. Before each Qubit sample preparation
sample tubes were vortexed for 3-5 sec. Gradually increasing concentrations of
chondroitin-4-sulfate standards (from 0 to 35 µg/ mL) were used to generate a
standard curve for the DMMB assay. In order to determine s-GAG amount, samples
from the same supernatants and C4S standards were aliquoted into 96 well plates
with a volume of 40 µL. 125 µL DMMB dye (16 mg/L 1,9-dimethylmethylene blue,
40 mM glycine, 40 mM NaCl, 9.5 mM HCl, pH 3.0) was added on 40 µL of the
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papain digested samples and of standard solutions. Optical densities (ODs) of the
mixtures were measured at a wavelength of 525 nm by using microplate reader
(Molecular Devices Spectramax M5). The sulfated glycosaminoglycan content was
normalized to total dsDNA.

2.7.2

Oil Red O Staining

Oil Red-O assay was performed in order to evaluate deposition of triglycerides and
lipids. Nanoﬁber formation on 96-well plate was done as explained. Cells were
seeded at a 1.2 x 104 cells per cm2 density and incubated at standard conditions till
the indicated experiment time points. At the indicated time points, medium was
discarded by aspiration, cells were washed with 1X PBS and ﬁxed in 10% formalin
in 1X PBS. After 10 min, ﬁxation solution was refreshed and the cells were
incubated for an additional 1 h at room temperature. Later, wells were washed with
ddH2O and incubated in 60% isopropanol for 5 min at room temperature. After 5
min, isopropanol was discarded and plate was left open to air dry. When the wells
were completely dried, 100 mL Oil Red working solution per well was added and
incubated for 10 min by gently shaking on a shaker. Unbound dyes were washed
with ddH2O 4 times. Finally, ddH2O was added on wells and images were acquired
under an inverted light microscope.

2.7.3

Real-Time Gene Expression Analysis

Gene expression proﬁles of diﬀerentiating rMSCs were assessed by quantitative Real
Time PCR (qRT-PCR) analyses. For total RNA extraction, cells were seeded at a 1.2
x 104 cells per cm2 density on PA coated and bare well surfaces. For RNA extraction,
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cells were grown on 24-well plate. Total RNAs of cells were extracted by using
TRIzol (Invitrogen) according to the manufacturer’s instructions. Concentration and
purity of isolated RNAs were measured by Nanodrop 2000 (Thermoscientiﬁc). All
samples were diluted to 50 ng/µL concentration prior to their use in qRT-PCR.
Conversion of RNAs to cDNA and ampliﬁcation of cDNAs were performed by using
SuperScript III Platinum SYBR Green one-step qRT-PCR Kit (Invitrogen) according
to the manufacturer’s protocol. Reaction conditions were briefly as follows: 55 °C
for 5 min, 95 °C for 5 min, 40 cycles of 95 °C for 15 s, X °C (where X is the
annealing temperature of the primers, see Table 2.1) for 30 sec, and 40 °C for 1 min,
followed by a melting curve analysis in order to confirm product specificity. The
reaction efficiencies for each primer were determined by plotting a standard curve
with 10-fold dilutions of the total RNA. Primer sequences and annealing
temperatures for each gene are given in Table 2.1. Primary gene expression levels
were normalized to GAPDH (a house-keeping gene) and comparative Ct method
(Pfaffl method) was used to analyze results.

2.8 Statistical Analyses
All quantitative values are represented as means ± standard error of the mean (SEM).
All experiments were performed with at least three replicates. One-way ANOVA
with Bonferroni's multiple comparison post-test was used for statistical analysis and
a p value of less than 0.05 was considered statistically significant, unless noted
otherwise.
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Table 2.1 Primer sequences and annealing temperatures of the genes used for qRTPCR analyses.

Gene Name
(Abbreviation)

Primer Sequence: Forward/Reverse

Annealing
Temperature
(°C)

Adiponectin
(ADIPOQ)

5'-AAGGGAGACGCAGGTGTTCTTGG-3'
5'-ATGGGAACATTGGGGACAGTGAC-3'

58.0

Aggrecan
(ACAN)

5′-GGTCACTGTTACCGCCACTT-3′
5′-CCCCTTCGATAGTCCTGTCA-3′

58.0

Collagen 1
(COL1)

5'-GAATATGTATCACCAGACGCAGA-3'
5'-GGACATCTGGGAAGCAAAGT-3'

59.5

Collagen 2
(COL2)

5′-CGAGGTGACAAAGGAGAAGC-3′
5'-TCCCGGTCTTCATGGGACTA-3'

55.0

Fatty Acid
Binding Protein 4
(FABP4)

5'-CCCAGATGACAGGAAAGTGAAGAGC-3'
5'-CTTTCATGACACATTCCACCACCAG-3'

59.0

Glyceraldehyde3-phosphate
dehydrogenase
(GAPDH)

5′- GTGCCAGCCTCGTCTCATA-3′
5′- AACTTGCCGTGGGTAGAGTC-3′
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Transcription
Factor SOX-9
(SOX9)

5′-CCACCCCGATTACAAGTACC-3′
5'-CAGCCACCTGGGACTCTAA-3'

61.5

Uncoupling
Protein 1
(UCP1)

5′-CCAGTGTAGCGGGGTTTGAT-3′
5′-GAGAGAAACGCCTGCCTCTT-3′

62.2
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CHAPTER 3
GLYCOPEPTIDE NANOFIBERS FOR CELL
DIFFERENTIATION INTO HYALINE CHONDROCYTES
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3.1 INTRODUCTION
Cartilage is a flexible avascular tissue that has limited regeneration capacity.
Cartilage has unique mechanical properties. It is the load bearing, cushioning part of
the body. Water composes the highest volume of cartilage (~80%) and cartilage
creates a friction-free environment at the articular parts of the bones. Chondrocytes,
which are specialized cells that compose cartilage, produce large amounts of
extracellular matrix (ECM) mainly made up of collagen fibers and aggrecan
proteoglycans. Hyaluronic acid (HA), which is a non-sulfated glycosaminoglycan
(GAG), is an important component of articular cartilage. Aggrecan and HA complex
form negatively charged aggregates, hold extensive amount of water and so
contribute to mechanical properties of the cartilage. HA in the ECM has a role in cell
adhesion, proliferation and movement. Articular cartilage covers the bony surface of
joints. Its function is to provide a low friction surface enabling the joint to withstand
weight bearing through the range of motion needed to perform daily activities as well
as athletic endeavors. Articular cartilage enables the knee to tolerate shear forces and
absorb shock and loads up to 20 times the body’s weight. Articular cartilage defects
impact daily activities of the patients negatively. In this chapter, our motivation is to
create cartilage mimicking ECM by using glycoconjugated peptide nanostructures in
order to induce differentiation of mesenchymal stem cells (MSCs) into cartilage
cells, especially having hyaline type cartilage features, and to obtain a biocompatible
material that can be used for regeneration of articular cartilage defects. In this study,
amphiphilic glycopeptides were successfully synthesized and characterized.
Morphological and chemical analysis of the peptide networks were carried out.
Differentiation experiments revealed that HA mimetic glycopeptide nanonetworks
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trigger better and faster chondrogenic differentiation compared to positive control
(Hyalgan®/peptide nanonetwork) and negative controls (bare tissue culture plate
surface and non-bioactive PA combinations) even in the absence of chondrogenic
medium.

3.2 RESULTS

3.2.1

Synthesis and Characterization of α-N-acetylglucosamine Allyl Glycoside

α-N-acetylglucosamine allyl glycoside was synthesized in order to develop
hyaluronic acid mimetic PA network. It forms the GlcNAc mimetic part of the
system. α-N-acetylglucosamine allyl glycoside was synthesized in two steps.
Chemical identifications of the compounds were carried out by NMR and mass
spectrometry (Figure 3.1-3.4). Obtained α-N-acetylglucosamine allyl glycoside was
directly coupled to the side chain of lysine solid support using standard amide
coupling and characterized by H-NMR (Figure 3.3).
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Figure 3.1

1

H-NMR spectra of Allyl-N-Acetyl-α-D-Glucopyronoside-3,4,6

triacetate. Peaks show the successful synthesis of the compound.

Figure

3.2

Mass

spectrum of

Allyl-N-Acetyl-α-D-Glucopyronoside-3,4,6

triacetate. Experimental m/z [M+H]+ = 388.1541, [M+Na]+ = 410.1358 [(M+K)]+ =
426.1103, [(M+H)*2]+ = 697.2338, calculated m/z [M+H]+ = 388.15.
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Figure 3.3

1

H-NMR spectra of N-Acetylglucosamine-E-PA. N-Acetyl-α-D-

Glucopyronoside-3,4,6 triacetate carboxylic acid coupled to the Lauryl-VVAGEKAm backbone from the side chain of lysine.

Figure 3.4 Mass spectrum of N-Acetyl-α-D-Glucopyronoside-3,4,6 triacetate
carboxylic acid. Experimental m/z [M-H]- = 404.1014, calculated m/z [M-H]- =
404.13.
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3.2.2

Synthesis and Characterization of Peptide Amphiphile Molecules

In this study, four different peptide amphiphile molecules were designed (Figure
3.5). Amino acid sequences, theoretical molecular weights and theoretical net
charges of the PA molecules at neutral pH are given in Table 3.1. PA molecules were
synthesized by solid phase peptide synthesis method, purified by preparative HPLC
and characterized by LC-MS. Purity of PA molecules were investigated LC-MS
spectroscopy. Experimental molecular masses of the PA molecules determined by
MS spectroscopy were 654.4975 ([M+H]+) for K-PA, 903.5758 ([M+H]+) for GlcPA, 1042.4484 ([M-H]-) for GlcNAc-PA, and 654.2844 ([M-H]-) for E-PA.
Theoretical masses of the designed PA molecules were matched with these
experimental results. This match proved the synthesis success. Prep-HPLC
purification was performed for all PA molecules independent from their purity as
they are used in cell culture studies. After prep-HPLC purification of the PAs, a
second round LC-MS was performed to check the final purity of PA molecules
(Figure 3.6-3.10). All PA molecules have more than 94% final purity.
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Figure 3.5 Chemical structures of the peptide amphiphiles. GlcNAc-PA (i), GlcPA (ii), E-PA (iii), and K-PA (iv). Color codes of the structures indicate alkyl tail
(black), β-sheet forming units (blue), positively charged amino acids (green), and
negatively charged amino acids (red).
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Table 3.1 Sequences, molecular weights and theoretical overall charges of the
peptide amphiphiles at neutral pH.
Peptide
Sequence
Amphiphile
GlcNAc-PA Lauryl -VVAGEK(GlcNAc)-Am

Molecular
Weight
1043.61

Net
Charge
-1

Lauryl-VVAGKS(β-D-Glc)-Am

902.57

+1

E-PA

Lauryl-VVAGE

655.42

-2

K-PA

Lauryl-VVAGK-Am

653.48

+1

Glc-PA

Figure 3.6 Liquid chromatography-mass spectrometry (LC-MS) analysis of
GlcNAc-PA. The purity of the crude product was analyzed according to the optical
density at 220 nm. Experimental m/z [M-H]- = 1042.4484, [(M-H)/2]- = 520.6911,
calculated m/z [M-H]- = 1042.61.
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Figure 3.7 Liquid chromatography-mass spectrometry (LC-MS) analysis of GlcPA. The purity of the crude product was analyzed according to the optical density at
220 nm. Experimental m/z [M+H]+ = 903.5758, [(M+H)*2]+ = 1807.1483, calculated
m/z [M+H]+ = 903.57.

46

Figure 3.8 Liquid chromatography-mass spectrometry (LC-MS) analysis of KPA. The purity of the crude product was analyzed according to the optical density at
220 nm. Experimental m/z [M+H]+ = 654.4975, [(M+H)*2]+ = 1307.9775,
[(M+H)/2]2+ = 327.7518, calculated m/z [M+H]+ =654.48.
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Figure 3.9 Liquid chromatography-mass spectrometry (LC-MS) analysis of EPA. The purity of the crude product was analyzed according to the optical density at
220 nm. Experimental m/z [M-H]- = 654.2844, [(M-H)*2]- = 1309.6380, calculated
m/z [M-H]- = 654.42.

3.2.3

PA Nanofiber Formation

Peptide amphiphiles are versatile tools due to their intrinsic self-assembly and high
density epitope presenting properties. In this study, Glc-PA (Lauryl-VVAGKS(β-DGlc)-Am) and GlcNAc-PA (Lauryl-VVAGEK(GlcNAc)-Am) are designed to mimic
glucoronic acid and N-acetylglucosamine part of hyaluronic acid disaccharide units,
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respectively. Positively charged K-PA (Lauryl-VVAGK-Am) and negatively charged
E-PA (Lauryl-VVAGE) peptide amphiphiles were designed as non-sugar bearing
control PA molecules. Peptide amphiphile nanofiber scaffolds were generated
through self-assembly mediated by electrostatic interactions among charged amino
acids and hydrophobic collapse of the alkyl tails, and intermolecular hydrogen
bonding of hydrophobic amino acids in β-sheet driving units at physiological pH.88
Hyalgan® is a commercially available knee-injection polymer and it is used to relief
patient’s pains that stem from chondro-degenerated knee.98 Hyalgan® is used as
positive control in this study. As it is highly anionic, it was treated as if it is
negatively charged PA and in order to form nanofibers was mixed with K-PA.
Five different nanofiber network systems were formed. GlcNAc-PA/Glc-PA network
generates hyaluronic acid mimetic scaffold. This combination is aimed to mimic the
hyaluronic acid in a more coherent way than other combinations. GlcNAc-PA/K-PA
and Glc-PA/E-PA networks were designed to investigate the response of MSCs to
single sugar units. Hyalgan®/K-PA was used to compare effectiveness of our
exclusive PA systems with a hybrid system that is formed by commercially available
product and a peptide amphiphile. K-PA/E-PA nanofiber network was generated as
non-sugar bearing scaffold, which is a negative control of PA network. Bare surface,
which is tissue culture plate that does not contain any scaffolds, was included in the
study as negative control to compare MSC response to any kind of PA scaffolds.
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3.2.4

Characterizations of PA Nanofibers

Biophysical and morphological characterizations of PA molecule mixtures were
performed with circular dichroism (CD), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM).
3.2.4.1 Secondary structure analysis
The secondary structure of single PA molecules and co-assembled PA molecule
systems were characterized by CD spectroscopy (Figure 3.10-3.11). All
combinations of PA molecules predominantly demonstrated β-sheet secondary
structure as revealed with chiral absorbance minima around 220 nm and maxima
around 200 nm.99 Single PA molecules at neutral pH showed disordered
conformation with a chiral absorbance except from GlcNAc-PA molecule. GlcNAcPA molecule had CD peaks that demonstrate β-sheet structure, possibly due to the
hydroxyl groups of the sugar which may create intermolecular hydrogen bonds.

Figure 3.10 CD spectra of peptide amphiphile nanofibers at physiological pH.
CD wavelengths revealed that obtained nanofibers have β-sheet secondary structure.
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Figure 3.11 CD spectra of single peptide amphiphile solutions at physiological
pH. CD wavelengths revealed the secondary structures of PA molecules.

3.2.4.2 Morphological Analyses of PA Nanofibers
The co-assembled PA nanostructures were visualized by SEM, TEM or scanning
transmission electron microscopy (STEM). These images revealed the porous and
nanoscale structure formed by counter-charged PA molecules that resemble the
nanofibrous network of native extracellular matrix. In TEM images, fibers of PA
molecules are shown in nanometer scale. Additionally, it is seen that nanofibers
came together and seen as larger fibers in some parts of the images. In conclusion,
while SEM images showed ECM-like porous network of co-assembled PA systems,
TEM and STEM images revealed that porous network was formed by bundles of
nanofibers (Figure 3.12 and 3.13).
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Figure 3.12 SEM micrographs of PA scaffolds. GlcNAc-PA/Glc-PA nanofibers
(a), Glc-PA/E-PA (b), GlcNAc-PA/K-PA (c), K-PA/E-PA nanofibers (d), and
Hyalgan®/K-PA (e). Scale bars = 10 μm.
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Figure 3.13 TEM (a,b) and STEM (c,d) micrographs of PA nanofibers. GlcNAcPA/Glc-PA nanofibers (a), GlcNAc-PA/K-PA (b), Glc-PA/E-PA (c), and K-PA/EPA nanofibers (d). Scale bar = 50 nm.

3.2.5

Biocompatibility of Peptide Amphiphile Nanofiber Networks

Cell viability on peptide amphiphile scaffolds is an important parameter for
analyzing biocompatibility of PA nanofiber network with MSCs. Cellular viability
was checked by using MTT assay after cells were incubated on the PA nanonetwork
for 12 h (Figure 3.14). 12 h was settled as time point to check cell viability because
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we want to eliminate interference of proliferation profile on viability results. MTT
assay determines viability by measuring mitochondrial activity of viable cells.100 For
this reason, altered cell proliferation might interfere with viability results obtained by
MTT assay. As cells might alter their proliferation profile when cultured on PA
scaffolds, and interference of proliferation on viability results is not desired, we
checked viability at a time point before natural proliferation cycle of MSCs. MTT
assay OD values were transformed into relative viability data upon accepting OD
values obtained from cells cultured on bare surface as 100% viability. Results
indicate that there is a ~10% increase in relative viability in GlcNAc-PA/Glc-PA
scaffold and a~14% increase in Glc-PA/E-PA scaffold compared to bare surface. KPA/E-PA and bare surface were comparable in each other. Additionally, viability on
GlcNAc-PA/K-PA and Hyalgan®/K-PA were more than 82% and 84% compared to
bare surface, respectively.

Figure 3.14 Relative cellular viability of rMSCs cultured on PA nanofiber
networks and on bare surface after 12 h incubation. Different letters denote
significance at p<0.05.
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3.2.6

Proliferation Analyses of rMSCs on PA Nanofiber Network

MSCs can alter proliferation upon environmental signals.101 For this reason it is
important to investigate the proliferation rate of MSCs cultured on PA scaffold in
order to characterize cellular response to our PA scaffold. Proliferation of rMSCs on
GlcNAc-PA/Glc-PA was found to decrease by 60% compared to bare surface (Figure
3.15). Proliferation rates of GlcNAc-PA/K-PA, Glc-PA/E-PA and K-PA/E-PA did
not give statistically significant difference although Glc-PA/E-PA showed 15% arrest
in proliferation compared to bare surface. Cells cultured on Hyalgan®/K-PA
decreased proliferation by 25% compared to bare surface but it was not as much
drastic as GlcNAc-PA/Glc-PA. As rMSCs are heterogeneous, these results can also
be interpreted that 40% and 75% of total cells proliferate after 48 h culture period on
GlcNAc-PA/Glc-PA and Hyalgan®/K-PA, respectively.102

Figure 3.15 Relative proliferation of rMSCs cultured on PA nanofiber networks
and on bare surface after 48 h incubation. Different letters denote significance at
p<0.05.
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3.2.7

Adhesion Analyses of rMSCs on PA Nanofiber Network

Adhesion is one of the early events of cellular response that is triggered by a
material.103 Relative adhesion data was obtained by normalization of total number of
adhered cells on peptide nanofiber network to total number of cells on bare surface,
which is tissue culture plate. Total number of cells on bare surface was accepted as 1
and cell numbers of other groups were normalized to cells on bare surface.
Interference of any endogenous proteins to adhesive behavior of cells to PA scaffold
was minimized by a protein synthesis inhibitor (cycloheximide, translational
elongation inhibitor) treatment.104 5 h after cell seeding total number of cells were
counted. Results indicate that adhesion of rMSCs on GlcNAc-PA/Glc-PA, GlcPA/E-PA and Hyalgan®/K-PA were comparable with each other and were increased
more than 4 fold compared to bare surface (Figure 3.16). Remaining two PA
networks and bare surface groups were comparable in each other. Although
statistically significant difference was not observed between GlcNAc-PA/K-PA, KPA/E-PA and bare surface, GlcNAc-PA/K-PA and K-PA/E-PA showed 0.7 fold
(approximately) increase in adhesion compared to bare surface.
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Figure 3.16 Relative adhesion of rMSCs cultured on PA nanofiber networks and
on bare surface after 5 h incubation. Different letters denote significance at
P<0.05.

3.2.8

sGAG Production Analyses

3.2.8.1 Safranin-O staining: Visualization of sGAGs
Chondrogenic differentiation of stem cells can be evidenced by elevated production
of GAGs. Natural ECM of cartilage is composed of high amounts of GAGs as
indicated in introduction. Stem cells that are induced to differentiate into
chondrocytes increase their GAG production. In order to determine chondrogenic
differentiation of rMSC cultured on PA networks and on bare surface, cells were
stained with Safranin-O. Safranin-O is widely used for chondrogenic phenotype
evaluation.105–108 It is a cationic dye that specifically/stoichiometric binds to sulfated
glycosaminoglycans.95
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Images showed that Safranin-O distinctly stained cell aggregates formed on PA
scaffolds with clear boundaries (Figure 3.17). Cells that conserve fibroblastic
morphology were stained faintly compared to cell aggregates. Intensity of staining
increased gradually with culturing period for all groups (Figure 3.18 and 3.19).
However, this elevated staining intensity was more clearly observed in cell
aggregates. GlcNAc-PA/Glc-PA combination stands out in terms of aggregate
formation. It triggers aggregate formation at a very early culture period. When other
groups showed any symptoms that they would form aggregates at day 3, cells had
already formed distinct and uniformly distributed aggregates all over GlcNAcPA/Glc-PA network. At day 7, cell aggregates on GlcNAc-PA/Glc-PA were enlarged
and more intensely stained (Figure 3.18). Cells on GlcNAc-PA/K-PA formed
reticulated structure with aggregated cells. These aggregates were not independent;
rather they were linked to monolayer of cells. This might be a sign of initial
aggregate formation. This hypothesis was proved with day 14 Safranin-O stained
images (Figure 3.19). Independent cell aggregates having clear boundaries are shown
on GlcNAc-PA/K-PA at day 14. Aggregate-like cell accumulations were also shown
on Glc-PA/E-PA scaffold. However, although some independent aggregates formed,
most of these cell aggregates are linked with monolayer of cells. At day 7,
conglomeration of cells were observed in K-PA/E-PA group, but at day 14, cells
twisted on top of each other due to confluency. For this reason the nodule-like
structures on K-PA/E-PA were not considered as a sign of cartilage cell
aggregations. No aggregation was observed on Hyalgan®/K-PA and bare surface.
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Figure 3.17 Safranin-O staining of rMSCs in growth medium at day 3, showing
the extent of sulfated glycosaminoglycan incorporation. Scale bar is 100 µm and
equal for all images.

Figure 3.18 Safranin-O staining of rMSCs in growth medium at day 7, showing
the extent of sulfated glycosaminoglycan incorporation. Scale bar is 100 µm and
equal for all images.
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Figure 3.19 Safranin-O staining of rMSCs in growth medium at day 14, showing
the extent of sulfated glycosaminoglycan incorporation. Scale bar is 100 µm and
equal for all images.

3.2.8.2 DMMB Analysis: Spectroscopic Quantification of sGAGs
Safranin-O staining is a strong indicator of hyaline like cartilage matrix deposition.
Visualization of cell aggregates stained with Safranin-O is a strong and undeniable
evidence for GAG deposition, but Safranin-O staining is not a quantitative tool.
Quantitative analysis of sGAG production of cells which is performed by DMMB
assay is not in concert with Safranin-O images. Although discrete, independent and
intensely stained cell aggregates are a strong indicator of chondrogenesis for cells of
GlcNAc-PA/Glc-PA group, sGAG quantification indicates the highest amount of
sGAG deposition at day 3 was formed on Glc-PA/E-PA (Figure 3.20). However,
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significant increase in GAG deposition per DNA amount compared to K-PA/E-PA
and bare surface was observed on GlcNAc-PA/Glc-PA network. Additionally, day 7
quantifications reflect the ability of GlcNAc-PA/Glc-PA and Glc-PA/E-PA scaffolds
to trigger GAG deposition of rMSCs more than the other groups (Figure 3.21). At
day 14, GAG deposition on bare surface was significantly decreased compared to PA
coated surfaces, which furthermore indicates the positive contribution of PA
scaffolds on GAG production for rMSCs (Figure 3.22).

Figure 3.20 sGAG levels of rat mesenchymal stem cells at day 3, analyzed by
DMMB assay. DMMB assay showing sGAG content of MSCs normalized to DNA
content. Different letters denote significance at P < 0.05.
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Figure 3.21 sGAG levels of rat mesenchymal stem cells at day 7, analyzed by
DMMB assay. DMMB assay showing sGAG content of MSCs normalized to DNA
content. Different letters denote significance at P < 0.05.

Figure 3.22 sGAG levels of rat mesenchymal stem cells at day 14, analyzed by
DMMB assay. DMMB assay showing sGAG content of MSCs normalized to DNA
content. Different letters denote significance at P < 0.05.
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3.2.9

Gene Expression Analyses of Chondrogenic Differentiation Gene
Markers

Stem cells alter expression of certain genes as they differentiate.109 These genes
change depending on the lineage that they are committed to differentiate. Since
morphological

observations

indicated

that

MSCs

differentiated

through

chondrogenesis on HA-mimetic PA systems, gene expression profiles of rMSCs
were analyzed in order to investigate how signals supplied by the PA scaffolds alter
the expression of certain chondrogenic marker genes. Expression levels of cartilage
specific genes Sox9, aggrecan, Collagen II and hyaline cartilage dedifferentiation
marker Collagen I were analyzed on day 3, day 7 and day 14.
Raw relative expression values, values that are not compared to any of the groups,
were analyzed in order to track expression profiles of the gene of interests between
the time points (Figure 3.23-3.24). It is revealed that only cells cultured on GlcNAcPA/Glc-PA scaffold gradually increased Sox9 expression in concert with the
extending culture period. In contrast, there was a gradual decrease in expression of
Sox9 for cells cultured on Glc-PA/E-PA, GlcNAc-PA/K-PA, K-PA/E-PA and
Hyalgan®/K-PA showed a decrease on day 7 compared to day 3 and increase on day
14 compared to day 7. Expression of Sox9 on bare surface decreased on day 7 and
kept this expression value on day 14. Day 1 expression was also analyzed to
determine very early differentiation in Sox9 expression. It was observed that
expression of Sox9 on Glc-PA/E-PA, GlcNAc-Glc-PA, Hyalgan®/K-PA and bare
surface showed similar levels. There was a decrease in K-PA/E-PA and a significant
increase at day 1 was observed for GlcNAc-PA/K-PA group.
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GlcNAc-PA/Glc-PA group showed the same pattern for aggrecan; its expression
gradually increased from day 3 to day 14. In the same manner, pattern for aggrecan
expressions were similar with Sox9 expression patterns of GlcNAc-PA/K-PA, KPA/E-PA and Hyalgan®/K-PA groups. While aggrecan expression of Glc-PA/E-PA
remained the same between day 3 and day 7, more than two fold increase was
observed on day 14. Cells cultured on bare surface decreased aggrecan expression on
day 7 and recovered it on day 14.
Expression levels of Col II, which is a late marker of chondrogenesis, progressively
increased on GlcNAc-PA/K-PA and K-PA/E-PA groups.110 Hyalgan®/K-PA and bare
surface trigger higher expression of Col II on day 7 compared to day 3. Although the
Col II expression values of day 14 were higher than that of day 3, Col II expression
decreased on day 14 compared to day 7. Col II expression remained almost the same
for all time points for Glc-PA/E-PA. Although the changes are moderate, there was a
decrease on day 7 compared to day 3 and increase on day 14 compared to day 7 for
cells on GlcNAc-PA/Glc-PA.
Col II/I ratio which is an important index for hyaline-type chondrogenesis, was found
gradually increased on GlcNAc-PA/K-PA and K-PA/E-PA groups, as observed for
Col II expressions.111 However, increase in Col II/I ratio in K-PA/E-PA is less
significant compared to GlcNAc-PA/K-PA although higher increases between time
points were observed for Col II expression on the same group. With decrease on day
7 and increase on day 14, GlcNAc-PA/Glc-PA and Glc-PA/E-PA groups had similar
pattern for Col II/I ratio. Col II/I ratio on day 14 decreased for cells on Hyalgan®/KPA and bare surface following an increase on day 7.

64

When we analyzed the Col I gene expression values separately, we observed the
arrest effect of PA scaffolds on increase in Col I expression. Its expression gradually
increased for Hyalgan®/K-PA and K-PA/E-PA and highest value was found in bare
surface cells. On the other hand, GlcNAc-PA/Glc-PA, GlcNAc-PA/K-PA and GlcPA/E-PA, which are the groups having glycol units, either retained the same level of
Col I expression, or increased slightly or even decreased over the culturing time
period.

Figure 3.23 Gene expression analyses of rMSCs cultured with growth medium
at different time points. The expression level of each gene was normalized against
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GAPDH. The results that are normalized against bare surface indicate the changes in
expression levels between different time points.

Figure 3.24 Sox9 gene expression analyses of rMSCs cultured with growth
medium at different time points. The expression level of each gene was normalized
against GAPDH. The results that are normalized against bare surface indicate the
changes in expression levels between different time points.

In order to better visualize and analyze the changes between the groups on the same
experimental day, bare surface group was chosen as control sample and relative
normalized expression values were graphed accordingly (Figure 3.25-3.27). When
we checked the fold increase in gene expression values compared to bare surface, it
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was observed that while Sox9 expression is highest for Glc-PA/E-PA group on day
3, GlcNAc-PA/Glc-PA comes up to the level of Glc-PA/E-PA on day 7 and get
ahead of Glc-PA/E-PA on day 14, so has the highest Sox9 expression value on day
14.
Aggrecan expressions were higher for K-PA/E-PA and bare surface groups
compared to others on day 3. On day 7, almost 10 fold and more than 5 fold increase
in aggrecan expression was observed for GlcNAc-PA/Glc-PA and Glc-PA/E-PA,
respectively. There was a slight increase in expression (~0.5 fold) of Aggrecan for
GlcNAc-PA/K-PA and K-PA/E-PA. Expression of Aggrecan for cells cultured on
Hyalgan®/K-PA was 0.4 fold less than bare surface. On day 14, all PA coated groups
except GlcNAc-PA/K-PA were close to GlcNAc-PA/Glc-PA group in terms of
aggrecan expression, except GlcNAc-PA/K-PA group. When we combine raw
expression value results with this data, it is seen that although GlcNAc-PA/K-PA
significantly increased aggrecan expression on day 14 compared to day 7, GlcNAcPA/K-PA has the least expression of aggrecan on day 14 since this increase was
more significant for other groups.
Collagen II expression on day 3 was more than two fold elevated in GlcNAcPA/Glc-PA and Glc-PA/E-PA relative to bare surface. GlcNAc-PA/K-PA, K-PA/EPA and Hyalgan®/K-PA increased Col II expression in a similar manner, slightly but
not significantly (~0.5 fold). Pattern observed on day 3 drastically changed on day 7.
Bare surface held the highest Col II expression value. This value is two folds of
GlcNAc-PA/Glc-PA and GlcNAc-PA/K-PA and this is statistically significant
difference. There was no statistically significant difference between any other
groups. On day 14, GlcNAc-PA/Glc-PA, Hyalgan®/K-PA and bare surface were
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comparable to each other for Col II expression. Col II expression of GlcNAc-PA/KPA and Glc-PA/E-PA were 1.5 and 2 folds of bare surface’s expression. Highest Col
II expression value was observed on K-PA/E-PA with 2.7 fold increase on day 14.
Col II/I ratio is an index that can be accepted as hyaline cartilage/fibrocartilage ratio
or hyaline cartilage/osteogenesis. Col II/I ratios were significantly increased on all
coated surfaces compared to uncoated surface. GlcNAc-PA/Gluco-PA showed the
highest expression with 4.42 fold increase. Glc-PA/E-PA, K-PA/E-PA, Hyalgan®/KPA and GlcNAc-PA/K-PA followed it with decreasing expression values. On day 7,
fold increase in Col II/I ratios of K-PA/E-PA and Hyalgan®/K-PA were same with
1.92 folds. Similarly, GlcNAc-PA/Glc-PA did not show any alteration in terms of
expression compared to bare surface. GlcNAc-PA/K-PA and Glc-PA/E-PA had the
similar values for Col II/I expression on day 7. All PA coated surfaces had higher
Col II/I expression ratio on day 14, at least with two-fold increase. Differently,
GlcNAc-PA/K-PA had the highest Col II/I ratio (4.315 folds) on day 14 in contrast to
day 3.
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Figure 3.25 Gene expression analyses of rMSCs cultured with growth medium
at day 3. The expression level of each gene was normalized against GAPDH and
bare surface. Different letters denote significance at p < 0.05.
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Figure 3.26 Gene expression analyses of rMSCs cultured with growth medium
at day 7. The expression level of each gene was normalized against GAPDH and
bare surface. Different letters denote significance at p < 0.05.
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Figure 3.27 Gene expression analyses of rMSCs cultured with growth medium
at day 14. The expression level of each gene was normalized against GAPDH and
bare surface. Different letters denote significance at p < 0.05.
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3.3 DISCUSSION
Peptide amphiphiles with opposite charges self-assemble and form nanofiber
network when they mixed with each other. Hydrophobic collapse, electrostatic
interactions and β-sheet formation drive self-assembly, and van der Waals,
hydrophobic forces, and hydrogen bonding stabilize obtained nanofibers.112 SEM and
TEM imaging showed that PA molecules formed highly porous networks that are
composed of nanofibers. CD spectroscopy revealed that co-assembled peptide
amphiphiles have β-sheet secondary structure. It means that incorporation of β-sheet
driving amino acids into the peptide amphiphile backbone forms the desired
structure.
It is proven that PA scaffolds do not induce specific toxicity with at most ± 20%
deviation of viability relative to bare surface. Increase in viability of cells cultured on
GlcNAc-PA/Glc-PA and Glc-PA/E-PA indicates that they create a more suitable
environment for rMSCs than bare tissue culture plate surface. Another conclusion
that can be obtained by this result is that cells cultured on these networks increase
their mitochondrial activity. For GlcNAc-PA/Glc-PA, this increase in mitochondrial
activity can be required to perform the initial and drastic morphology changes as
observed on Safranin-O staining images.113 Viability observed on Hyalgan®/K-PA
was high enough to conclude that scaffold is compatible with rMSCs. The variation
of viability compared to bare surface might stem from adaptation of rMSCs to the
environment. Similar to increase on GlcNAc-PA/Glc-PA surface, cells on
Hyalgan®/K-PA might have decreased mitochondrial activities due to signals coming
from scaffold environment. Another reason of this slight difference might be the

72

heterogeneity of the MSC population.114 20% of total cells may adapt scaffold later
than the rest of the cells.
It is obvious that PA niche promotes adhesion of cells more than uncoated surface.
On the other hand, there were significant differences between some PA coated
surfaces. PA scaffolds that contain bioactive epitopes on positively charged
backbone and polymer of Hyalgan® trigger adhesion of two fold higher numbers of
cells compared to GlcNAc-PA/K-PA and K-PA/E-PA. Less number of adhered cells
on K-PA/E-PA probably results from absence of glyco unit. Glyco-bearing PAs with
negatively charged backbone do not trigger adhesion as much as positively charged
ones. This fact is further supported by data obtained for adipogenesis study of
rMSCs. E-Glc-PA which is a negatively charged PA that contains glucose had the
similar adhesion value for rMSCs.
Although PA molecules were mixed with counter charged ones, and overall charge
set to zero theoretically, it might not be the case. Glyco-PAs with negative backbone
(GlcNAc-PA and E-Glc-PA) might introduce more negative charge even after
mixing with K-PA, which is positively charged. Cells having negatively charged
membrane probably did not adapt on this overall negativity.115 Similarly, scaffolds
with positively charged glyco-PAs hold more cells due to charge interaction. Another
reason might stem from lysine effect. Poly-lysine coatings are extensively used for
cells that are not able to adhere to bare tissue culture plate surfaces to facilitate
attachment.116 Mechanism of action of lysine coatings are again based on
electrostatic interactions. For K-PA/E-PA group, on the other hand, that cannot be
observed as much as glyco-bearing groups.
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Cell proliferation was arrested more in scaffolds where cell adhesion was higher.
Stem cells lose their proliferative potential during the terminal differentiation.117,118 It
can be concluded that cells receive more differentiation signals when there are higher
number of epitopes that cells adhere on. In accordance with epitope density
hypothesis, most drastic alteration in proliferation was observed on GlcNAc-PA/GlcPA. This result is in accordance with the drastic morphology change of rMSCs on the
same scaffold. Morphology change of cells on GlcNAc-PA/Glc-PA group is not only
formation of nodule-like cell clusters; but single cells on this scaffold also lost their
fibroblastic morphology and became rounded even as early as 12 h (observed during
the viability test). Fibroblastic shape is the basal morphology of undifferentiated
MSCs.119 They change fibroblastic morphology as they differentiate. So, probably,
the drastic increase in cell proliferation is linked to early terminal differentiation of
MSCs on GlcNAc-PA/Glc-PA scaffold.
Safranin-O staining of cells does not only show the sulfated GAGs, but also clearly
indicates the morphology changes of cells. GAG deposition and morphology change,
which is similar to aggregate formation, are considered to be evidence of
chondrogenic differentiation. When these properties and healthy culturing period are
considered, glyco-bearing PA scaffolds emerges as appropriate scaffolds to induce
MSC differentiation into chondrogenesis. When loss of fibroblastic morphology at
single cell level, high number of independent cell aggregates and early occurrence of
these alterations are taken into consideration, GlcNAc-PA/Glc-PA is the most
prominent combination for differentiation of rMSCs into chondrocytes. On the other
hand, quantification of sulfated GAGs (DMMB assay) did not exclusively indicate
GlcNAc-PA/Glc-PA as the most prominent scaffold for rMSC culturing to induce
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chondrogenic differentiation in terms of quantified sulfated GAGs. DMMB assay do
not quantify hyaluronic acid as it is not sulfated. Therefore, it is not sensitive to GAG
composition of hyaline-cartilage which is the cartilage type that we differentiate
rMSCs into. For this reason, morphological observations seem more reliable to
assess cellular behavior and differentiation of rMSCs into chondrocytes, especially
into hyaline type ones. A persisting trend for expressions patterns of all gene markers
was not obtained. On the other hand, day 3 expression levels of Col II, Col I and Col
II/I ratio reveal the contributions of glyco PA network on chondrogenesis. Highest
elevation in fold change of Col II in GlcNAc-PA/Glc-PA and Glc-PA/E-PA groups
indicate that they are optimal surfaces for hyaline like chondrogenesis. Col I
expression levels showed that networks, especially GlcNAc-PA/Glc-PA group
suppress bone like or fibrocartilage like differentiation of rMSCs compared to bare
surface with statistical significance. Additionally, highest fold change in Col II/I ratio
on GlcNAc-PA/Glc-PA, which is the hyaluronic acid mimetic group, indicates its
eligibility as an early inducer of hyaline chondrogenesis for MSCs. Prominent role of
hyaluronic acid mimetic PA group in early chondrogenesis is underlined by the 10
fold increase in aggrecan expression at day 7.
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3.4 CONCLUSION
Articular hyaline cartilage regeneration has an exclusive importance as it is a tissue
which lacks regeneration capacity, and degeneration of articular cartilage impairs the
daily life of many humans. Mesenchymal stem cell therapy is a promising option and
controlling their differentiation is crucial for regeneration purposes. Herein, we
presented a bioactive peptide amphiphile nanofiber scaffold system for early
induction of mesenchymal stem cell differentiation into hyaline cartilage
chondrocyte phenotypes. Chemical, spectroscopic, and physical characterization of
PA nanofiber scaffolds proved that they are eligible as ECM mimicking
environment. Studies that were performed with rMSCs demonstrated that PA
scaffolds create a friendly environment for cells to live and adhere, and to proliferate.
Although there

are

some contradictions

between different

differentiation

experiments, our hyaluronic acid mimicking PA system, which is GlcNAc-PA/GlcPA combination, emerges as a very successful scaffold to induce early differentiation
of chondrogenesis into hyaline type. It is also demonstrated that HA mimicking
scaffold is more prominent than our positive control system Hyalgan ®/K-PA group.
Hyaluronic acid mimicking PA system creates an environment for rMSCs to adhere
more, provides signals to induce early and drastic chondrocyte-like morphology
change and increases expression of late gene markers of chondrogenesis (aggrecan
and Col II) at early time points (day 3 and day 7). Overall, in vitro studies showed
that hyaluronic acid mimicking environment is a promising biomaterial for in vivo
regeneration studies.
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CHAPTER 4

MONITORING EFFECTS OF SINGLE AMINO ACID
CHANGE ON DIFFERENTIATION FATE OF rMSCs
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4.1 INTRODUCTION
Self-assembled peptide amphiphile (PA) nanofibers are powerful and exclusive tools
for fabrication of nanometers and micrometers scale materials.120 PAs can be
designed for different tasks, as they can show bioactivity depending on the purpose.
Understanding the factors affecting bioactivity and self-assembly mechanism of PAs
has a lot of importance for the successful engineering of supramolecular architectures
with predictable properties, functions, and for better understanding the biological
processes. One of the features that affects bioactivity, and self-assembly, is amino
acids that are flanking the bioactive sequences.121–123 In the literature, there are
various examples indicating the importance of flanking amino acid sequences. They
can be determinative for activity and specificity of the bioactive amino acid
sequences. Makagiansar et al. showed that residues flanking the HAV sequence are
important in the binding selectivity of HAV peptides to E-cadherin. A study by
Bertram et al. indicates that adding flanking amino acids to the RGD motif, found
within many adhesion proteins,124 produces a more active binding conformation.123
Naturally occurring flanking amino acids also alter the activity of the bioactive
amino acid sequence, and not only the type but also the number of flanking amino
acids affects the process. It is reported that number of amino acids flanking the RGD
sequence varies in different types of adenoviruses and their affinity to binding with
integrins differ from each other.122 With the light of these studies, in order to
understand the effect of flanking amino acids in our PA systems, we designed two
different gluco-bearing PAs with a single amino acid change in the location flanking
the gluco-conjugated amino acid. K-Glc-PA was previously reported as a
chondrogenesis inducer and an effective material for cartilage regeneration in our
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group.10 For this study, we replaced the lysine amino acid in the K-Glc-PA with
glutamic acid and designed E-Glc-PA. We tested the effects of the amino acid
change of gluco-bearing PAs on cellular response of rat mesenchymal stem cells by
creating peptide amphiphile scaffolds. We observed a striking difference between the
cell behaviors on E-Glc-PA/K-PA and K-Glc-PA/E-PA scaffolds. Our results
demonstrate that E-Glc-PA/K-PA scaffold induced adipogenesis, specifically the
brown fat differentiation of MSCs significantly higher than the K-Glc-PA/E-PA and
other surfaces. This result reports that single amino acid change in our selfassembled system results in a significant difference on cell behavior of mesenchymal
stem cells.
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4.2 RESULTS
4.2.1

Synthesis and Characterization of Peptide Amphiphile Molecules

K-Glc-PA and E-Glc-PA molecules were designed for studying the effect of single
amino acid change on the PA backbone of a sugar bearing PA molecule on MSC
differentiation (Figure 3.1 i and ii ). K-Glc-PA (Lauryl-VVAGKS(β-D-Glc)-Am)
was previously designed and synthesized by our group. It was demonstrated that
nanofibers formed with K-Glc-PA induce early commitment of rMSCs to the
chondrogenic lineage and their capacity on in vivo cartilage regeneration was
demonstrated in microfracture treated osteochondral defect healing.10 E-Glc-PA
(Lauryl-VVAGES(β-D-Glc)-Am) was designed to study the effects of backbone
amino acids on bioactivity of the PA molecules. E-PA (Lauryl-VVAGE) and K-PA
(Lauryl-VVAGK-Am) were designed as control PAs, to study the amino acid
changes in the non-sugar bearing PA backbone (Figure 3.1 iii and iv).
PA molecules are composed of hydrophobic alkyl tail (lauryl moiety), β-sheet
forming amino acid sequence (-VVAG-) and charged amino acid for solubility and
charge control.125 Glucose bearing PA molecules (K-Glc-PA and E-Glc-PA) have
additional Ser-linked acetyl-protected β-D-glucose glyco-amino acid as bioactive
unit (Figure 4.1). Nanofiber scaffolds were generated through self-assembly that is
triggered by mixing counter-charged PA molecules.
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Figure 4.1 Chemical structures of the peptide amphiphiles. E-Glc-PA (i), K-GlcPA (ii), E-PA (iii), and K-PA (iv). Color codes of the structures indicate alkyl tail
(black), beta sheet forming units (blue), positively charged amino acids (green), and
negatively charged amino acids (red).
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All PA molecules were synthesized by solid phase peptide synthesis method,
characterized by LC-MS and purified by preparative HPLC. LC-MS spectroscopy
showed the purity of the PA molecules. Experimental molecular masses of the PA
molecules were shown as 654.4975 for K-PA ([M+H]+), 903.5758 for K-Glc-PA
([M+H]+), 902.4545 for E-Glc-PA ([M-H]-), and 654.2844 for E-PA ([M-H]-). These
results matched with the theoretical masses of the designed PA molecules (Table
4.1), and this proved the success of the synthesis. Regardless of the purity of PA
molecules, prep-HPLC purification was performed for all PA molecules before they
are used in cell culture studies. A second round of LC-MS was performed after prepHPLC purification of the PAs to check the final purity of PA molecules (Figure 4.24.5).

Table 4.1 Sequences, molecular weights and theoretical overall charges of the
peptide amphiphiles at neutral pH.
Peptide
Amphiphile

Sequence

Molecular
Weight

Net
Charge

E-Glc-PA

Lauryl-VVAGES(β-D-Glc)-Am

903.52

-1

K-Glc-PA

Lauryl-VVAGKS(β-D-Glc)-Am

902.57

+1

E-PA

Lauryl-VVAGE

655.42

-2

K-PA

Lauryl-VVAGK-Am

653.48

+1
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Figure 4.2 Liquid chromatography-mass spectrometry (LC-MS) analysis of EGlc-PA. The purity of the crude product was analyzed according to the optical
density at 220 nm. Experimental m/z [M-H]- = 902.4545, calculated m/z [M-H]- =
902.52.
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Figure 4.3 Liquid chromatography-mass spectrometry (LC-MS) analysis of KGlc-PA. The purity of the crude product was analyzed according to the optical
density at 220 nm. Experimental m/z [M+H]+ = 903.5758, [(M+H)*2]+ = 1807.1483,
calculated m/z [M+H]+ = 903.57.
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Figure 4.4 Liquid chromatography-mass spectrometry (LC-MS) analysis of KPA. The purity of the crude product was analyzed according to the optical density at
220 nm. Experimental m/z [M+H]+ = 654.4975, [(M+H)*2]+ = 1307.9775,
[(M+H)/2]2+ = 327.7518, calculated m/z [M+H]+ =654.48.
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Figure 4.5 Liquid chromatography-mass spectrometry (LC-MS) analysis of EPA. The purity of the crude product was analyzed according to the optical density at
220 nm. Experimental m/z [M-H]- = 654.2844, [(M-H)*2]- = 1309.6380, calculated
m/z [M-H]- = 654.42.

4.2.2

PA Nanofiber Formation

In this study, four different combinations of peptide amphiphile nanofiber scaffolds
which are E-Glc-PA/K-Glc-PA, E-Glc-PA/K-PA, K-Glc-PA/E-PA and K-PA/E-PA
scaffolds were prepared. E-Glc-PA/K-PA and K-Glc-PA/E-PA nanofiber networks
were constructed to study the effects of flanking amino acid differences around
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glyco-conjugated amino acid in a counter-charged PA mixed system on cellular
behavior. E-Glc-PA/K-Glc-PA was added to observe the combinatorial effects of two
glucose units. As a negative PA scaffold control, K-PA/E-PA combination was used.
This scaffold does not bear glyco group but has the remaining PA backbone with the
same amino acid sequences of glyco-bearing PAs. Bare tissue culture plate surface is
an essential negative control for our cell culture systems and was used to compare
effects of PA scaffolds on cellular behavior.

4.2.3

PA Nanofiber Characterizations

Biophysical and morphological characterizations of single PA molecules and PAs
mixtures were performed with circular dichroism (CD), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).
4.2.3.1 Secondary structure analysis
CD analyses were performed to understand the secondary structure of pure PA
molecules and mixed PA molecule systems. CD determines the unequal absorbance
of left-handed and right-handed circularly polarized light which is exhibited by
optically active chiral molecules and this value is used to evaluate the secondary
structures of proteins and peptides.99 As different molecular secondary structures
result in different polarization, CD spectrometry is widely used to determine the
secondary structure.126 The CD spectra results revealed that mixed PA molecule
systems show β-sheet structure, displaying a minimum around 220 nm and a
maximum around 204 nm (Figure 4.6). Single PA molecules at neutral pH showed
disordered conformation (Figure 4.7). E-Glc-PA molecule was the exception with its
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β-sheet indicating CD peaks. This result indicates that how single amino acid change
might change the structural shape.

Figure 4.6 CD spectra of peptide amphiphile nanofibers at physiological pH. CD
wavelengths revealed that obtained nanofibers have β-sheet secondary structure.

Figure 4.7 CD spectra of single peptide amphiphile solutions at physiological
pH. CD wavelengths revealed the secondary structures of PA molecules.

4.2.3.2 Morphological Analyses of PA Nanofibers
The co-assembled PA nanostructures were visualized by SEM. Results showed that
oppositely charged PA molecules formed nanofiber network upon mixing. These
networks are porous and composed of nanofibers. In that sense, obtained PA
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networks highly resemble the native extracellular matrix found around the cells. This
resemblance makes PA nanofibers a suitable microenvironment for the cells to
attach, live and proliferate. The closer visualization of PA nanofibers was performed
by TEM or STEM. TEM and STEM images revealed that ECM-like structure was
formed by high-aspect-ratio nanofibers with diameters in the order of 8-10 nm and
lengths reaching several micrometers.

Figure 4.8 SEM micrographs of PA scaffolds. E-Glc-PA/K-PA nanofibers (a), KGlc-PA/E-PA (b), E-Glc-PA/K-Glc-PA (c), and K-PA/E-PA nanofibers (d). Scale
bars = 10 μm.
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Figure 4.9 TEM (a,b) and STEM (c,d) micrographs of PA nanofibers. E-GlcPA/K-PA (a), E-Glc-PA/K-Glc-PA (b), K-Glc-PA/E-PA (c), and K-PA/E-PA
nanofibers (d). Scale bars = 50 nm.

4.2.4

Cell Viability on Peptide Amphiphile Nanofiber Networks

Biocompatibility of peptide amphiphile nanofibers was assessed by monitoring
viability of cells that are cultured on PA nanofiber network. Cellular viability was
checked after 12 h incubation on the PA nanonetwork, in order to discriminate
interference of proliferation that can be altered by PA nanofibers, on viability results.
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The cellular viability of the cells cultured on PA nanonetwork and on tissue culture
plate was at comparable levels. 12 h viability results showed that PA nanofibers did
not have intrinsic toxicity to rMSCs (Figure 4.10). This result also means that
flanking amino acid change in a self-assembled system did not interfere with the
cellular viability for rMSCs.

Figure 4.10 Relative cellular viability of rMSCs cultured on PA nanofiber
networks and on bare surface after 12 h incubation. No significant difference
(One-way ANOVA, Bonferroni post test) was found between the groups.

4.2.5

Adhesion Profile of rMSCs on PA Nanofibers

Adhesion of cells on peptide nanofiber network system is another sign to check the
compatibility of our system for rMSC culturing. For this reason, adhesion of cells on
peptide nanofiber network was studied. Relative adhesion data was obtained by
normalization of total number of adhered cells on peptide nanofiber network to total
number of cells on bare surface which is tissue culture plate. Total number of cells
on bare surface was accepted as 1 and cell numbers of other groups were normalized
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to cells on bare surface. Results showed that 5 h after cell seeding cells adhered more
on peptide nanofiber networks compared to bare surface. It indicates that PA
nanofiber network present epitopes for cells to adhere. Another result obtained from
this data is the difference between adhesive properties of glucose-bearing PA
scaffolds. In terms of adhesion, there is significant difference between K-Glc-PA/EPA and E-Glc-PA/K-PA groups. This result underlines the difference of our system
based on cellular behavior. Actually, the number of adhered cells on K-Glc-PA/E-PA
group is significantly higher than all other groups, including E-Glc-PA/K-Glc-PA.
This demonstrates that E-Glc-PA has a suppressive effect on adhesion in two-sugar
bearing scaffold system.

Figure 4.11 Relative adhesion of rMSCs cultured on PA nanofiber networks and
on bare surface after 5 h incubation. Different letters denote significance at
p<0.05.
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4.2.6

Effects of PA Nanofiber Network on Cell Proliferation

Effect of culturing rMSCs on PA nanofibers on proliferation profile was studied by
BrdU incorporation assay. Proliferation rates of cells cultured on PA nanofibers were
compared to that of cells cultured on tissue culture plate. After 48 h of incubation,
results indicated that 25% of total cell population, compared to cells cultured on
tissue culture plate, completed proliferation when cultured on E-Glc-PA/K-Glc-PA.
Proliferation percentages of rMSCs were found to be 62% for E-Glc-PA/K-PA,
85.54% for K-Glc-PA/E-PA, and 114.8% for K-PA/E-PA group. Obtained data
showed that two glyco groups had a combinatorial effect on proliferation.
Proliferation on E-Glc-PA/K-Glc-PA was significantly less than either E-Glc-PA/KPA or K-Glc-PA/E-PA groups. When the data was compared with bare surface, we
saw that K-Glc-PA/E-PA and K-PA/E-PA groups did not significantly alter the
proliferation compared to bare surface. It was also observed that E-Glc-PA/K-PA
and K-Glc-PA/E-PA scaffolds affect the proliferation at different levels. Although
not statistically significant, there was 23% difference between the groups in terms of
proliferation.
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Figure 4.12 Relative proliferation of rMSCs cultured on PA nanofiber networks
and on bare surface after 48 h incubation. Different letters denote significance at
p<0.05.
4.2.7

Investigation the Differentiation Response of rMSCs to Different Glucose
Bearing Nanofiber Scaffolds

Cells were seeded on PA nanofiber network groups and morphological changes were
tracked, in order to observe any changes triggered by different PA networks. During
initial observations, lipid-droplet-like accumulations were repeatedly observed in EGlc-PA/K-PA group (Figure 4.13) whereas they were barely observed in other
groups. For this reason, investigation on the effect of single amino acid change in PA
molecules on rMSC differentiation fate was specifically focused on the
adiopogenesis profile. Investigation of rMSC differentiation into adipogenic lineage
was analyzed by Oil Red-O for investigating deposition of lipid droplets and by
mRNA expression analyses of adipogenic marker genes adiponectin, FABP4 and
UCP1.
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Figure 4.13 Optical microscope images of rat mesenchymal stem cells cultured
on E-Glc-PA/K-PA nanonetwork after 7 days of incubation. Darker areas are
lipid droplets. a., b., c., all belong to the same group. Scale bars = 100 µm.

4.2.7.1 Lipid Droplet Accumulation by Oil Red-O Staining
As noted above, rMSCs cultured on E-Glc-PA/K-PA nanofiber network showed
drastic

morphological

difference

compared

to

other

groups.

Adipogenic

differentiation of MSCs can be evidenced by fat globules also called as lipid
droplets.119 To determine whether the above mentioned morphological changes are
indicators of adipogenesis, Oil Red-O staining was performed. Oil Red-O is a fatsoluble diazol dye and stains neutral lipids such as triglycerides, diacylglycerols and
cholesteryl esters but not polar lipids (i.e., phospholipids, sphingolipids and
ceramides).127,128 Oil Red-O is minimally soluble in the solvent, and the solubility is
further decreased by diluting stock solution of Oil Red-O in water before use. When
there are lipids and cholesteryl esters found in the area, Oil Red-O passes from the
solution to the lipid as there is better solubility for them.127 After 7 days culturing
rMSCs on peptide nanofiber network, Oil Red-O staining demonstrated that rMSCs
accumulate lipid droplets in significantly high numbers when peptide nanofiber
network includes E-Glc-PA (Figure 4.14). It was also observed that there are
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differences between E-Glc-PA containing scaffolds. On E-Glc-PA/K-PA scaffold
lipid droplets were homogeneously distributed and cells were in fibroblast like
morphology. On the other hand, on E-Glc-PA/K-Glc-PA group, cell aggregation was
observed which is generally accepted as a sign of chondrogenic differentiation and so
lipid droplets were shown in these aggregates. Lipid accumulating cells on bare
surface was in negligible amount in terms of number. Some populations of rMSCs on
K-Glc-PA/E-PA and E-PA/K-PA combinations accumulated lipids, but their number
and amount of total lipid droplets stained by Oil Red-O was very few compared to EGlc-PA containing groups. Day 7 trend was observed on day 11 Oil Red-O staining
with the increase in formation of lipid droplets in all experimental groups. Elevated
number of lipid droplets underlines the significant effect of E-Glc-PA containing
networks on lipid droplet formation of rMSCs. On the other, specifically E-GlcPA/K-PA combination stands out in terms of lipid formation on day 11 (Figure 4.15).
The highest number and widest distribution of multilocular lipid droplets were
observed on E-Glc-PA/K-PA nanofiber network. In this sense, E-Glc-PA/K-PA
distinguished itself from E-Glc-PA/K-Gluco-PA combination. Additionally, day 11
Oil Red-O staining underlines the significantly different effects of E-Glc-PA/K-PA
and K-Glc-PA/E-PA on rMSCs adipogenesis. There were a few numbers of lipid
droplets on K-Glc-PA/E-PA at day 11. On K-PA/E-PA, cells rolled upon themselves
due to increased confluency at day 11.
Morphology of lipid droplets differs between white and brown adipocytes. White
adipocytes contain single or a few large lipid droplets that appear to comprise the
majority of cell volume. The cytoplasm and nucleus of white adipocytes are found at
the cell periphery.34,129 Brown adipocytes, on the other hand, are characterized by
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small and multilocular lipid droplets.34,129 Lipid droplet morphologies of rMSCs
cultured on our PA nanofiber systems were typical of brown-like adipocytes. There
was a nuance on E-Glc-PA/K-Glc-PA in terms of lipid droplet morphology. Some of
the lipid droplets E-Glc-PA/K-Glc-PA had larger volumes, however, they were not
unilocular, so they were not white-adipocyte indicators. The numbers of lipid
droplets were increased but their brown-like morphology did not alter during 11 days
of culturing.

Figure 4.14 Oil Red-O staining of cells in growth medium at day 7, showing the
lipid droplet accumulation. Red colors indicate lipid droplets inside cells. Scale
bars = 100 µm.
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Figure 4.15 Oil Red-O staining of cells in growth medium at day 11, showing the
lipid droplet accumulation. Red colors indicate lipid droplets inside cells. E-GlcPA/K-PA (a), E-Glc-PA/K-Glc-PA (b), K-Glc-PA/E-PA (c), K-PA/E-PA (d), and
bare surface (e). Scale bar is 100 µm and equal for all images.
4.2.7.2 Expression Analyses of Adipocyte Gene Markers
To better understand whether the elevated lipid accumulation of rMSCs is a result of
adipogenic differentiation, gene expression profiles of rMSCs cultured on peptide
nanofiber network and on bare surfaces were analyzed. Expression levels of two
widely used adipogenesis markers adiponectin (ADIPOQ)
binding protein 4 (FABP4)

134–137

34,130–133

and fatty acid

, and brown fat specific gene marker uncoupled

protein 1 (UCP1)41,138–141 were examined on day 7 and day 11.
Relative expression values were transformed to fold change in expression according
to control group, which is bare surface, in order to better analyze the changes
between the groups on the same experimental day. The trend in relative fold changes
of adiponectin and FABP4 gene expressions on both experimental days were similar.
The remarkable increase in expression of these adipogenesis gene markers for E-GlcPA/K-PA and E-Glc-PA/K-Glc-PA compared to three other groups were observed
on both day 7 and day 11 analyses. While E-Glc-PA/K-Glc-PA group showed
highest elevation of expression on day 7, E-Glc-PA/K-PA held this appellation on
day 11. Slight increase in expressions of both genes were observed for K-Glc-PA/EPA, when compared with K-PA/E-PA and bare surface groups. These fold increases
decreased at day 11 compared to day 7 results. In terms of gene expressions, KPA/E-PA and bare surface groups were comparable for both genes on both days.
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As there were drastic increases in expression of adiponectin and FABP4 of rMSCs
on E-Glc-PA containing scaffolds, we moved on to analysis of a more determinant
gene marker for brown fat cells. To check whether the elevated expression of
common adipogenic markers is a cue for brown fat cell formation, UCP1 (uncoupled
protein 1) gene was chosen as marker. UCP1 is a mitochondrial protein which is
uniquely expressed by the mitochondrion-rich brown adipocytes and its function is to
uncouple respiration from ATP synthesis.142,143 UCP1 uncouples respiration by
creating a proton leak across the inner mitochondrial membrane, so it interferes with
the proton gradient and dissipates the chemical energy as heat.143,144 This process is
known as adaptive, facultative or non-shivering thermogenesis.142,143 In terms of
body temperature regulation, this process is vital. It was observed that expression
levels of E-Glc-PA bearing scaffolds were remarkably high compared to remaining
three groups on day 7. Expression levels of cells on K-Glc-PA/E-PA, K-PA/E-PA
and bare surface were comparatively in the same range. On day 11, while K-PA/EPA and bare surface group kept day 7 trend, slight up-regulation of expression on KGlc-PA/E-PA group (3.3 fold) was observed. E-Glc-PA/K-Gluco-PA group also
enhanced UCP1 expression 40 fold compared to bare surface. Although 40 fold
increase in gene expression can be accepted as striking, this level is statistically less
significant than the E-Glc-PA/K-PA group. Fold increase in UCP1 expression of EGlc-PA/K-PA at day 11 was outstanding. UCP1 expressed by cells on E-Glc-PA/KPA was 100 times higher than the bare surface.

100

Figure 4.16 Adiponectin and FABP4 gene expression analyses of rat
mesenchymal stem cells cultured with growth medium at day 7. The expression
level of each gene was normalized against GAPDH and bare surface. Different letters
denote significance at p< 0.05.

Figure 4.17 Adiponectin and FABP4 gene expression analyses of rat
mesenchymal stem cells cultured with growth medium at day 11. The expression
level of each gene was normalized against GAPDH and bare surface. Different letters
denote significance at p < 0.05.
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Figure 4.18 UCP1 gene expression analyses of rat mesenchymal stem cells
cultured with growth medium at day 7 and day 11. The expression level of each
gene was normalized against GAPDH and bare surface. Different letters denote
significance at p < 0.05.

Day 7 and day 11 relative expression data of adipogenesis gene markers normalized
against housekeeping gene GAPDH, but not normalized against bare surface, were
analyzed in order to track expression profiles of the gene of interests between two
different time points. To obtain this data, results were not normalized against bare
surface. This tracking revealed that overall trend for adiponectin and FABP4 is to
increase in expression on day 11 compared to day 7. Additionally, K-PA/E-PA and
K-Glc-PA/E-PA combinations showed expression decrease for adiponectin and
FABP4 genes, respectively. UCP1 expression of cells cultured on bare surface
remained constant between day 7 and day 11 and this result indicates the stable
expression of UCP1 gene at normal, un-induced basal conditions. On the other hand,
for E-Glc-PA/K-Glc-PA and K-PA/E-PA groups there is a decrease in expression at
day 11 compared to day 7 results. As in the overall trend of adiponectin and FABP4
expressions, UCP1 expression was elevated in K-Glc-PA/E-PA and E-Glc-PA/K-PA
groups with increased culturing period.
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Figure 4.19 Gene expression analyses of rat mesenchymal stem cells cultured
with growth medium at different time points. The expression level of each gene
was normalized against GAPDH. The results that are normalized against bare surface
indicate the changes in expression levels between different time points.
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4.3 DISCUSSION
Peptide amphiphiles with counter-charges self-assemble and form nanofiber network
when they are mixed. This self-assembly is driven by hydrophobic collapse,
electrostatic interactions and β-sheet formation and obtained nanofibers are stabilized
by van der Waals, hydrophobic forces, hydrogen bonding.112 SEM and TEM imaging
showed that PA molecules that were designed for this study create an ECM-like
highly porous environments formed by nanofibers. Circular dichroism spectroscopy
revealed co-assembly of peptide amphiphiles have β-sheet secondary structure as
expected due to the incorporation of β-sheet driving amino acids into the peptide
backbone.
Biocompatible PA scaffolds had different capacity to alter cell adhesion and
proliferation among different PA co-assembly combinations. Higher number of cells
adhered on nanofiber scaffolds compared to bare surface indicates that peptide
amphiphile niche provides more adhesion epitopes than that of tissue culture plate.
Additionally, the number of cells adhered on K-Glc-PA containing scaffolds were
significantly higher than remaining groups. This might be the effect of lysine in the
peptide backbone. Polycationic polylysine is widely used to modify glass or plastic
surfaces to culture specific cell types.116,145 Upon adsorption to culture surface,
polylysine increases cationic sites on culture surface which combine with anionic
sites of cell surfaces.146 Lysine residues as cationic amino acids are also rich in cell
penetrating peptides.147,148 Increased cell adhesion on K-Glc-PA including scaffolds
might stem from the similar effect of lysine on the backbone chain. On the other
hand, we did not observe the same significant increase in adhesion on K-PA/E-PA
group. This is probably due to absence of glyco-groups. However, adhesion on E-
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Glc-PA/K-PA was significantly less than K-Glc-PA/E-PA group although they have
the same amount of lysine and glucose. This difference underlines the effects of
flanking amino acid differences in a mixed system on cellular responses.
Additionally, this difference can also be examined in terms of self-assembly. Total
peptide amounts for K-Glc-PA/E-PA and E-Glc-PA/K-PA are 3X and 4X,
respectively. At K-Glc-PA/E-PA, 1X amount E-PA was used in order to achieve
charge neutralization. In the self-assembled system, this less amount of E-PA might
leave gaps on K-Glc-PA and result in exposure of more amounts of lysines to the
surface. Last but not least, the resin type that PA was constructed on might be an
issue. E-PA was constructed on Wang resin and so it has additional free carboxyl
acid. Carboxylate is an active group, so it might interfere with cellular response.
However, we had K-PA/E-PA control group and we did not observe the similar
effects on this group. In a similar manner, the decrease in relative adhesion of cells
on E-Glc-PA/K-Glc-PA compared to K-Glc-PA/E-PA group might also be attributed
as suppressive effect of E-Glc-PA group on adhesion, it might also stem from the
absence of sufficient amounts of counter-charged PA group (E-PA) in the system (KGlc-PA/E-PA). Another conclusion that can be obtained from the adhesion data is
the positive effect of glyco-group on adhesion. There are same amount of amino
acids, all peptides are constructed on same resin type but there is a difference
between E-Glc-PA/K-Glc-PA and E-Glc-PA/K-PA groups. This result obviously
indicates that this difference stems from the additional gluco-group, and shows the
positive effect of glucose on adhesion.
While other groups were comparable with bare surface, proliferation of E-Glc-PA/KPA group was 62%, compared to control group, which is tissue culture plate group.
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This arrest in cell proliferation may be an indicator of cellular differentiation, as
indicated in literature.117,118 It has been reported that differentiating stem cells are
less likely to proliferate.149 Another reference indicates that mesenchymal stem cells
must arrest their growth at a distinct state called predifferentiation state prior to
differentiation into adipocytes.150 Upon combining lipid droplet formation and
adipogenic gene marker expression analyses with proliferation data, it is likely that
significant arrest of cell division of E-Glc-PA containing scaffolds is due to induced
adipogenic differentiation of MSCs. On the other hand, decrease in cell proliferation
was much more drastic in K-Glc-PA/E-Glc-PA group when compared to E-GlcPA/K-PA. The morphology change of cells on K-Glc-PA/E-Glc-PA was
significantly more compared to all groups, which will be discussed in lipid droplet
staining discussion. Thus, cell proliferation may be arrested more as the cells on EGlc-PA/K-Glc-PA group spend their energies more for morphology change. We did
not claim that these cells did not differentiate. They also up-regulate expression of
adipogenic gene markers, in addition to forming aggregates that are commonly
formed by chondrocytes. So, cells on two-gluco containing group might decrease
proliferation because of induced differentiation, but not specifically for adipogenesis,
maybe also for chondrogenesis. Cell proliferation was arrested in glucose bearing
peptide scaffolds compared to that of control groups, which are K-PA/E-PA and bare
surface. The decrease in proliferation was significant on E-Glc-PA containing groups
compared to remaining three groups. In that sense, proliferation results also
demonstrate that differences of single amino acid change on PA backbone in our
self-assembled systems triggers different responses.
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Lipid droplet formation results indicated that E-Glc-PA induces adipogenic
differentiation of MSCs. The less number of lipid droplets formed in cells on K-GlcPA/E-PA, E-PA/K-PA and bare surface (so, not induced by E-Glc-PA group) can be
explained by heterogeneity of MSCs. MSC populations are highly heterogeneous in
their proliferative and differentiation potentials even though they are single-cellderived clones.151 Representative Oil Red-O stained images showed that negligible
number of cells formed lipid droplets on bare surfaces due to intrinsic differentiation
potential of MSCs. K-Glc-PA/E-PA and E-PA/K-PA scaffolds enhance adipogenic
differentiation of fewer numbers of cells compared to bare surface. Apart from the
number of cells that formed lipid droplets, high quantity of multilocular lipid droplets
in a single cell is important indicator of adipogenesis, especially of brown
adipogenesis.139 In that respect, E-Glc-PA triggers highest quantity of lipid droplets
formation and drives great majority of MSCs to adipogenesis. All in all, minor
design differences in our PA systems resulted in different levels of lipid droplet
formation. Lipid droplet staining not only demonstrated the differential effects of PA
scaffolds but also indicated that the adipogenesis of rMSCs goes towards brown fat
adipocytes, not the white ones. This conclusion was further be confirmed by brown
fat specific gene expression analyses.
Adiponectin is a member of adipocytokines152, bioactive circularity proteins that are
secreted into bloodstream exclusively by adipocytes and acts as a regulator of energy
homeostasis.130 Adiponectin (also known as adipocyte complement-related protein of
30 kDa (Acrp30)153, AdipoQ154, and gelatin binding protein of 28 kDa (GBP28)155 as
it is named by different investigators) is involved in food intake, carbohydrate and
lipid catabolism.152 Adiponectin is widely used as a marker of adipogenic
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differentiation,156,133,157,158 as it is highly expressed in differentiated adipocytes.33
Fatty-acid-binding protein (FABP4, also known as adipocyte protein 2, aP2) is
another common gene whose expression is significantly upregulated during
differentiation of preadipocytes into adipocytes.135 FABP4 is the most abundant
protein among the proteins ever found in mature adipocytes and adipose tissue.159
FABP4 regulates lipid metabolism and inflammation, impair insulin action, promotes
glucose production, and as lipids have a central role in immune cell signaling FABP4
also has been implicated in immune cell biology by contributing to the pathogenesis
of immunometabolic diseases such as diabetes mellitus and atherosclerosis.134 It is a
common gene for white and brown adipocytes.137 FABP4 and adiponectin are late
markers of adipogenesis. They are highly expressed in adipocytes rather than preadipocytes.136 Highly elevated fold changes of two late adipogenic gene markers in
our systems indicated that MSCs differentiate into mature adipocytes in the presence
of E-Glc-PA.
UCP1 is a mitochondrial protein that dissociates oxidative phosphorylation from
energy production, leading to increased thermogenesis.137 It acts as a long-chain fatty
acid (LCFA) anion/H+ symporter and its activation is done by LCFAs that are
released from BAT upon lipolysis of triacylglycerol from lipid droplets by adrenergic
stimulation.143 Brown adipose tissue (BAT) is specialized for thermogenic energy
expenditure and it maintains animal body temperature with unique expression of
UCP1.141,143 Significant enhancement of UCP1 expression of cells cultured on
peptide scaffolds containing E-Glc-PA shows that these cells differentiate into brown
adipocytes. E-Glc-PA/K-PA group expressed all adipogenic gene markers even more
than E-Glc-PA/K-Glc-PA group on day 11. Besides, there is a decrease in
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expressions of adipogenic genes on E-Glc-PA/K-Glc-PA group

significantly at day

11 compared to day 7. These results together indicate that MSCs cultured on E-GlcPA/K-Glc-PA scaffolds go on another differentiation pathway, as discussed in lipid
droplet staining discussion part. Therefore, E-Glc-PA/K-PA group stands out as a
brown fat adipogenesis triggering scaffold for MSCs.
Overall, expression levels of adipogenesis marker genes demonstrated that single
amino acid change flanking the gluco-conjugated amino acid and presence or
absence of gluco-conjugated amino acids result in drastic differences in cellular
differentiation of rMSCs. Gene expression analyses also revealed that E-Glc-PA/KPA combination specifically induces brown fat differentiation, which might have
striking importance in terms of obesity fighting treatments.
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4.4 CONCLUSION
Our results indicate that minor changes in scaffold design can drastically affect the
fate of MSCs. As our design contains counter-charged assembly step, further studies
like repeating experiments with soluble treatment of single PA molecules are
required in order to better test the effects of single amino acid change of PA
backbone on MSCs differentiation. Besides, this study might also reveal the effects
of assembly kinetics on cell behavior. Future studies can also reveal the molecular
pathways underlying the observed affects. Additionally, induced brown fat cell
formation from white fat cells via E-Glc-PA might provide an obesity treatment
candidate. Apart from that, we established a simple, easy-to-apply scaffold to
differentiate MSCs to mature adipocytes with brown adipocyte characteristics.
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CHAPTER 5

CONCLUSIONS AND FUTURE PERSPECTIVES
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Tissue regeneration studies are primarily based on material science and
comprehensive knowledge on molecular biology. A better understanding of the
regeneration at molecular level and development of new materials are essential to
improve prospects of tissue regeneration. Peptide amphiphiles arise as versatile tools
at this stage. Their design requires in-depth understanding of molecular biology, but
can be easily modulated and synthesized, and they can take the form of various types
of materials in terms of mechanical, chemical and physical properties. In this thesis,
novel glycopeptide nanofibers were formed by supramolecular interactions and used
as GAG-mimetic scaffolds to control MSC differentiation.
In the first study, we developed a bioactive peptide amphiphile nanofiber scaffold
system for early induction of MSC differentiation into hyaline cartilage chondrocyte
phenotypes. Although an apparent trend was not obtained among different type of
experiments and between different experimental time points, the hyaluronic acid
mimicking PA system (GlcNAc-PA/Glc-PA combination) created an environment
for rMSCs to adhere more, provided signals to induce early and drastic chondrocytelike morphology change and increased expression of late gene markers of
chondrogenesis (aggrecan and Col II) at early time points (day 3 and day 7). These
in vitro studies showed that hyaluronic acid mimicking environment is a promising
biomaterial for in vivo regeneration studies. For further development of this study,
expression of selected chondrogenic gene markers can be analyzed at protein level
by western blot analyses. Additionally, new gene markers specific for chondroblasts
can be analyzed for investigation of chondroblastic features of the rMSCs cultured
on hyaluronic acid mimicking scaffold. In order to demonstrate that hyaluronic acid
mimicking glycopeptide system functions in the same biological pathways with
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natural hyaluronic acid, the differentiation experiments can be repeated in the
presence of CD44 and CD168 antibodies. These antibodies would bind to CD44 and
CD168 cell surface receptors, which are HA receptors, and would perform as
inhibitors for epitopes of our HA mimicking scaffold. An abolishment of the
observed effects of HA mimicking scaffold on cell differentiation proves that our
design can target native HA receptors. Besides, HA amount produced by cells cannot
be detected by our current analysis method as HA is the only GAG that is not
sulfated. An HA detection method can be applied to develop this study.

In the second study, behaviors of rMSCs in terms of adhesion, proliferation and
differentiation with respect to the change in single flanking amino acid of glucobearing amino acid were monitored. The importance of flanking amino acids on
bioactive sequence functions is known. Besides, each amino acid has characteristic
chemical structure and so amino acid type that is integrated into the PA backbone
can alter the self assembly properties. In order to study these effects in our systems,
K-Glc-PA which is also used in the first study was chosen and a new glycopeptide
was developed by changing the lysine residue with glutamic acid. It was
demonstrated this minor change drastically affects PA molar ratios in our counter
charged mixing systems and results in different adhesion, proliferation and
differentiation responses. Monitoring cell behaviors revealed the newly designed
glycopeptide, E-Glc-PA, as a potential obesity treatment. It was observed that EGlc-PA induces differentiation of MSCs specifically into brown fat adipocytes.
Unlike white fat adipocytes, brown fat adipocytes do not store chemical energy as fat
but dissipates it as heat. White-to-brown conversion of adipocytes is in the spotlight
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of obesity treatment studies. Our new glycopeptide can be used in brown adipose
tissue regeneration and can be used as a scaffold to study brown adipocyte
differentiation pathways of MSCs. For further investigations, flow cytometry
analyses can be performed in order to determine percentage of the MSCs that
differentiate into brown fat adipocytes. Besides, these systems can be tested with
white fat cells in vitro. This study would demonstrate the potential of this system as
an obesity fighting agent. In vivo studies would be a better way for understanding the
efficacy of this system on obesity.
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