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ABSTRACT

BIOCHEMICAL MODIFICATION of BIODEGRADABLE
NANOFIBERS

Organ and tissue losses caused by a disease or a trauma can be treated by vari-

ety of sources such as; autograft, allograft and xenograft. Providing the cells from these

sources have many disadvantages like; di�culty of �nding a suitable donor, rejection

of the tissue by the body and immune system related problems. In order to overcome

those problems tissue engineers try to produce required tissue in the laboratories with

few cells which are taken from the patient. In this context, in order to fabricate desired

tissue cultures, many e�orts are going on development of various cell sca�old mate-

rials, surfaces and biochemicals. Although our knowledge on this subject increases

in time, more studies are needed to be done. In the purpose of this thesis, histidine

and fetuin immobilized Poly-ε-caprolactone (PCL) membranes and nano�ber meshes

were prepared to enhance biocompatibility. PCL nano�ber meshes were produced via

electrospinning and PCL membranes by solvent casting method. For the surface modi-

�cation in the �rst step, hexamethylenediamine (HMDA) was used to introduce amino

groups onto the PCL surfaces. Histidine, and fetuin immobilization on amino groups of

the surface carried out by using cyanamide and N-hydroxysuccinimide (NHS). Fourier

Transform Infrared Spectroscopy (FTIR), X-ray Photoelectron Spectroscopy (XPS)

and Scanning Electron Microscopy (SEM) were used for the characterization of modi-

�cations. The e�ects of surface modi�cation on cell proliferation were studied by using

L929 �broblast-like cells. MTT assay and cell cultures studies have shown that histi-

dine modi�ed PCL nano�ber meshes have shown higher cell proliferation percentage

than histidine modi�ed PCL membranes and control groups within increasing histidine

content. According to the results it was shown that PCL biocompatibility can be en-

hanced with such simple amino acid histidine and it is possible to use these surfaces in

many di�erent tissue engineering applications.

Keywords: Polycaprolactone, Nano�ber, Histidine, Fetuin, Electrospinning.



v

ÖZET

B�YOBOZUNUR NANOF�BERLER�N B�YOK�MYASAL
MOD�F�KASYONU

Hastal�k veya travma sonucu meydana gelen organ ve doku kay�plar� otograft,

allograft ve zenograft gibi farkl� kaynaklarla tedavi edilebilinmektedir. Bu kaynaklar-

dan sa§lanan hücrelerin, uygun ba§�³c� bulma, doku reddi ve ba§�³�kl�k sistemi ile ilgili

problemler gibi bir çok dezavantaj� vard�r. Bu problemleri a³mak için doku mühendis-

leri gerekli dokuyu hastadan al�nan az miktarda hücre ile laboratuvarda üretmeye

çal�³maktad�r. Bu ba§lamda arzulanan doku kültürlerini olu³turabilmek için çe³itli

hücre iskelesi malzemeleri, yüzeyleri ve biyokimyasallar üzerinde emek harcanmak-

tad�r. Bu konudaki bilgimiz zamanla artsa da daha fazla çal�³ma yap�lmas� gerek-

mektedir. Bu tezin amac�, hisitidin ve fetüin immobilize Poli-(ε)-kaprolakton (PCL)

membran ve nano�ber örgüleri haz�rlayarak PCL'nin biyouyumlulu§unu geli³tirmekdir.

PCL nano�ber örgüler elektroe§irmeyle ve PCL membranlar ise çözelti dökme yön-

temiyle üretilmi³tir. Yüzeylerin modi�kasyonu için önce heksametilendiamin (HMDA)

kullan�larak PCL yüzeylerde amino gruplar� olu³turulmu³tur. Yüzeydeki amino gru-

plar� üzerine histidin ve fetüin ba§lanmas� siyanamid ve N-hidroksisüksinimid (NHS)

yard�m�yla gerçekle³tirilmi³tir. Fourier dönü³ümlü k�z�lötesi spektroskopisi (FTIR), X-

ray fotoelektron spektroskopisi (XPS) ve taramal� elektron mikroskobu (SEM), modi-

�kasyonlar�n karakterizasyonunda kullan�lm�³t�r. Yüzey modi�kasyonunun hücre üreme-

sine etkileri, L929 �broblast benzeri ba§ doku hücreler kullan�larak incelenmi³tir. Hücre

kültürleri ve yap�lan MTT testi ve hücre kültürü çal�³malar�nda, histidin miktar�ndaki

art�³la orant�l� olarak, histidin modi�ye PCL nano�ber örgüleri, histidin modi�yeli

PCL membran ve di§er kontrol gruplar�ndan daha yüksek hücre büyümesi yüzdesi

göstermi³tir. Sonuçlar PCL'nin biyouyumlulu§unun basit bir amino asit ile geli³tir-

ilebildi§ini ve bu yap�lar�n bir çok farkl� doku mühendisli§i uygulamas�nda kullan�la-

bilece§ini göstermi³tir.

Anahtar Sözcükler: Polikaprolakton, Nanolif, Histidin, Fetüin, Elektroe§irme.
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1. INTRODUCTION

1.1 Motivation

Desire of the health sciences is prolonging the human life and increasing the

quality. A healthy immortal life will be the last resort of this aim. In order to extend

our lives we need to fabricate tissues and organs to replace existing worn-out part of

the body.

A disease or an external physical e�ect can damage organs. Regeneration ca-

pacity is limited for many adult cells. Injures can be permanent. Clinical treatments

mostly focus on minimizing further tissue loss and relieve symptoms by applying phar-

maceuticals and rehabilitation techniques [1]. However, these practices have limited

e�ects, with additional some side-e�ects as well [2]. In terms of surgery, there are di�er-

ent approaches for the reconstruction of organ or tissue. One of them is transplanting

tissue from other parts of the body which is called autologous grafting. However, it

has some drawbacks such as multiple surgical procedures and loss of function at the

donor site. Transplanting from other human donor (allograft) or an animal (xenograft)

is not a perfect solution either. These surgical operations may have immune response

problems and �nding a compatible donor for allograft is an other problem. When self

healing is not an option, a biocompatible sca�old can provide a physical and chemical

support for the cell growth and regeneration [3].

Controlling cell proliferation and di�erentiation is a must to produce needed tis-

sues. Cells in our body need not just neighbor cells also extracellular matrix (ECM).

Extracellular matrix (ECM) possess �brils mostly, diameters between tens of nanome-

ters to micrometers. ECM provides structural, biochemical support and also, a store

for cell signaling chemicals. Thus, the structure of these matrix �brils serves as guide

in fabrication of tissue morphology. Tissue sca�olds are designed to be substitute for

ECM and promote cell proliferation and di�erentiation as desired. One of the main
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goal of tissue engineering is producing the perfect tissue sca�old, and many researchers

in biomaterial science try to improve existed sca�olds and to �nd novel ones for various

tissue types [4].

Materials such as biodegradable [5] and non-biodegradable [6, 7, 8] polymers

have been investigated as potential sca�old materials. Considering the elimination of

a second surgery, biodegradable polymers are preferred over others. Thus, biodegrad-

able polymers should comprehensively evaluated regarding their biocompatibility and

degradable behaviors. Nevertheless, improving the interactions between the biomate-

rials and the cells is still a big challenge.

There are many biodegradable polymers like, Polylactic acid (PLA) [9], Poly-ε-

caprolactone (PCL) [10], polyglycolide (PGL) [11] and their copolymers used as scaf-

folds. Poly-ε-caprolactone is relatively cheap and easily accessible material which has

approvals from Food and Drug Administration (FDA) in the USA and the Therapeu-

tic Goods Administration in the Australia for implantation usages [12, 13]. It has a a

signi�cant long degradation time which can lasting up to 4 year [12, 14]. Therefore, it

is popular on the long term implantlation applications [15]. The successful introduc-

tion of cell cultures in a porous PCL matrix has been reported [16, 17]. On the other

hand PCL is not a perfect polymer, in terms of cytocompatibility. Thus, to enhance

cytocompatibility, modi�cation of PCL is necessary [18].

It is well known that surface properties of a sca�old play a crucial role in sup-

porting cellular behaviors such as adhesion, proliferation, [19, 20]. It was expected

that, PCL membranes and nano�ber meshes surfaces e�ect to the cells di�erently. As

pointed out above PCL has approvals from globally recognized foundations. There

are many PCL products related with sca�olds studies in the market such as; "12-well

Multi-Well plates with 3D polycaprolactone Sca�olds (Life Science Products Inc.)",

"Celltreat 3D Polycaprolactone (PCL) Cell Culture Plates (Globe Bio & 3D Biotek

Llc)". However these sca�olds has averagely 300 µm diameter �bers and, an average

human cell's size is roughly 10-20 micron [21]. Synthetic micro�bers are similar in size

to most cells, therefore, attached cells on micro�bers can be considered in a 2D envi-
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ronment with a curvature [22]. Cells prefer mostly nano size structures for adhesion

due to the increased contact point [23]-[28]. Including to that, nano�bers possess large

surface area, which allows more ligand immobilization on the surface of �bers resulted

with increased number of contact points. Moreover, similarity between the natural

extracellular matrix and the nano�ber sca�olds in terms of 3 D architecture also pro-

vide more closer environment to the desired one [29]. For this purpose electrospinning

technique can be utilized to fabricate random and/or aligned nano�ber sca�olds with

various sizes in diameter [4].

In this thesis, to increase the biocompatibility of PCL, histidine and fetuin

biomolecules immobilized on PCL membranes and nano�ber meshes. Histidine and

fetuin are chosen as having a functional side chain such as imidazole and fetuin a sialic

acid containing laminin like adhesive protein, respectively. In order to observe e�ects

of non-modi�ed, histidine and fetuin modi�ed Poly-ε-caprolactone (PCL) membranes

and nano�bers on cell growth, �broblasts cells (L929) were cultured on these surfaces.

1.2 Objectives

The fundamental aim is to fabricate biocompatible, biodegradable polymeric

sca�olds with simple biochemical modi�cations. Objectives to support the aim of the

thesis are as follow:

• To investigate the e�ects of 'histidine' amino acid and 'fetuin' protein immobi-

lization on the biocompatibility of PCL membranes and nano�ber meshes,

• To investigate the e�ect of 'histidine' content on the biocompatibility of PCL

membranes and nano�ber meshes,

• To investigate the e�ect of production methods of PCL surfaces with electrospin-

ing and casting methods on cell growth.
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• To investigate the e�ects of histidine immobilization on in-vitro biodegradation

of PCL nano�bers.

1.3 Outline

The thesis is presented at 5 chapters, In the second chapter, fundamental in-

formation about the biodegradable materials, Poly-ε-caprolactone, nano�bers, electro-

spining, histidine, and lastly fetuin were given. In chapter 3, materials and the experi-

mental procedures were described. In chapter 4, the results were presented. In the last

chapter, the discussion of the results and the possible implications were discussed.
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2. BACKGROUND

2.1 Biodegradable Polymers

Polymers are large molecules consisting of small repeatable subunits so called

monomers. Polymers can be divided into two subgroups which are natural and syn-

thetic. Natural polymers, such as starch, cellulose, natural rubber, DNA, are existed in

nature while synthetic polymers are derived from crude oil fractions. Synthetic poly-

mers �nd places in our daily lives since the 1950s, and today, they are in every aspect

of life with numerous applications, thanks to their low cost and diverse features. [30].

Together with metals, ceramics, composites and polymers can also be used for

biological applications as materials which can interact with biological systems [31]. Al-

though numerous polymers are available, very small portion of produced polymers are

used as biomaterials. Most traditional synthetic polymers show high endurance and do

not degradate for many years. On the other hand, biodegradable polymers can break

down into raw materials of nature and disappear safely, relatively quickly, and reliably

[32]. Biodegradable polymers can be divided into two groups according to their origin

as it was shown in Table 2.1.

In applications like temporary therapeutic operations, there is a shift trend

from the lasting biomaterials to biodegradable materials that can assist regeneration.

The weighty causes of the change in the perception are the long-term biocompatibil-

ity problems, ethical and technical concerns related with revision surgeries for plenty

of the permanent implants. Moreover, many �ourishing biomedical branches such as;

tissue engineering, regenerative medicine, gene therapy, controlled drug delivery and

bio-nanotechnology increase the biodegradable materials demand [33].
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Table 2.1

Biodegradable polymers examples.

Natural polymers Synthetic polymers

Fibrin Polylactic acid (PLA)

Starch Poylglycolic acid (PGA)

Chitosan Poly(lactic-co-glycolic acid) (PLGA)

Chitin Polycaprolactone (PCL)

Hyaluronan Polyorthoesters

Gluten Polydioxanone

Collagen Polyanhydrides

Gelatin Polytrimethylene carbonate

Alginic acid Polyphosphazenes

Cellulose Polyhydroxybutyrate

Although biomedical polymers have lots of application �eld as mentioned [34].

They may possess some disadvantages as well. They may have a unsuitable surface

chemistries for cell adhesion or degradation which can create high acidic concentration

in environment to lead in�ammatory response of the body [35]. Some of polymers

with short degradation period can also degrade during implantation which may a�ect

the �nal results. Biodegradable polymers should have some quali�cations for implan-

tation to avoid possible problems. The biodegradable polymers and the products of

degradation should be non-toxic. They must be get rid of from the body in a desired

speed. Moreover, during degradation, they should have su�cient mechanical properties

[31, 33].
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2.2 Polycaprolactone

Poly-ε-caprolactone (PCL) is a biodegradable polyester polymer. PCL is ob-

tained from ring opening polymerization of caprolactone using a catalyst such as stan-

nous octoate as illustrated at Figure 2.1. Caprolactone can be acquired by the oxidation

of cyclohexanone. Lastly cyclohexanone is produced by the oxidation of cyclohexane,

which is produced by reacting benzene with hydrogen. PCL undergoes hydrolytic

Figure 2.1 Ring-opening polymerisation of caprolactone to polycaprolactone [19].

degradation as a result of its weak aliphatic ester links against hydrolysis. Nonethe-

less, degradation process of PCL can take up to 4 years depending on its molecular

weight and wetting property [12, 14]. PCL with more than 8 KDa molecular weight can

not easily disperse through the semicyrstalline matrix, which accounting for the slow

rate of PCL absorption in vivo [30]. Nevertheless, degredation period can be reduced

by incorporation of co-polymers such as Polylactic acid (PLA). Making copolymer with

other biodegradable aliphatic polyesters with PCL cause smaller oligomers formations

which weaken the material.

As a semi-crystalline polymer PCL has a 60◦C melting point, yet, it protect its

molecular stability in high temperatures like 350◦C [34]. At room temperature, PCL is

formed as white solid, besides, above 60◦C it becomes a pliable, transparent, putty-like

material. In addition, it is soluble in a wide range of organic solvents. which gives PCL

an easy shaping property. Moreover, Its non-toxic and bio-compatible quali�cations

makes PCL a convenient sca�old material option. The outputs of PCL degredation

are hydroxycaproic acid, water and CO2, and small polymer residuals which can be

removed by phagocytosis of macrophages and giant cells [13, 33].
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PCL is under evaluation as a drug delivery device in the form of porous mi-

crospheres. Moreover, it is used as biomaterial in the market in various forms and

purposes;

• As an absorbable suture material PCL co-polymerised with glycolide is marketed

as a mono�lament suture by Ethicon, Inc. (Somerville, NJ), under the trade

name Monacryl [36].

• For the treatment of the signs of aging, PCL are used as injectable �llers [37].

• Due to soft cartilage condition (tracheobronchomalacia) weak trachea in infants

can cause airway collapse and respiratory insu�ciency. A customized (the pa-

tient's airway shape), polycaptolactone tracheal splint is manufactured by the

three-dimensional printer to treat this life-threatening condition [38].

• Last but not least, in neurosurgeries polycaprolactone implants can be used as

burr-hole covers [39].

Besides its proved application �elds, PCL is being examined as an option for

vascular tissue applications. Seeding autologous endothelial cells on the surface of

the material may help to avoid inconvenient blood-material interactions. However,

hydrophobicity of PCL can lead to poor a�nity for cell adhesion, thereby surface mod-

i�cation of PCL is needed to enhance adhesion and proliferation of cells especially for

the blood-contacting materials [40].
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2.3 Nano�bers

Biodegradable polymers can be prepared in di�erent geometries according their

purposes such as micro and nano particles [41], �lm membranes [42] and nano�bers [43].

Conventionally, �bers having diameters less than 1 µm can be classi�ed as nano�bers

[44]. Nano�bers exhibit a high surface area to volume ratio and degradation properties

signi�cantly di�erent from those of the bulk �lms with the same sample thickness [34].

Nano�brous sca�olds improve cellular functions more than traditional �lm scaf-

folds. Increased cellular attachment with �broblasts [23], osteoblastic cells [24, 25],

normal rat kidney cells [23], smooth muscle cells [26], neural stem cells [27] and em-

bryonic stem cells [28] were reported for nano�ber meshes. Thus, nano�bers can be

considered as a promising tool for tissue engineering to generate tissues quickly in com-

parison to �lm sca�olds. Yet, the information about the e�ects of nano�bers on cellular

activity and tissue establishment are inadequate and nano�ber sca�old applications in

tissue engineering are not very far from its starting point [45].

Table 2.2

Production techniques for nano�bers.

Name of Techniques

Phase separation

Drawing

Forcespinning

Melt blowing

Self assembly

Electrospinning

To produce nano�bers, di�erent production methods have been developed. Some

production techniques are subjected below as listed in Table 2.2.

• Phase separation: A small amount of solvent poured onto the polymer to
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create a homogeneous polymer solution. After solvent removal porous nano�-

brous structure is left. Prominent di�culties are controlling the distribution of

structure (the pores can be not connected), need of toxic solvent and irregular

structures [34].

• Drawing: Micropipette touch polymer solution droplet and while it moves away

liquid �ber drawing occurs. The drawn �ber can be connected to another poly-

mer solution droplet to form continuous �ber. However Controlling the �ber

dimensions is not possible [46].

• Forcespining: This technique utilizes centrifugal forces to draw the material.

The process begins by loading the solution/melt into a specially designed machine

(spinneret). By the help of angular velocity the polymer is drawn [47].

• Melt blown: In melt blown technique the polymer is melted and ejected from

extruder through a nozzle and drawing down the polymer with a jet of hot air.

Only some polymers with high melt �ow index can be produced below 1 micron

diameter [48].

• Self Assembly: Self-assembly can be managed by pH-controlled, drying on

surface induced or divalent-ion-induced methods. Fine �bers can be produced,

However, length of �bers are also limited in this method. Moreover inability of

�ber dimension control is another disadvantage of this technique [29].

• Electrospining: By the means of high potential di�erence and mostly the di-

rect current,by the applying polymer solutions are drawn [49]. This method is

chosen to produce Poly-ε-caprolactone nano�ber meshes. The subsequent section

compromise the electrospining comprehensively.

2.4 Electrospining

Conventional spinning methods can not produce �bers with a diameter under

10 µm. On the other hand, nano scale �bers can be formed by electrospining technique.
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More than 40 types of polymer can be used to produce nano�bers by electrospining.

In this technique polymers must be in liquid phase. It can be molten or dissolved in a

certain solution. The polymer is extruded from nozzles into strong electric �eld (5-30

kV gap) which is generated by direct current (DC). Due to high voltage, ions in the

solution accumulate at the surface of the drop. The drop elongates and hemispheric

surface of it forms a cone which is named as the Taylor Cone [34]. When electrical

repulsive force overcomes the surface tension of charged the polymer liquid, electrical

force creates the polymer jet and stretches it. As the force accelerates droplets of this

liquid to the grounded target, the diameter of the �bers decreases. The liquid cools

as it contacts with air, or when the solvent evaporates and eventually solidi�ed as a

�ne �bers. However chaotic looping nature of the �bers cause a three dimensional

non-woven mesh and this �ber cant be turned into woven or knitted structures [50].

Fabrics can be divided under three groups: knitted, weaved and non-woven. Physical

orientations a�ect the materials' durability, sti�ness and �exibility against external

forces. The fabrics produced by electrospinning belong to non-woven group. In the

future when positioning of every single �ber get controlled, it will be possible to mimic

tissue environment more with non-woven materials.

Electrospinning systems consist of three major units: a high voltage power

supply, polymer pomp with a nozzle (needle, pipette tip) and a grounded collecter

(metal plate, rotating cylinder). Generally the polymers are dissolved in some solvents

before electrospinning to form a polymer solution at liquid phase [51, 52].

The electrospinning process is managed by many parameters such as; solution

parameters (concentration, viscosity, conductivity, molecular weight, and surface ten-

sion) process parameters (applied electric �eld, tip to collector distance, and feeding

or �ow rate) and ambient parameters [52]. These parameters are investigated below.
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E�ects of Electrospinning Parameters:

1. Concentration of Polymer Solution: In the electrospining, low concentration

polymer solutions cause beads on �bers and high concentration polymer solutions

are not able to maintain the �ow, therefore formation of continuous �bers are

hindered [53, 52].

2. Molecular Weight of Polymer: Low molecular weight polymer solutions tend

to form beads and a high molecular weight solutions provide �bers with larger

diameters. Moreover, in a low polymer concentration, high molecular weight can

help to sustain a necessary solution viscosity to produce a uniform polymer jet

[53, 52].

3. Viscosity of Polymer Solution: Viscosity is correlated with polymer con-

centration and molecular weight of polymer. Low viscosity cause discontinuous

�ber formation, and in high viscosity, ejection of polymer solution jets become

troublesome. [53, 52].

4. Surface Tension: Di�erent solvents have di�erent surface tension values. High

surface tension of a solution can cause inconsistent polymer jets and lead �ber

beads formation. Lower surface tension let us work with of a lower electric �eld

in electrospinning [52].

5. Conductivity of Polymer Solution: Solution conductivity is essentially based

on the polymer type, the solvent, and salts (if any exist). Mostly polymers are

conductive in the high voltage �eld, with a few exceptions. The ions increase

conductivity of the solution. Adding ionic salts like KH2PO4, NaH2PO4, and

NaCl helps to produce beadless �bers and increased uniformity within �bers.

High solution conductivity leads to decrease in the diameter of the electrospun

nano�bers however, in the existence of strong electric �eld it also cause bending

instabilities which leads a wider range of diameter distribution. Low solution

conductivity may generate beads in nano�bers [52].

6. Applied Voltage: It is pointed out, the diameter of the produced �bers are

decreasing by the stretching forces under the applied high potential di�erence.
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However, type of the polymer concentration of the solution, the distance between

the collector and the nozzle cause variations at the �ber diameter. This makes

the e�ect of voltage a controversial issue [52].

7. Flow Rate: Increasing the polymer �ow rate leads higher �ber diameter or even

beaded �bers due to lack of required drying time. Low �ow rates are more prefer-

able as it provides su�cient time for the solvent evaporation before attaining the

collector [52].

8. Type of Collectors: Collector is a conductive substrate where the nano�bers

are clustered. The �ber alignment is determined by the type of the collector and

its rotation speed. Many type of collectors for the need of various applications

such as; conductive papers, conductive cloths, wire meshes, parallel or gridded

bars, rotating rods, rotating wheels, liquid non solvent coagulation bath are in

use [52].

9. Nozzle to Collector Distance: Optimum distance between the tip and collec-

tor can be managed considering the evaporation of solvent from the nano�bers.

If the distance is either too close or too far, beads show up. Moreover, close

distances may cause production of �atten �bers [52].

10. Ambient Parameters: Solution temperature between 25 to 60 ◦C leads de-

creasing in the viscosity of the polymer solutions, thus, �ber diameter decreasing

can be occurred. At high humidity, small circular pores on the surface of the

�bers can be observed. At low humidity, polymer solution may dry faster, on the

other hand clogged needle tip problem arises, below a certain level [52].

11. Solvents for Polymers:The solvents used in electrospinning of polymers can

e�ect many solution properties such as conductivity. For example dimethylfor-

mamide (DMF) is a dipolar solvent, which has a high dielectric constant and

dipole moment. Addition of DMF in to solution enhances the solution conduc-

tivity which is a supportive feature for fabrication of �bers without bead. Desired

solvent properties are good vapor pressure, low boiling point and, maintaining

the integrity of the polymer solution. Di�erent solvents may introduce di�erent
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surface tensions and accordingly considerable e�ects on �ber diameter can be

observed [52].

2.5 Histidine

20 natural amino acids are considered as the building blocks of proteins. In this

group, histidine is a basic and essential amino acid with a positively charged imidazole

functional group. The unique behaviors of histidine were discussed in literatures from

di�erent aspects [54]. It can take the most diverse roles in the protein architectures

due to its special molecular structure which was shown in Figure 2.2 [55, 56, 57].

Table 2.3

Properties of histidine amino acid.

Properties Values

pK a of (α)-Carboxyl Group 1.8

pK a of (α)-Amino Group 9.2

pK a of (α)-Ionizing Side Chain 6.0

Residue Mass (daltons) 137.15

Occurrence in Proteins (mol%) 2.1

Table 2.3 shows pKa values for side chains of free histidine amino acid. When

histidine incorporated into proteins, the pKa is raised to 7.0 ± 0.4 . Because of the

imidazole group of histidine side chain can exchange hydrogen near physiological pH.

It often takes a role coordinating ligand in metallic cations, act as a hydrogen bond

donor, and acceptor in many enzymatic catalysis [58, 59].
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Figure 2.2 Molecular formula of histidine.

2.6 Fetuin

Fetuin is one of the blood plasma proteins in the fetal and early postnatal period

of many mammals. Fetal calf serum have more fetuin protein than albumin yet it is

present in the plasma of adults with only low expression levels. Besides, fetuin can

be exist in the extracellular matrices, in a wide variety of developing organs including

lung, kidney, skeletal muscle, cartilage bone and, the central and the peripheral nervous

system [60].

Despite many e�orts, knowledge of functional role about fetuin in the develop-

ing nervous system and/or any other tissue is very limited. It is known to be present

and made in the liver which assist the attachment and spreading of cells in a culture

medium [61]. It is a glycoprotein which contains sialic acid like laminin. Fetuin is

factor in preventing pathological mineralization and calci�cation. Further functions

may include insulin signaling and modulation of transforming growth factor (TGF)-β

activities (proliferation, cellular di�erentiation), thus, fetuin has an important role in

the development of neurons in embryonic period [62].
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A number of studies are showed that fetuin is a promoter for the tumor cell

growth. However, the role of fetuin in in-vitro studies is controversial due to its' ability

to interact with many adhesive proteins. Moreover, in a study malignant Lewis lung

carcinoma cells have reduced growth potential in fetuin-A. In highly tumorigenic cells,

the growth promoting potential of fetuin-A depending on the particular circumstances

can provide both favorable and unfavorable microenvironments for tumor growth [63].
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3. MATERIALS AND METHODS

3.1 Synthesis of Poly-ε-caprolactone (PCL) Nano�bers by Elec-

trospinning

Figure 3.1 Schematic representation of electrospinning procedure.

A schematic of the electrospinning process is shown in Figure 3.1. 10ml, 10%

(w/v) Poly-ε-caprolactone (Mn=70,000-90,000) solution was used in every run. DMF

was used, to increase conductivity of THE polymer solution and chloroform was used

as the main solvent in the solution with a 1/4 (v/v) ratio [64]. It was poured into a

20 ml syringe, equipped with 26 gauge needle. All chemical materials were supplied

from Sigma-Aldrich. The electrospinning machine (NE 300, Inevenso, Turkey) was

used with a collector surface rolling cylinder target. The electrospining device set to

25 kV of potential di�erence between the electrodes and the distance between them

was kept constant at 15 cm. Rotation speed of collector cylinder with 8 cm diameter

was kept at 435 rpm and �ow rate of the solution was set to 10 ml/hr. The polymer

jet accelerated towards the grounded collector and deposited on the aluminum foil in

the form of a porous nonwoven fabric.
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Figure 3.2 Image of invenso NE 300 electrospinning instrument.

3.2 Modi�cation of Poly-ε-caprolactone Surfaces

10 % (w/v) (C6H10O2)n/CH3Cl) Poly-ε-caprolactone (Mn=70,000-90,000) solu-

tion, was cast on smooth metal substrates to obtain plain PCL membranes. Over 48

hours of evaporation period, PCL membranes were obtained. Dried PCL membranes

and nano�ber meshes were cut into specimen size of 1.5 cm diameter rounds for the

subsequent surface reactions. Membrane and nano�ber specimens immersed in glass

bottle of 10 % (g/l) Hexamethylenediamine (HMDA)/isopropanol concentration of the

solutions for overnight.The aminolyzed PCL samples washed in distilled water for 24h

at room temperature to remove unreacted HMDA [65].

Equal mole of histidine, cyanamide, and N-hydroxysuccinimide (NHS) were

used in immobilization reactions. To activate histidine, varying amount histidine,

cyanamide, N-hydroxysuccinimide were dissolved according to the (His/HMDA) mole

ratios which were 1/1;1/2;1/4 in 0.1 mol MES (2-(N-morpholino)ethanesulfonic acid)
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Figure 3.3 Modi�cation of PCL membranes and nano�ber meshes.

sodium salt bu�er. To activate fetuin, 0.06g fetuin, 1 mole cyanamide, 1 mole NHS

dissolved in 20 mL PBS (phosphate bu�ered saline) bu�er.

3.3 Characterization of PCLMembranes and Nano�ber Meshes

3.3.1 Optical Microscope

Optical Microscope was used to examine �ber diameters on glass slides. For the

microscope imaging, �at collector of electrospining device was used to stick microscope

slides on. In total, 66 nano�ber samples were randomly selected for the measurement.

3.3.2 Scanning Electron Microscope (SEM)

Surface topography of the PCL membranes and nano�ber meshes (unmodi-

�ed, HMDA modi�ed, histidine immobilized (with 1:1,1:2,1:4 histidine:HDMS mole ra-

tios) and fetuin immobilized) were examined by Scanning Electron Microscopy (SEM)

(Philips XL30 ESEMFEG/EDAX) at Bogazici University Research and Development

Center Electron Microscopy and Microanalysis Unit. Membranes' surfaces were coated

with Pt using Polaron SC7640 Sputter Coater, operated at 1.6 kV, 15-20 mA for 60

seconds prior to SEM analysis.
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3.3.3 Contact Angle Measurements

Surface wetting properties of modi�ed and unmodi�ed PCL nano�ber mem-

branes were measured by using contact angle measurement device (DSA 100, Krüss

GmbH, Germany) in order to evaluate the hydrophobicity of the substrates. The initial

drop volume was 10 µl and the dosing rate was set at 10 µl/min for each measurement.

3.3.4 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) spectrum were obtained by

using Nicolet 520 spectrophotometer. FTIR spectrum were recorded over the range of

4000 to 400 cm−1 with 32 scans in order to investigate the chemical compositions of PCL

membranes and nano�ber meshes (unmodi�ed, HMDA modi�ed, histidine immobilized

(with 1:1,1:2,1:4 histidine:HDMS mole ratios) and fetuin immobilized).

3.3.5 X-ray Photoelectron Spectroscopy (XPS)

To characterize chemical compositions of PCL and nano�ber meshes (unmod-

i�ed, HMDA modi�ed, histidine immobilized (with 1:1,1:2,1:4 histidine:HDMS mole

ratios) and fetuin immobilized) Thermo Scienti�c K-Alpha X-ray Photoelectron Spec-

trometer (XPS) was used. Monochromatic aluminum K(α) radiation was operated, at

72 W, 400 µm spot size, 90◦C angle and with a 128-channel detector.

3.4 In Vitro Degradation Studies

In order to understand the degradation characteristics of PCL nano�ber and

histidine immobilized PCL nano�ber, by means of weight loss degradation study per-

formed. 3 square samples with 1cm2 of area were prepared from histidine immobilized

nano�ber and unmodi�ed nano�ber meshes. Samples were kept in 24-well plate within
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2 mL pH 7.4 PBS solution at 37◦C in the incubator for 28 weeks. Every week samples

were weighted once again. Before the measurements samples were wiped and dried in

40◦C in the incubator for 1,5 hour.

3.5 Cell Culture Studies

Cell proliferation on modi�ed PCL membranes and nano�bers meshes (ex-

perimental groups were given at Table 3.1) was evaluated by MTT assay (3-(4, 5-

dimethylthiazol-2-y1)-2, 5-diphenyltetrazolium bromide), a yellow tetrazole using L929

mouse �broblast cells [66]. Brie�y, 1X104 cells were seeded on 24 well plates contain-

ing Dulbecco's modi�ed Eagle's medium (DMEM), 10% Fetal bovine serum (FBS)

and 0.5% penicillin/streptomycin antibiotic solution. Cells were exposed to the PCL

membranes and nano�ber meshes for 48 h at 37◦C in 5% CO2. After the 48 hours

of incubation, the medium on PCL membranes and nano�bers meshes was removed,

washed with PBS three times, and then 500 µl DMEM and 75 µl of 5 mg/ml MTT

were added to each well containing L929 cells mouse �broblast cells. The 24-well plate

was then incubated at 37◦C in a humidi�ed atmosphere of 5 % CO2 for 4 h, followed

by removing the mixed solution of medium and MTT, adding 300 µl 2-propanol (acid-

i�ed with 0.04 M HCl) of to each well, pipetting up and down to dissolve crystals in

a condition without the presence of light. Finally the solutions were transferred to a

plate reader for absorbance measurements at 595 nm using microplate reader (iMark,

Biorad, USA).
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Table 3.1

Experimental Groups.

Experimental groups in cell studies

TCPS

PCL membrane

HMDA modi�ed PCL membrane

His modi�ed PCL membrane (1/4 His/HMDA mol ratio)

His modi�ed PCL membrane (1/2 His/HMDA mol ratio)

His modi�ed PCL membrane (1/1 His/HMDA mol ratio)

Fetuin modi�ed PCL membrane

PCL Nano�ber Mesh

HMDA modi�ed PCL nano�ber mesh

His modi�ed PCL nano�ber mesh (1/4 His/HMDA mol ratio)

His modi�ed PCL nano�ber mesh (1/2 His/HMDA mol ratio)

His modi�ed PCL nano�ber mesh (1/1 His/HMDA mol ratio)

Fetuin modi�ed PCL nano�ber mesh
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4. RESULTS

4.1 Synthesis of Electrospun Poly-ε-caprolactone Nano�ber Meshes

and Membranes

10% (w/v) Poly-ε-caprolactone (Mn=70,000-90,000) solution dissolved in chlo-

roform (CH3 Cl) was used in every run for the preparation of PCL nano�ber meshes.

Applied voltage, needle-collector distance were kept constants at 25 kV and 15 cm,

respectively. PCL membranes were prepared with the same concentration as PCL

nano�ber meshes by solvent casting method after 2 days of evaporation process. Pho-

tos of electrospun nano�ber meshes and membranes were shown in Figure 4.1.

Figure 4.1 Images of PCL membranes a) plain membrane b) electrospun mesh.

In order to determine the diameter distribution of PCL nano�bers, a histogram

was obtained by using SEM and optical images of electrospun nano�ber meshes. Hista-

gram, SEM and optical images of PCL nano�bers were given in Figure 4.2 and 4.3.

Mean value of 66 samples were measured and average diameter of PCL nano�bers was

found to be 1,05 µm ± 0.519 .
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Figure 4.2 Histogram of PCL nano�ber diameters.

Figure 4.3 Images of PCL nano�bers a) SEM; b) optical image microscope.

4.2 SEM Images of Poly-ε-caprolactone Membranes and Nano�ber

Meshes

As mentioned in experimental section, we have performed multistep modi�cation

onto both PCL membranes and nano�ber meshes in order to improve their biocompat-

ibilities and adjust their biodegradabilities. SEM micrographs of PCL membranes and

nano�ber meshes are shown in Figure 4.4 and 4.5, respectively. According to the SEM

images it was clearly observed that unmodi�ed PCL membranes have higher porous

structure than the histidine and fetuin modi�ed membranes.
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Figure 4.4 SEM images of PCL membranes (PM). a) unmodi�ed PM; b) HMDA modi�ed; c)
histidine (His) modi�ed (1/4 His/HMDA mol ratio); d) His modi�ed (1/2 His/HMDA mol ratio); e)
His modi�ed (1/1 His/HMDA mol ratio); f) fetuin modi�ed.

Figure 4.5 SEM images of PCL nano�ber meshes(NF). a) unmodi�ed NF; b) HMDA modi�ed; c)
histidine (His) modi�ed (1/4 His/HMDA mol ratio); d) His modi�ed (1/2 His/HMDA mol ratio); e)
His modi�ed (1/1 His/HMDA mol ratio); f) fetuin modi�ed.
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Electrospun PCL nano�ber morphology was also imaged by SEM. Most of the

�ber diameters were below µm range and was found to be 1,05µm ± 0,519. There was

no signi�cant change on the �ber diameter and mesh structure after the modi�cation

step with, HMDA, histidine and fetuin.

4.3 Contact Angle Measurements of Histidine and Fetuin Mod-

i�ed Poly-ε-caprolactone Nano�ber Meshes

Static water contact angle values of HMDA modi�ed, histidine and fetuin im-

mobilized PCL nano�ber meshes were determined and given in Table 4.1. Hydropho-

bicity of PCL nano�ber meshes decreased after modi�cation with histidine an fetuin

biomolecules as expected. Water contact angles of HMDA, histidine and fetuin im-

mobilized PCL nano�ber meshes were found lower than unmodi�ed PCL nano�ber

meshes. The water contact angles of PCL decreased from 80.67 ± 0.51 to 63.63 ±

0.67, 61.37 ± 1.19, 63.40 ± 1.64, respectively.

Table 4.1

Contact angle measurement of PCL nano�ber meshes.

Samples Contact Angle (o)

Poly-ε-caprolactone (PCL) 80.67 ± 0.51

Hexamethylenediamine Modi�ed PCL 63.63 ± 0.67

Histadien Immobilized PCL 61.37 ± 1.19

Fetuin Immobilized PCL 63.40 ± 1.64

4.4 FT-IR Spectra of Modi�ed Poly-ε-caprolactone Nano�ber

Meshes

ATR-FTIR was used to investigate the chemical functional groups that were

present on the surfaces of the PCL nano�ber meshes after modi�cation with HDMA,

histidine and fetuin. Results are given in the Figures 4.6-4.8. In each spectrum �gure,
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Table 4.2

Characteristic FTIR bands of PCL.

Chemical Bonds FTIR band (wave number, cm−1)

Asymmetric CH2 stretching 2949

Symmetric CH2 stretching 2865

Carbonyl stretching C=O 1727

C-O and C-C stretching in the crystalline phase 1293

Asymmetric C-O-C stretching 1240

Symmetric C-O-C stretching 1170

To observe the bands after each modi�cation step clearly, di�erence spectrum was

recorded. FT-IR bands of PCL are listed in Table 4.2. These peaks were observed in

the FT-IR spectrum in Figure 4.6. The bands at 2943 cm−1, 2866 cm−1, 1725 cm−1,

1294 cm−1 1239 cm−1 and 1165 cm−1 wave numbers are the traces of asymmetric CH2

stretching, symmetric CH2 stretching, carbonyl stretching, in the crystalline phase C-O

and C-C stretchings, asymmetric C-O-C stretching and symmetric C-O-C stretching,

respectively [67, 68].

Characteristic carbonyl ester (Table 4.2) band of PCL was observed at 1725

cm−1. After modi�cation with HMDA, the carbonyl ester peak was broadened and

shifted to lower wavenumber, 1721 cm−1 because of new amide band formation through

aminolysis reaction. There were no signals due to the N-H stretching of the amido

groups but there was a shifted the carbonyl (C=O) stretching of the amide linkage

related signals was observed at 1652 cm−1 on (expected 1640 cm−1) the di�erence

spectrum which is an evidence of the reaction of HMDA with PCL. Additionally, the

observation of a small sharp band in the range of 3000-3600 cm−1 at the HMDA

spectrum corresponding to the N-H stretching of the NH2 groups further con�rmed

the successful introduction of HMDA on PCL nano�ber meshes.

Characteristic carbonyl ester band of PCL was also observed at 1725 cm−1

before histidine and fetuin immobilization. After histidine and fetuin immobilization

carbonyl peaks were shifted to 1726 cm−1 and 1733 cm−1, respectively. To prove
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Figure 4.6 FTIR spectra of HMDA modi�ed nano�ber mesh. a) HDMA modi�ed; b) non-modi�ed;
c) di�erence of both spectra.

Figure 4.7 FTIR spectrum of histidine immobilized PCL nano�ber mesh. a) histidine immobilized;
b) non-modi�ed; c) di�erence of both spectra.
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Figure 4.8 FTIR spectrum of fetuin immobilized PCL nano�ber mesh. a) fetuin immobilized; b)
non-modi�ed; c) di�erence of both spectra.

at 1558 cm−1, the band stemmed from vibrations of imidazole ring of histidine was

observed. That is a con�rmation for the successful histidine immobilization and also

fetuin immobilization, two bands at 1652 cm−1 and 1559 cm−1 in the spectrum of

fetuin immobilized PCL meshes were recorded which correspond to amide I and amide

II bands.

4.5 XPS Analyzes of Poly-ε-caprolactone Membranes and Nano�ber

Meshes

4.5.1 XPS Analyzes of the plain and HMDA modi�ed PCL membrane

Chemical functional groups on the surfaces of both Poly-ε-caprolactone (PCL)

membrane and the modi�ed PCL membrane were analyzed by using Thermo Scientic

K-Alpha XPS.
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Figure 4.9 Chemical formulas of PCL, HMDA, and HMDA modi�ed PCL molecules.

The XPS analyzes were performed to demonstrate the C1s, O1s levels of plain

PCL membrane (Figure 4.10a) The deconvoluted XPS spectra of the C1s region of PCL

plain membrane was shown that C-H/C-C, C-O, and O=C-O peaks were characterized

at 284.47 eV, 286.07 eV and 288.51 eV, respectively (Figure 4.10e). The analysis of

XPS survey spectrum of hexamethylenediamine (HMDA) modi�ed PCL membrane

was shown in the Figure 4.10b. High-resolution N1s spectra for PCL plain membrane

and HMDA-modi�ed PCL membrane was shown in the Figure 4.10c. In the analysis

of N1s core level, two new peaks at 399.32 eV and 401.24 eV can be attributed to C-

NH2 and O=C-NH bonds, respectively (4.10d). The deconvolution of C1s spectra was

appeared at 284.53 eV, 285.89 eV, and 288.46 eV, attributable to C-H/C-C, C-N/C-O,

and O=C-O/O=C-NH peaks, respectively and was shown in the Figure 4.10f.

The XPS survey spectrum of PCL nano�ber mesh was presented in the Figure

4.11a. High resolution spectra were examined by using detail structure of a peak to

get information about chemical constitutions of atoms. In the analysis of C1s core

level, C-H/C-C, C-O and O=C-O peaks were found at 284.69 eV, 286.11 eV, and

288.63 eV, respectively and shown in Figure 4.11e. The presence of aminolysis in

the PCL nano�ber meshes was also con�rmed by XPS survey spectrum. The XPS

survey spectrum of HMDA-modi�ed PCL nano�ber meshes was shown in the Figure

4.11b. High-resolution N1s spectrum for PCL nano�ber meshes and HMDA-modi�ed

PCL nano�ber meshes was shown in the Figure 4.10c. The analysis of N1s core level

spectrum was appeared at 399.59 eV and 401.85 eV, in respect to C-NH2 and O=C-NH

bonds Figure 4.11d. The C1s core level spectrum indicates the successful introduction
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of amine groups (-NH2) on the PCL structure. The C1s core-level spectra of the

HDMA-PCL nano�ber meshes was resolved into four peak components at 284.49 eV,

285.14 eV, 286.1 eV and, 288.54 eV, which are assigned to C-H/C-C, C-N , C-O and

O=C-O/O=C-NH, respectively (Figure 4.11f).

4.5.2 XPS Analysis of Histidine modi�ed HMDA-PCL membrane and

meshes

The XPS survey spectra of histidine (1:1, 1:2, and 1:4 His:HMDA mole ratio)

modi�ed PCL membranes were also analyzed by using Thermo Scienti�c K-Alpha XPS.

According to the XPS survey spectrum of histidine (1:1, 1:2, and 1:4 His:HMDA mole

ratio) modi�ed PCL membranes, C1s, N1s and O1s peaks obtained from the analysis

was shown in the Figure 4.13a The high resolutions of C1s , N1s and O1s of 1:1, 1:2,

and 1:4 histidine modi�ed PCL were shown in Figure 4.13 (b,c,d).

The C1s spectrum of histidine (1:4 His:HMDA mole ratio) modi�ed PCL mem-

brane can be curve �tted into four di�erent peaks that were found the binding energies

at about 284.41 eV, 284.9 eV, 285.88 eV, and 288.46 eV inrespect to C-H/C-C, C=C,

C-N /C-O and O=C-NH/O=C-O bonds (Figure 4.14). The analysis of N1s core level

spectra was observed at 399.76 eV, 399.37 eV and 401.33 eV, in respect to C-N, aro-

matic N imidazole ring, and NH-C=O peak and was shown in the Figure 4.14.

The deconvolutions of C1s spectra and N1s spectra of histidine (1:2 His:HMDA

mole ratio) modi�ed PCL membrane was resolved into four di�erent peaks at 284.5

eV, 285.33 eV, 286.12 eV and 288.48 eV, corresponding to C-H/C-C/C=C , C-N , C-O,

and O=C-NH bonds. The analysis of N1s core level spectrum was appeared at 398.83

eV and 400.02 eV, and assignable to N=C-NH and N-C=O peak.
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Figure 4.10 XPS survey spectrum of the a) plain PCL membrane b) HMDAmodi�ed PCL membrane
c) the raw data spectrum of N1s spectra of PCL plain membrane (black line) and HMDA modi�ed
PCL membrane (red line) d) deconvolution of the N1s core level spectra of HMDA modi�ed PCL
membrane e) deconvolution of the C1s core level spectra of PCL membrane f) deconvolution of the
C1s core level spectra of HMDA modi�ed PCL membrane.
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Figure 4.11 XPS survey spectrum of the a) PCL nano�ber mesh b) HMDA modi�ed PCL nano�ber
mesh c) the raw data spectrum of N1s spectra of PCL nano�ber mesh (black line) and HMDA
modi�ed PCL nano�ber membrane (red line) d) deconvolution of the N1s core level spectra of HMDA
modi�ed PCL nano�ber mesh e) deconvolution of the C1s core level spectra of PCL nano�ber mesh
f) deconvolution of the C1s core level spectra of HMDA modi�ed PCL nano�ber mesh.
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Figure 4.12 Chemical formula of histidine modi�ed PCL polymer.

Figure 4.13 The XPS survey spectra and a) N1s b), C1s c) and O1s d) core level spectra of 1:1
(blue line), 1:2 (red line), and 1:4 (black line) histidine modi�ed PCL membranes.
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Figure 4.14 a) Deconvolution of the C1s core level spectra of histidine (1:4 His:HMDA mole ratio)
modi�ed PCL membrane b) deconvolution of the N1s core level spectra of histidine (1:4 His:HMDA
mole ratio) modi�ed HMDA-PCL plain membrane.

Figure 4.15 a) Deconvolution of The C1s core level spectra of histidine (1:2 His:HMDA mole ratio)
modi�ed PCL membrane b) deconvolution of the N1s core level spectra of histidine (1:2 His:HMDA
mole ratio) modi�ed PCL membrane.
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Figure 4.16 a) Deconvolution of the C1s core level spectra of histidine (1:1 His:HMDA mole ratio)
modi�ed PCL membrane b) deconvolution of the N1s core level spectra of histidine (1:1 His:HMDA
mole ratio) modi�ed PCL membrane.

The C1s spectrum of histidine (1:1 His:HMDA mole ratio) modi�ed PCL mem-

brane can be curve �tted into four di�erent peaks that were shown the binding energies

at about 284.55 eV, 285.92 eV, 287.87 eV and 288.53 eV, the assignable to C-H/C-

C/C=C, C-N/C-O, O=C-NH and O=C-O bonds. (Figure 4.16). After peak �tting

of the N1s core-level spectrum, three deconvoluted peaks were observed at 398.08 eV,

399.48 eV and 401.21 eV, attributable to, N=C-NH, C-N and NH-C=O peak (Figure

4.16).

The XPS analysis for C1s, O1s and N1s levels of histidine (1:1, 1:2, and 1:4

His:HMDA mole ratio) modi�ed PCL nano�ber meshes was also examined by using

Thermo Scienti�c K-Alpha XPS and was shown in Figure 4.17.

The deconvolution of C1s spectra of histidine (1:4, His:HDMA mole ratio) mod-

i�ed PCL nano�ber meshes was analyzed in which, C=C, C-H/C-C, C-N/C-O, O=C-

NH and O=C-O bonds were found at 284.05 eV, 284.63 eV, 286.02 eV, 287.98 eV,and

288.63 eV, respectively as shown in Figure 4.18. The raw data spectrum of N1s can

be curve �tted with three components at 399.52 eV, 400.47 eV and 400.71 eV, corre-

sponding to C-N, N=C-NH and NH-C=O shown in the Figure 4.18.

The C1s spectrum of histidine (1:2, His:HDMAmole ratio) modi�ed PCL nano�ber

meshes can be curve �tted into �ve di�erent peaks that were shown the binding ener-
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Figure 4.17 The XPS survey spectra a) and N1s b) , C1s c) and O1s d) core level spectra of 1:4
(His:HDMA mole ratio) (black line), 1:2 (His:HDMA mole ratio) (red line), and 1:1 (His:HDMA mole
ratio) (blue line) histidine modi�ed PCL nano�ber meshes.

Figure 4.18 a) Deconvolution of the C1s core level spectra of 1:4 histidine modi�ed HMDA-PCL
nano�ber mesh b) deconvolution of the N1s core level spectra of 1:4 histidine modi�ed HMDA-PCL
nano�ber mesh.
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Figure 4.19 a) Deconvolution of the C1s core level spectra of histidine (1:2, His:HDMA mole
ratio) modi�ed PCL nano�ber meshes b) deconvolution of the N1s core level spectra of histidine (1:2,
His:HDMA mole ratio) modi�ed PCL nano�ber meshes.

gies at about 284.05 eV, 284.61 eV, 285.96 eV, 288.09 eV and 288.63 eV corresponding

to C=C C-H/C-C, C-N/C-O, O=C-NH and O=C-O bonds as shown in Figure 4.19. In

the analysis of N1s core level, NH-C=O and C-N bonds found at 401,3 eV and 399,56

eV were shown in the Figure 4.19

Figure 4.20 has shown that the C1s spectrum of histidine (1:1, His:HDMA mole

ratio) modi�ed PCL nano�ber meshes can be curve �tted into �ve di�erent peaks as

284.49 eV, 285.07 eV, 286.06 eV, 287.66 eV and 288.56 eV, attributable to C-H/C-C,

C-N, C-O, O=C-NH and O=C-O bonds respectively. The analysis of N1s core level

was appeared at 399.56 eV and 401.52 eV binding energies attributable to C-N and

NH-C=O bonds

4.5.3 XPS Analysis of Fetuin modi�ed PCL membranes

The XPS survey spectrum of fetuin modi�ed HMDA-PCL plain membrane for

C1s, O1s and N1s levels was measured by using Thermo Scienti�c K-Alpha XPS and

shown in the Figure 4.21. The C1s, O1s and N1s core level spectra of fetuin modi�ed

PCL membranes were measured and shown in the Figure 4.21.
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Figure 4.20 a) Deconvolution of the C1s core level spectra of histidine (1:1, His:HDMA mole
ratio) modi�ed PCL nano�ber meshes b) deconvolution of the N1s core level spectra of histidine (1:1,
His:HDMA mole ratio) modi�ed PCL nano�ber meshes.

As can be seen from the Figure 4.21, the C1s core level can be resolved into �ve

peaks at binding energies of 284.34 eV, 284.93 eV, 285.81 eV, 287.5 eV and 288,41 eV,

corresponding to C-H/C-C, C=C, C-N/C-S/C-O , O=C-N and O=C-O peaks. After

peak �tting of the N1s core-level spectrum, three deconvoluted peaks were appeared at

399.36 eV, 400.82 eV and 401.66 eV, corresponding to C-N, O=C-N and C-NH bonds

respectively.

The XPS survey specturum of the C1s, O1s and N1s core level spectra of fetuin

modi�ed PCL membranes was analyzed by using Thermo Scienti�c K-Alpha XPS and

shown in the Figure 4.22. The deconvoluted high resolution spectrum of the C1s peak

of fetuin modi�ed PCL membranes were analyzed by six main peaks. The analysis of

C1s core level was observed at 284.41 eV, 284.96 eV, 285.88 eV, 287.72 eV and 288.55

eV, the corresponding to, C-H/C-C, C=C, C-N/C-O/C-S ,O=C-N and O=C-O (Figure

4.22). The new possible band (C=S) in the spectrum revealed that fetuin modi�cation

was successful. The analysis of N1s core level spectrum was appeared at 399.48 eV and

401.16 eV the corresponding to C-N and O=C-NH, respectively (Figure 4.22).
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Figure 4.21 XPS survey spectrum of the a) fetuin modi�ed PCL membrane b) deconvolution of
the C1s core level spectra of fetuin modi�ed PCL membrane c) deconvolution of the N1s core level
spectra of fetuin modi�ed PCL membrane.

4.6 Degradation Studies

In vitro degradation of unmodi�ed and histidine modif n PCL nano�bers were

evaluated by weight loss determination in PBS bu�er for 28 weeks at 37◦C. The weight

loss of unmodi�ed and histidine modi�ed substrates as a function of the degradation

time was given in Figure 4.23. There was no signi�cant change in the weight of both

unmodi�ed and histidine modi�ed nano�bers after 7 months.

4.7 Cell Proliferation Test

In order to understand viability enhancements e�ect on the membranes, MTT

test was applied on modi�ed and unmodi�ed PCL membranes. Proliferation of L929

�broblast cells on PCL membranes and nano�ber meshes at 48 hours were determined

by using MTT assay (Figure 4.24, 4.25). Unmodi�ed PCL membranes showed similar
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Figure 4.22 XPS survey spectrum of the a) fetuin modi�ed PCL membrane b) deconvolution of
the C1s core level spectra of fetuin modi�ed PCL membrane c) deconvolution of the N1s core level
spectra of fetuin modi�ed PCL membrane.
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Figure 4.23 Weight loss of a) unmodi�ed and b) histidine modi�ed PCL nano�bers.

cell growth ability (94.5 ± 2.5%) as the control groups. The number of cells on HDMA

modi�ed PCL membranes decreased to 69.3 ± 4.7% with respect to control groups.

Cell proliferation on histidine amino acid modi�ed PCL membranes was in-

creased from 111.3 ± 5.3% to 127.6 ± 3.3% with an increasing His:HMDA mole ratio,

respectively. 83.2 ± 1.9% proliferation was observed on fetuin immobilized PCL mem-

branes. On unmodi�ed PCL nano�ber meshes cell proliferation percent was found to

be 102.1 ± 1.8. The number of cells on HMDA modi�ed PCL membranes decreased

to 79.7 ± 2.6% with respect to control groups. Cell proliferation percent was increased

from 126.9 ± 5.4 to 158.7 ± 5.1 on histidine modi�ed PCL nano�bers with an increas-

ing histidine content, PCL/HMDA/His 4:1; PCL/HMDA/His 1:1 mole ratio. 89.2 ±

3.6 percent proliferation was observed on fetuin immobilized PCL nano�ber meshes.

According to the MTT assay, histidine modi�ed PCL nano�ber meshes were shown

better cell proliferation percents than PCL membranes with an increasing histidine

content.
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Figure 4.24 Results of the MTT assay: cell proliferation on the histidine and fetuin modi�ed PCL
membranes after 48 h exposure.

Figure 4.25 Results of the MTT assay: cell proliferation on the histidine and fetuin modi�ed PCL
nano�ber meshes after 48 h exposure.
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5. DISCUSSION

5.1 Synthesis of Electrospun Poly-ε-caprolactone Membranes

and Nano�ber Meshes

Polycaprolactone is relatively cheap, easily accessible material which has ap-

provals for implantation usages [12, 13]. It has a a signi�cant long degradation time

which can lasting up to 4 years [12, 14] previously. Therefore, it is popular on the

long term implantation applications [15]. The successful introduction of cell cultures

in a porous PCL matrix has been reported [16, 17]. On the other hand PCL is not

a perfect polymer, in terms of cytocompatibility. Thus, to enhance cytocompatibility,

modi�cation of PCL is necessary [18].

For this purpose, in this thesis to enhance biocompatibility histidine amino acid

and fetuin were chosen as model modi�ers. Histidine was chosen because of having a

positively charged imidazole functional group where it plays the most diverse roles in

the protein architectures [58, 59] and fetuin protein which is one of the blood plasma

proteins that assists the attachment and spreading of cells [69].

Nano scale PCL �bers were synthesized by electrospinning technique that it is

one of the easiest and the cheapest way of production of nano�bers [70, 71]. In this

purpose, electrospinning process was used to produce nano�bers from PCL solution.

Since the de�nition of the nano�bers was explained by Podgarski et al. and Zhou et

al., all the �bers with a diameter less than 1 µm are identi�ed as nano�bers [70, 72].

Therefore, it is possible to say that the �bers which were classi�ed as electrospun in

this thesis were nano�bers. The median diameter of the deposited �bers are in the

range of 0.5 µm to 1 µm (Figure 4.3 - 4.5).

PCL membranes were synthesized by solvent casting technique [73, 74]. Accord-

ing to SEM images (Figure 4.4) unmodi�ed PCL membranes have shown higher pore
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structure than the histidine and fetuin modi�ed PCL membranes. This may be due to

possible recasting with isopropanol which was used for the aminolysis reaction. On the

other hand this behavior did not observe in PCL nano�ber meshes (Figure 4.6). This

situation may be explained by the fast evaporation of the solvent in electrospinning

process may be resulted with more stable PCL structures.

5.2 Contact Angle Measurement of Histidine and Fetuin Mod-

i�ed Poly-ε-caprolactone Nano�ber Meshes

Water contact angle values of biomaterial surfaces play a key role to evaluate

if a surface suitable for the cells or not. As explained by Ratner et al. and Liang

et al. previously, surface wettability has high correlation with the cell adhesion and

spreading. As a common agreement hydrophobic surfaces (low surface energy) lead

poor cell spreading while hydrophilic surfaces (high surface energy) are leading satis-

fying cell spreading [75, 76]. In this context, surface wettablity properties of HMDA

modi�ed, histidine and fetuin immobilized PCL nano�bers were investigated. PCL

generally shows moderate biodegradability and biocompatibility; however, the actual

utilization of this material is limited by its hydrophobicity [77, 78]. The incorporation

of histidine and fetuin improve the hydrophilicity of PCL/HMDA, PCL/HMDA/His,

PCL/HMDA/Fetuin, nano�ber meshes. This might be attributed to the amine and

carboxylic and imidazole functional groups of histidine and hydrophilic amino acid

side chains of fetuin protein whereas such functional groups are not present in PCL

structure [77, 79].

5.3 FT-IR Spectra of Modi�ed Poly-ε-caprolactone Nano�ber

Meshes

ATR-FTIR was used to investigate the chemical functional groups that were

present on the surfaces of the PCL nano�ber meshes after modi�cation with HDMA,
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histidine, fetuin. As mentioned at result section. Characteristic carbonyl ester bond

of PCL was observed at 1725 cm−1 that was very close in wavelength in the literature

[67, 68]. After modi�cation with HMDA, the carbonyl ester peak was shift to lower

wavenumber, 1721 cm−1. There were no signals due to the N-H stretching of the amino

groups but there was a shifted the carbonyl (C=O) stretching of the amide linkage that

was observed at 1652 cm−1 on (expected 1640 cm−1) the di�erence spectrum which

is an evidence of the reaction of HMDA with PCL. This could be a result of the

extremely low concentration of-NH2 groups available for detection by the instrument

(the sampling depth of ATR-FTIR was 1-2 µm) [65].

Characteristic carbonyl ester peak of PCL was also observed at 1725 cm−1 before

histidine and fetuin immobilization. After histidine and fetuin immobilization carbonyl

bonds were shifted to 1726 cm−1 and 1733 cm−1, respectively. At 1558 cm−1, histidine`s

imidazole rings vibrations were observed and that is a con�rmation for the histidine

modi�cation [80]. In the spectrum of fetuin immobilized PCL nano�ber meshes, two

bonds at 1652 cm−1 and 1559 cm−1 were recorded which correspond to amide I and

amide II bands. Normally, 1650 cm−1 (amide I) and 1540 cm−1 (amide II), correspond

to the stretching vibrations of C=O bond, and coupling of bending of N-H bond and

stretching of C-N bonds, respectively. The shifts of the amide I and amide II bonds

were attributable to the interaction of HMDA and Fetuin[81].

5.4 XPS Results of Poly-ε-caprolactone Membranes

The surface chemistry of the PCL plain meshes and the PCL nan�ber mem-

branes for C1s and O1s levels was characterized by using the X-rays Photoelectron

Spectroscopy and shown in Figure 4.10a and Figure 4.11a. As can be seen from the

�gure 4.10e and the �gure 4.11e, the high resolution XPS spectra of the C1s for PCL

plain membrane and PCL nano�ber meshes was resolved into three di�erent peaks that

were found as C-H/C-C, C-O, and O=C-O bonds [40]. Schematic diagram shows the

PCL molecule which implies that all speci�c bonds of the molecule were found (4.12).
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Schematic diagram after aminolysis demonstrates the reaction between the es-

ter group (-COO-) of PCL molecule and amine groups (-NH2) of 1,6-hexanediamine

(HMDA) [65, 82]. The XPS survey spectrum and the N1s core level spectrum of HMDA

modi�ed the PCL membrane clearly indicates a considerable degree of aminolysis. In

the analysis of N1s core level spectra, two new peaks for PCL plain membrane and PCL

nano�ber mesh were appeared at 399.32 eV and 399.59 eV for C-NH2 free amino groups

and at 401.24 eV and 400.85 eV for O=C-NH amide groups, respectively (Figure 4.10d

, Figure 4.11d) [83, 84], In the analysis of C1s core level spectra of HMDA modi�ed

the PCL plain membrane, the high binding energy peak was found at 288.46 eV which

is assigned to carboxylate (O=C-OH) and amide carbon (N-C=O) (Figure 4.10f) [82].

The peak at 285.89 eV was found that amine (C-N) and carbonyl (C-O) groups can be

characterized in the C1s core level spectra (Figure 4.10f). In the analysis of the C1s

core level spectra of HMDA modi�ed the PCL nano�ber mesh, the new peak as amine

bonds (C-N) was found at 285.14 eV from HMDA and was shown in Figure 4.11f. The

high binding energy peak at 288.54 eV is attributed to carboxylate (O=C-OH) and

amide carbon (N-C=O) of HMDA modi�ed the PCL nano�ber mesh (Figure 4.11f)

[82]. The XPS survey results of HMDA modi�ed the PCL membranes can be a�ected

from the either the unreaction of amino groups with ester groups or the penetration of

molecules into the PCL membrane due to the existence of the deep pores [18, 65].

Chemical modi�cations of the PCL membrane at di�erent concentrations of

His/HMDA ratio were shown in the schematic diagram. The raw data spectra of C1s,

N1s and O1s, spectra of 1:1, 1:2, and 1:4 His/HMDA modi�ed the PCL membrane

were shown that the unknown penetration ratio of histidine and 1,6-hexanediamine

molecules into the PCL membranes were observed because of the deep pores in the PCL

membrane [18]. Schematic diagram shows the histidine that has a side-chain containing

an imidazole group, resulting in a total of three nitrogen atoms in the molecule [84].

The high-resolution N1s spectra of 1:4, 1:2, and 1:1 His/HMDA modi�ed the PCL

membrane were appeared the NH-C=O and C-N bonds. Addition to these bonds,

aromatic N was found in the analysis of the N1s spectra of 1:4 His/HMDA modi�ed

PCL plain membrane. The peak at 398.08 eV, attributable to N=C-NH, was measured

in the analysis of the N1s spectra of 1:1, 1:2 His/HMDA modi�ed PCL plain membrane.
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The peak at 400.47 eV coressponding to N=C-NH bond was found in the analysis of

the N1s core level spectra of 1:4 His/HMDA modi�ed PCL nano�ber [84, 85].

The X-rays Photoelectron Spectroscopy was studied to investigate the reaction

between Fetuin and HMDA modi�ed PCL membrane as shown in Figure 4.21a and

the Figure 4.22a. The appearance of a strong N1s level in the XPS survey spectrum of

the PCL membrane was contributed from the presence of fetuin. As can be seen from

the �gure 4.21c, the N1s high-resolution spectrum of the PCL plain membrane shows

three di�erent binding energies that were assigned to C-N, O=C-N and C-NH bonds at

399.36 eV, 400.82 eV and 401.66 eV, respectively. Figure 4.22c show that the analysis

of N1s core level spectrum of the PCL nano�ber mesh was appeared at 399.48 eV and

401.16 eV the corresponding to C-N and O=C-NH, respectively [84]. The amount of

N1s level of the modi�ed PCL plain membrane is more than the amount of N1s level of

the modi�ed PCL nano�ber membrane due to deep pores of nano�ber structures. The

C1s core level for the PCL membrane can be resolved into �ve di�erent peaks that are

assigned to C-C/C-H, C=C, C-N/C-S/C-O, O=C-N and O=C-O peaks [82].

5.5 Cell Studies

Proliferation of L929 cells on the histidine and fetuin modi�ed PCL membranes

and nano�ber meshes at day 2 were determined by using MTT assay [86]. Chemical

(HMDA) and biochemical (histidine amino acid and fetuin protein) on cellular be-

havior were investigated according to the proliferation percent versus control groups.

The number of cells on histidine modi�ed PCL membranes and nano�bers were signif-

icantly increased compared to control (TCPS) and unmodi�ed PCL membranes and

nano�ber meshes with an increasing histidine amino acid content. The e�ect of his-

tidine immobilization was clearly observed on the cell proliferation. The number of

cells were increased to 127.6 ± 3.3% and 158.7 ± 5.1% on PCL/HDMA/His (1:1 mole

ratio) membranes and nano�ber meshes respectively. This result may be due to the

increased hydrophilicity of the modi�ed PCL structures (membrane and nano�ber) be-

cause of the modi�cation with hydrophilic histidine amino acid. Histidine amino acid
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has a hydropaty index of -3.2 which means a hydrophilic molecule [87]. Histidine is

a basic and essential amino acid with a positively charged imidazole ring which also

gave a biofunctional property to the modi�ed surfaces. The e�ect of histidine amount

in cell proliferation was also clearly observed on both PCL structures as increasing

the ligand density resulted with increased cell proliferation percentages. On both PCL

membranes and nano�ber meshes modi�ed with HMDA showed lower cell prolifera-

tion percentages than the control and histidine modi�ed groups. HDMA modi�cation

increases the hydrophilicity of the surface. However, this modi�cation wasn`t provoke

the cell proliferation. This might be the inaccessibility of the receptors of �broblast

cells to the surface amino groups of PCL membranes and nano�ber meshes. Histidine

amino acid is a bigger molecule that the cells interact much more easily with their

receptors. From the cell proliferation data we couldn't observe any positive e�ect of

fetuin immobilization to PCL membranes and nano�bers. This may be due to using

low amount of fetuin in immobilization and some of the fetuin molecules immobilized

to the inner pores of PCL membranes and underneath the surface of nano�bers with

low accessibility. The e�ect of surface topography was also observed from the cell

proliferation data. Histidine modi�ed PCL nano�bers were shown better cell prolif-

eration rate than histidine modi�ed PCL membranes. Over all, modi�cation of PCL

membranes and nano�ber with a simple biomolecule, histidine amino acid increased

cell proliferation of L929 �broblast cells. In the literature several groups have worked

on modi�ed PCL electrospun nano�bers. Guatam et al modi�ed PCL nano�ber with

gelatin which is a more complex structure but, biocompatible, biodegradable, and nat-

ural biopolymer derived from collagen and showed lower cell proliferation percent than

histidine modi�ed PCL structures [86]. T�§l� et al was investigated the cellular behavior

on epidermal growth factor (EGF) immobilized PCL/gelatin nano�brous sca�olds and

obtained similiar results [77]. Dubas et al were studied the coating of polyelectrolyte

multilayer thin �lms on nano�brous sca�olds to improve cell adhesion and observed a

close improvement like in our study [88].
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5.6 Future Work

In this thesis, histidine and fetuin were immobilized onto Poly-ε-caprolactone

(PCL) membranes and nano�ber meshes prepared and L929 cells proliferation was

investigated on these sca�olds. A simple amino acid (histidine) on the surface has

caused noticeable enhancement of proliferation of cells. The results are promising that

these surfaces may be used in many di�erent tissue engineering applications. However,

more experiments are needed to be done to understand cellular behaviour such as

adhesion, viability on these surfaces.
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