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ABSTRACT

PROTEIN ADSORPTION
on

AMINO ACID CONJUGATED SELF ASSEMBLED
MOLECULES

In this thesis, novel amino acid (conjugated histidine, leucine, serine,

tryptophan) conjugated self-assembled molecules (SAMs) were synthesized and used

to modify model metallic [Gold, (Au)] and inorganic [Silicon Oxide, (SiO2)] surfaces to

investigate protein adsorption. In the first step, Au and SiO2 surfaces were cleaned and

modification of surfaces were carried out with 3-mercaptopropanoyl and 3 - (trimethoxysi-

lyl)propane functional groups conjugated amino acids (for Au; histidine, leucine, ser-

ine, tryptophan, for SiO2; histidine and leucine), respectively. Syntheses of amino acid

conjugated SAMs were characterized with 1H-Nuclear Magnetic Resonance (1H-NMR)

Spectroscopy. Au and SiO2 surfaces modified with amino acid conjugated SAMs were

characterized water contact angle measurements. We aimed to manipulate and change

the adsorption of the proteins (Albumin, Fibrinogen and Immunoglobulin G) on these

surfaces using amino acid conjugated SAMs. Protein adsorption was investigated in-

situ by using Quartz Crystal Microbalance (QCM) biosensors. According to results,

target proteins have shown different affinity to the amino acid conjugated Au and

SiO2 coated crystals depending the type of the amino acids and concentration. For

instance, according to comparison of Histidine modified SiO2 and Au surfaces, prop-

erties of surfaces have shown a clear difference and effect on protein adsorption. In

addition, according to comparison of Leucine modified SiO2 and Au surfaces, prop-

erties of surfaces have shown a clear effect on protein adsorption as having the same

surface chemistry. Consequently, it has been observed that these controlled chemistry

on the surfaces of materials have a great potential to manipulate protein adsorption

for biomedical applications.

Keywords: Self-Assembled Monolayers, Amino acids, Surface Modification,

Protein Adsorption, Quartz Crystal Microbalance (QCM) Biosensors.
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ÖZET

AMİNO ASİT KONJUGE KENDİLİĞİNDEN DÜZENLENEN
MOLEKÜLLER İLE PROTEİN ADSORPSİYONUNUN

ARAŞTIRILMASI

Bu tez çalışmasında, metalik [Altın, (Au) ]ve inorganik [Silisyum Oksit, (SiO2)]

yüzeyler, yeni sentezlenen amino asitler ile konjuge kendiliğinden düzenlenmiş moleküller

(KDM) (konjuge amino asit histidin, lözin, serine ve triptofan) ile modifiye edilerek,

protein adsorpsiyonları incelenmiştir. İlk aşamada yüzeylerin temizlenmesi ve yüzey-

lerin 3-merkaptopropanol and 3-(trimetoksilil)propan ile fonksiyonel grupları ile kon-

juge amino asitler ile yüzeylerin modifiyesi gerçekleştirilmiştir (Au için histidin, lözin,

serin, triptofan, SO2 için histidin and lözin). Daha sonra sentezlenen amino asit

konjuge KDMler 1H-Nükleer Manyetik Rezonans (1H-NMR) Spektroskopi yöntemi ile

karakterize edilmiştir. Amino asit konjuge KDMler ile modifiye edilen yüzeyler temas

ölçüm açısı ölçme yöntemi ile karakterize edilmiştir. Bu çalışmada protein adsorpsiy-

onunun (Albumin, Fibrinojen and Immünoglobulin G), amino asit konjuge yüzeyler

kullanılarak değiştirilmesi manipule edilmesidir. Protein adsorpsiyonu Kuartz Kristal

Mikroterazi biyosensör kullanılarak yerinde incelenmiştir. Sonuçlara göre kullanılan

proteinler aimno asit konjuge KDMerle modifiye yüzeylere amino asit çeşidi ve kon-

santrasyona bağlı olarak değişik afinite özellikleri göstermiştir. Örneğin, Histidin mod-

ifiye Au ve SiO2 yüzeylerde protein adsorpsiyonu açık bir şekilde farklılık göstermiştir.

Ek olarak, Lözin modifiye Au ve SiO2 yüzeylerde protein adsorpsiyonunda aynı yüzey

kimyasına bağlı olarak yakın sonuçlar elde edilmiştir. Sonuç olarak malzemelerin kon-

trollü yüzey kimyasının protein adsopsiyon manüplasyonu için biyomedikal uygula-

malarda büyük bir potansiyelinin olduğu gözlenmiştir.

Anahtar Sözcükler: Kendiliğinden Düzenlenen Moleküller, Yüzey Modifikasy-

onu, Protein Adsorpsiyonu, Kuartz Kristal mikroterazi, biyosensör
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1. INTRODUCTION

1.1 Motivation

Biomaterials have tremendous role in the achievement of medical devices and

medicine, especially designing synthetic replacements for biological tissues, designing

materials for specific medical applications, and biomaterials for new applications such

as diagnostics [1]. A biomaterial is any build made specifically to interact with biolog-

ical systems; therefore, it must have properties (e.g. stiffness, chemical composition,

biological signals) compatible with the tissue it will interact with in order to obtain the

desired effect [2]. The major concern is insufficient or improper interactions between

the synthetic materials and living systems. Modification of the surface of the biomate-

rials is the common strategy to solve this problem. To enhance the biocompatibility,

surfaces are modified with functional molecules such as amino acids, isolating single

molecules, pairs of molecules, one-dimensional lines of molecules, or larger groups of

molecules [3], [4].

Some organic molecules have been called as self-assemble biomaterials, includ-

ing synthetic polymers; materials based on naturally occurring components such as

biopolymers and, more recently, molecularly designed materials based on biological

structural units such as amino acids, peptides and proteins. Self-assemble is the novel

approach to form from molecular components into supramolecular structures. The

self-assemble structures are association of an ensemble of molecules into one or more

supramolecular structures, driven by multiple noncovalent interactions to modify sur-

faces [2]. A self-assembled monolayer (SAM) consists of a single layer of individual

molecular chains that spontaneously chemisorb onto a surface which provides func-

tionalization of the surface to effect specific protein adsorption [5].

Biocompatibility of the biomaterials is the important scientific issue that is

investigated as biomaterial-protein interactions and biomaterial-cell interactions. As
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the matter of the fact, protein adsorption is occurred first, then cell adhesion and

growth are observed, when biomaterials are implanted in vivo or tested in vitro [6].

Surface chemistry, surface topography and mechanical properties of the biomaterials

are very important factors that affect the protein adsorption. The success of implant

application is determined in very early stages by reactions of the primary adsorbing

species of the body fluids. Due to that reason, protein adsorption has vital role during

implantation. In many cases, protein adsorption is necessary and required, for instance

manipulating cell adhesion. To sum up, protein adsorption is a dynamic process that

includes binding, rearrangement, and detachment. Ideal biomaterial should be able to

support these interactions, therefore surface modification has significance role to evolve

with inclusion of targeted adsorbents [7]. In this situation, self-assembled monolayers

can be very helpful to modify the surface of biomaterials. For instance, self-assembled

monolayers can be used to immobilize enzyme on surface of biomaterials. As a result,

self-assembled layers can be used for cell adhesion and protein interaction studies [8].

Quartz Crystal Microbalance (QCM) is the one of the surface characterization

techniques that can be used for protein adsorption investigation. QCM has ability to

recognize behavior biochemical molecules through changes of resonance frequencies of

the quartz plate. Quartz plate can adsorb target molecules, resulting in increase of the

mass and in the decrease of resonance frequencies [9].

Base on this information, protein adsorption may be affected by newly synthe-

sized different type of self-assembled monolayers, which are [Histidine-Self Assembled

Molecule (His-SAM), and Leucine-Self Assembled Molecule (Leu-SAM) for SiO2 sur-

faces and Histidine-Self Assembled Molecule (His-SAM), and Leucine-Self Assembled

Molecule (Leu-SAM) Serine-Self Assembled Molecule (Ser-SAM) and Tryptophan-Self

Assembled Molecule (Trp-SAM)] for Au surfaces. The characterizations of these sam-

ples can be analyzed with nuclear magnetic resonance (NMR), contact angle measure-

ments and QCM. By using QCM, the investigation of surface modification and protein

adsorption also can be performed.
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1.2 Objectives

In this study, SiO2 and Au model surfaces were used as substrates. SiO2 and

Au surface specific molecules were synthesized which are conjugated with histidine,

leucine, serine and tryptophan due to their biological importance, building blocks of

proteins and part of extracellular matrix to investigate protein adsorption. The main

objectives of this study are:

• To synthesize new SAMs,

• To investigate protein adsorption of amino acid conjugated self-assembled molecules

modified SiO2 and Au substrates,

• To evaluate biocompatibility of SAM modified SiO2 and Au surfaces.

1.3 Outline

This thesis is presented as follows: In chapter 2, background information about

self-assembled monolayers, surface modification, and protein adsorption and QCM

biosensors is given. In chapter 3, the experimental procedures are explained. In chapter

4, the results are presented. In chapter 5, the discussion of the results is given.
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2. BACKGROUND

Surface and biological environment interactions are very important in the fields

of biology, biotechnology and medicine. Hence the surface of a biomaterial becomes

very significance for existing applications such as, studies in molecular and cell biol-

ogy, tissue engineering, and implant devices [10]. Engineering of biological activity

into synthetic materials increases their potential uses and improves their performance

in more traditional applications. Besides, functionality and complexity of biological

systems caused scientists inspiration to design like natural materials. Designing new

biomaterials is inspired from structure-function analysis on various length scales of the

extracellular materials that cells use to organize themselves into tissues. Biological

interactions with surfaces were regulated by nonspecific adsorption of serum protein

layers. The adsorption of extracellular matrix (ECM) proteins is an important research

area that how surface chemistry and topography affect. However, engineering of the

surface of materials is very difficult to adsorb accurate mixture and arrangement of

ECM proteins [11]. Due to that reason, biomaterial design and surface modification

gain important role in this area to improve biomaterials and tissue interactions.

2.1 Surface Modification Techniques

During biomaterials-tissue interactions, biological responses are controlled by

many factors, but scientists commonly accept that surface properties of a biomaterial

adjust the biological response. Interactions between cell and proteins and host response

are moderated by surface properties such as chemistry, topography, surface free energy,

elasticity, and charge [12]. Hence, surface modification has significant role, because

selected surface properties such as tocompatibility and antimicrobial characteristics

can be enhanced while the bulk biomaterials features such as mechanical strength,

robustness, and inertness can be preserved [13], [14].
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There are a lot of surface modification techniques that are used:

• Thermal Surface modifications provide a wide range of functions to modify the

properties of the components spraying [14], [15],

• Plasma spraying [14], [16],

• Physical vapor deposition (PVD) [14], [17],

• Chemical vapor deposition (CVD) [14], [18],

• Plasma enhanced chemical vapor deposition (PECVD) [14], [19],

• Layer by layer assembly [14], [20],

• Sol-gel [21], [22],

• Photolithography [23],

• Silanization and Langmuir-Blodgett deposition [24],

• Immobilization of biomolecules [24], [25],

• Spin coating [26], [27],

• Self-assembled monolayer [25], [28], [29] etc.
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Figure 2.1 Some examples of preparation techniques for organic layers [24].

2.1.1 Self Assembled Monolayers

Self-assembled monolayers are thin organic layers that are formed on the sur-

face in orderly manner. In general, they are long alkyl chain supramolecules, which

have special affinity to particular surfaces, and they are attached by chemisorption [22].

The essential of SAMs are the head group or anchoring group, which attaches

the molecules to the substrate. The end group defines the state of functionalization

of the new outer surface following modification. Functional group or generally called

alkyl chain provides an additional driving force for the adsorption reaction via van

der Waals interactions and create certain degree of order in the system. In general,
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head groups include methyl (–CH3), trifluorocarbon (–CF3), carboxyl (–COOH), amino

(–NH2), and biotin. Functional groups (alkyl chains) generally consist of hydrocarbon

chains [30].

Figure 2.2 Structure of self-assembled monolayer.
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Table 2.1
Combinations of Head groups and Substrates Used in Forming SAMs on Metals, Oxides, and

Semiconductors [31] .

Self-Assemled Monolayers

Surface Ligand Bond

Au

Au

Au

SiO2

Glass

Si

Si

GaAs

Ag

Cu

Metal oxides

Metal Oxides

Pt

Pt

Ti

RSH, ArSH (thiol)

RSSR (disulphide)

RSR (sulphite)

RSiCl3, RSiOR3

[RCOO]2

RCH=CH2

RSH

RSH, ArSH

RSH, ArSH

RCOOH

RCONHOH

RSH, ArSH

RNC

Phosphonic Acid

RS-Au

RS-Au

RS-Au

Siloxane

R-Si

R-CH2CH2-Si

RS-GaAs

RS-Ag

RS-Cu

RCO2-. . . . . .MOn

RCONHOH. . . . . .MOn

RCONHO-. . . . . . .MOn

RS-Pt

RNC-Pt

Ti-P

SAMs are preferable to study for some reasons:

• Easy to prepare,

• The adjustability of surface properties via modification of molecular structure

and functions,

• The use of SAMs as building blocks in more complex structures to colligate

additional layer to the surface,

• The possibility of lateral structuring in the nanometer order [25].
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Figure 2.3 Schematic of monolayer of n-alkyltrichlorosilane CH3– CH2)n−1–SiCl3 on hydroxylated
surface like silicon oxide [25].

In this study, amino acids such as histidine, leucine, serine, and tryptophan were

used in form of conjugated self-assembled molecules due to their biological duties. For

instance, leucine is an essential amino acid that helps regulation of protein metabolism

and maintenance of muscle proteins [32]. Histidine is also an essential amino acid, which

is precursor of histamine and a neurotransmitter [33] In that manner, tryptophan is

an amino acid, and shows antimicrobial effect [34]. Serine is non-essential amino acid

that is important in various biosynthetic pathways. In addition, it is the pioneer to a

number of amino acids like glycine and cysteine. Besides, it helps an enzyme catalyze

its reaction which is hydrolysis of peptide bonds in polypeptides and proteins, that is

a major function in the digestive process [35].
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Figure 2.4 Examples of molecules that have been used to produce self-assembly monolayers on
various surfaces [31].
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2.2 Protein Adsorption

Proteins are the one of the important building blocks of human body that has

significant roles. For instance, establishment and maintenance of structure that means

structural proteins are responsible for the shape and stability of cells and tissues. The

other issue is transportation of ions and other biological metabolites. Some proteins

are responsible for protection of the body from pathogens and foreign substances in

the immune system. Hormones are also made from proteins that provide biochemical

signal as hormone receptors to control and regulation of the body homeostasis. Some

enzymes are made from proteins to catalysis. In addition, proteins have movement

and storage duty in the body [35]. In that manner, biological fluids, especially blood

includes proteins in addition to other constituents. Proteins are major constituents of

the blood that are albumin, immunoglobulins and fibrinogen as proteins. Albumin is

a globular protein and the most abundant component of many biological fluids serving

the transport of various metabolites and the regulation of the osmotic pressure [36], [37].

Immunoglobulins are also called antibodies that are glycoprotein molecules produced

by plasma cells. They have significant role in the immune response with specifically

recognizing and binding to particular antigens duties. The various immunoglobulin

isotypes differ in their biological features, structure, target specificity and distribution.

IgG is the one of the isotypes of the immunoglobulins that is the key player in the

humoral immune response [38]. Fibrinogen is one of the main proteins involved in the

blood coagulation cascade [39]. In some cases, fibrinogen layers formed at the liquid-

solid implant interface, and they have triggered an inflammatory response and have

been a part of some of the process that may start to process to acceptance or rejection

of the implant [40]. During the interaction between biological fluids and biomaterials,

adsorption of these proteins is observed on the surface [41].

Protein adsorption on surfaces is a major issue for the rational design and appli-

cation of biomaterials. The rate and strengths of the first physical interactions between

proteins and surfaces show the final confirmation, stability and activity of such pro-

teins. This issue determines biocompatibility of materials [42].
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Figure 2.5 Protein adsorption scheme [43].

“Adsorption” is defined as adherence of a molecule to the surface of a solid

and should not be confused with the term “absorption”. That means the molecule is

brought into the solid and cells interact with a dynamic coating proteins. The ability

to interact with cells and other biological molecules or activity of proteins dictates the

initial cellular and subsequent, host response. Protein adsorption to biomaterials is

affected by some factors such as the bulk concentration of the protein solutions, rate

of diffusion and, affinity [43].

Proteins are built up from 21 different amino acids linked together by peptide

bonds and forming highly organized polymers. Protein function depends on its third

dimension (3D) arrangement, which is related its amino acid sequence. Each amino

acid has the same fundamental structure, including α carbon (Cα) to which an amino

group, carboxyl group and a differing variable side chain (R) are bonded [44].
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Figure 2.6 Amino acid structure.

Amino acids are usually classified by the properties of the side chain –R group-

into four groups. The side chain can provide the amino acid with different properties:

acidity, basicity, hydrophilicity, if it is polar, and hydrophobicity if it is non-polar.

The chemical structures of the 21 standard amino acids, along with their chemical

properties, are catalogued. The secondary structure of proteins refers to folding of

the polypeptide chain into periodic structure such as, α-helix and β-sheet, these local

structures are stabilized by hydrogen bonds between amide and carboxyl groups. The

tertiary structure is referred that the folding segments of the polypeptide chain are

arranged in space, as a result the completed three-dimensional folding of a protein.

Stabilization of the tertiary structure of a protein may involve interactions between

amino acids located distance along the primary sequence. These may include:

• weak interactions such as hydrogen bonds and Van der Waals interactions,

• ionic bonds involving negatively charged and positively charged amino acid side-

chain groups,

• disulfide bonds .

The quaternary structure is the non-covalent composition of independent ter-

tiary structures to form a complex [44].

According to this information, structures of proteins and surface properties are
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considered important factors for protein adsorption. The factors that affect protein

adsorption are summarized in Table 2.2.

Table 2.2
Main surfaces properties that determine protein adsorption [44], [45].

Surface Properties Protein Properties

Chemistry

Surface topography

Free energy

Charge

Acid/Base properties

Surface impurities

Bonding number

Quaternary, tertiary and secondary structure

Overall hydrophobicity

Charge

Isoelectric point (pI)

Specific interacting

residues

Figure 2.7 Schematic views of a protein and a well-characterized surface [46].

2.3 Quartz Crystal Microbalance Biosensors

In the literature, nanomaterial- protein interface and protein adsorption process

are characterized by using a lot of techniques. For instance, atomic force microscopy

(AFM), scanning electron microscopy (SEM), transmission electron microscopy (TEM),

and tunneling scanning microscopy (TSM) can be used to determine surface features

and topography [47]. Every characterization techniques have advantages and disad-

vantages. AFM can scan 3D images of the surface topography but it could be affected
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by a lot of artifacts. With electron microscopy techniques, subatomic levels can be

observed, but the sample has to be conductive and it could be harmful at the end of

the process. Recently, electron crystallography also is used to determine structure of

several proteins to identify them. Also there are other techniques that are used to help

to understand protein adsorption investigation such as, capillary electrophoresis, mass

spectrometry, particle mass spectrometry and, Fourier-Transform Infrared (FTIR) etc.

Among the other techniques, ellipsometry and quartz QCM are also used to investigate

protein adsorption [42].

QCM has ability to recognize behavior among extremely small amounts of pro-

teins (mass changes) through changes of resonance frequencies of the quartz crystal

plate [42], [48].

Figure 2.8 Cr/Au QCM Crystals.

QCM is used as chemical and biological sensors. It can generate a response to

any mass chance on the quartz plate. In general, QCM sensor is used with addition of

a sensitive layer on the surface of the crystal. Organic thin layers are preferable coat-

ings techniques due to their capability to reversibly adsorb vapors and liquids. QCM

applications show excessive increase in recent years as in field of biochemical analy-

sis. QCM devices are used as biochemical and immunological sensors to investigate

and/or monitor of biochemically significant processes, such as self assembled-molecule

investigation and protein adsorption investigation [49–54].
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Figure 2.9 Example of self- assembled monolayer adsorption investigation [55].
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3. MATERIALS AND METHODS

3.1 Synthesis of Amino Acid Conjugated Self Assembled Molecules

3.1.1 Preparation of 3-(trimethoxysilyl)propan Amino Acids

Novel 2-amino-3-(1H-imidazol-4-yl)-N-(3-(trimethoxysilyl)propyl)propanamide

(Histidine-Silane) and 2-amino-4-methyl-N-(3-(trimethoxysilyl)propyl)pentanamide

(Leucine-Silane) were prepared using the procedure [56] (Figure 3.1) via N-acylbenzotriazole.

Figure 3.1 Preparation method for 2-amino-3-(1H-imidazol-4-yl)-N-(3(trimethoxysilyl) propyl)
propanamide and 2-amino-4-methyl-N- (3- (trimethoxysilyl) propyl)pentanamide.

•Preparation of Cbz-Amino Acid-Bt intermediate (Cbz-AA-Bt)

Benzotriazole (4 eq.) was dissolved in dry THF under N2 atmosphere at room

temperature. Thionyl chloride (SOCl2, 1.2 eq.) was added dropwise to this solution.

After 30 min stirring Cbz-Leu-OH or Cbz-His-OH (1 eq.) was added to solution in

one portion. Reaction mixture was allowed to stir for additional 3 hours at ambient

temperature. After reaction finished the white precipitate was filtered off. The fil-

trate was concentrated under vacuum to get sticky oil residue. In case of histidine

this reaction mixture, which contains Cbz-His-Bt intermediate, was directly used for

next reaction without any purification. For Leucine the oily reaction mixture was dis-

solved in ethylacetate and extracted using 20% aqueous solution of Na2CO3 to remove

excess benzotriazole. Organic layer was dried over Na2SO4 to give benzyl (1-(1H-
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benzo[d][1,2,3]triazol-1-yl)-4-methyl-1-oxopentan-2-yl)carbamate (Cbz-Leu-Bt).

• Preparation of Cbz- [His-Si(OCH3)]3 and Cbz- [Leu-Si(OCH3)]3

3-(trimethoxysilyl)propan-1-amine (1 eq.) was added drop wise to the solution of

Cbz-AA-Bt (1 eq.) in CH2Cl2 under N2 atmosphere at RT, reaction was monitored by

Thin Layer Chromatography (TLC). After 30 minutes. Reaction mixture was extracted

using 10% Na2CO3. Organic layer was dried over Na2SO4 to give Cbz-[His-Si(OCH3)]3

and Cbz-[Leu-Si(OCH3)]3.

•Preparation of [His-Si(OCH3) ]3 and [Leu-Si(OCH3)]3

Cbz-AA-Si (1 eq.) was dissolved in methanol (10 mL), Pd/C (3 eq.) was added

this mixture and reaction mixture was stirred at stainless still reactor under 50 bar H2

(g) atmosphere for 5 hours. Catalyst was filtered over Celite. Filtrate was evaporated

under vacuum to obtain [His-Si(OCH3)]3 and [Leu-Si(OCH3)]3.

3.1.2 Preparation of 3-mercaptopropanoyl Amino Acids

The preparation of 3-mercaptopropanamido amino acids (5) was conducted fol-

lowing (Figure 3.2) multistep synthesis. In summary, the mercapto (-SH) function of

3-mercaptopropionic acid, (1), was protected using acetylation in pyridine. This acety-

lated propionic acid was activated and converted to N-acylbenzotriazole derivative,

3. Afterwards, intermediate (3) was reacted with different amino acids in presence of

NaOH hydroxide in dioxane-water mixture to give mercapto-protected amido amino

acids (4). Deprotection using 4N HCl in EtOH, gave novel 3-mercaptopropanoyl amino

acids, (5).

• Synthesis of 3-(acetylthio)propanoic Acid

Pyridine (3 eq.) was slowly added to the neat mixture of 3-mercaptopropionic
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Figure 3.2 General Preparation method for novel 3-mercaptopropanamido amino acids (5).

acid, (1), (1 eq.) and acetic anhydride (3 eq.). The reaction mixture was allowed to stir

overnight at RT. Reaction mixture was concentrated under vacuum; obtained crude

mixture was dissolved in ether and washed with 0.5 N solution of KHSO4. The organic

layers were collected and dried over Na2SO4. Solvent was removed under vacuum to

give 3-(acetylthio)propionic acid (2).

• Synthesis of S-(3-(1H-benzo[d ][1,2,3 ]triazol-1-yl)-3-oxopropyl)

ethanethioate

Benzotriazole (BtH, 1 eq.) was added to the solution of 3-(acetylthio)propanoic

acid, 2 (1 eq.) and DCC (1 eq.) in dry dichloromethane in ice bath. The reaction

mixture was kept at this temperature for 16 h. The White precipitate was filtered

off. Filtrate was extracted with 4N HCl. Organic layer was dried over Na2SO4 and

concentrated under vacuum to give S-(3-(1H-benzo[d][1,2,3]triazol-1-yl)-3-oxopropyl)

ethanethioate (3).

•General synthesis of 3-mercaptopropanoyl Amino Acids (5)

Amino acid (1 eq.) was dissolved in 1N NaOH (1.5 eq.) water solution. S-(3-

(1H-benzo[d][1,2,3]triazol-1-yl)-3-oxopropyl) ethanethioate, (3) (1 eq.) was added as an

dioxane solution at RT. The reaction mixture was stirred at room temperature 30 min.

Dioxane was removed under vacuum. The water solution was extracted with ethyl ac-

etate to remove substituted 1H-benzotriazole. Water layer was acidified using 1N HCl.
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Water was removed; crude product was dissolved in EtOH and filtered. 4N HCl was

added crude mixture and this mixture was refluxed for 3h to give 3-mercaptopropanoyl

amino acids (5).

Figure 3.3 Molecular structures of newly synthesis amino acid conjugated self assembled monolayers:
a) L-Histidine, b) L-Leucine, c) L-Serine, d) L-Tryptophan.

The characterization of all intermediate byproducts and -trimethoxysilyl)propan

amino acids (His-SAM and Leu-SAM) and 3-mercaptopropanoyl amino acids (Histidine-

SH; Leucine-SH; Serine-SH and Trytophan-SH) was done by using NMR spectroscopy

(Brueker, 500 MHz, Germany) in CDCl3, or DMSO-d6. Tetramethylsilane was used

as an internal standard.

3.2 Surface Preparation

3.2.1 Cleaning and Sterilization of QCM Crystals

Ti/Au/Ti/SiO2 and Cr/Au QCM crystals surfaces were used as substrates to

modify and to investigate target protein (Albumin, fibrinogen and immunoglobulin-

G) adsorption. The QCM crystals were purchased from Maxtek, USA and Stanford

Research Systems, USA (1 inch sensor crystals) are shown in Figure 3.1.

Cleaning process was applied according to QCM manual [57]. The crystals were
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Figure 3.4 Cr/Au QCM Crystals.

treated in UV/Ozone (Jelight Company Inc., USA) for 10 minutes. Then, the crystals

were immersed into a 1:1:5 solution of H2O2 (30%), NH4OH (25%) and deionized

water heated to a temperature of about 75◦C for 5 minutes [57]. After this process, the

crystals were immediately rinsed with distilled water and dry with N2 gas. Before reuse

of the crystals, to remove any remaining surface contaminants, crystals were treated

UV/Ozone for 10 minutes immediately before measurement.

Figure 3.5 Surface activation with UV/Ozone.

3.2.2 Modification of SiO2 Substrates

After cleaning process, SiO2 substrates were modified in-situ by amino acid con-

jugated SAMs (which were His-Silane SAM, Leu-Silane SAM), and (3-Aminopropyl)

triethoxysilane (APTES). Modifications of substrates were occurred in situ during mea-

surement. During modification and measurement process, tubing system and peristaltic

pump were used to provide influx of amino acid conjugated SAM solutions through

the flow cell part of QCM. During measurements, flow rates were kept 0.17mL/min
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and constant to prevent signal transient due to pressure and temperature fluctua-

tions. The peristaltic pump was used in low flow rate settings, below 0.2mL/min

to assure minimal transient and flow-induced noise in the frequency measurement [57].

Figure 3.6 Flow Cell.

Figure 3.7 Schematic representation of the liquid flow pattern in the Axial Flow Cell [57].

•Modification of SiO2 Substrates with His-Silane SAM and Leu-Silane

SAM

His-Silane SAM and Leu-Silane SAM solutions 10mM each were used to modify

in-situ the surfaces of substrates. The modification was observed during experiments

via QCM, in terms of frequency change in Hz. Ethanol was used as a solvent of His-

Silane SAM and Leu-Silane SAM solutions. 5ml, 10mM His-Silane SAM and Leu-Silane

SAM solutions were passed through the flow cell via tubing system by peristaltic pump

to modify SiO2 surfaces.
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• Modification of SiO2 Substrates with APTES

10mM APTES solution was used to modify in-situ the surfaces of substrates.

The APTES solution was prepared from Sigma Aldrich ≥ 98% APTES solution. The

modification was observed during experiments via QCM, in terms of frequency change

in Hz. Ethanol was used as a solvent of APTES solution. 5ml, 10mM APTES solution

was passed through the flow cell via tubing system by peristaltic pump to modify SiO2

substrates.

3.2.3 Modification of Au Substrates

As SiO2 substrates, Au QCM crystals were also modified with amino acid con-

jugated self-assembled monolayers, which were His-SH SAM, Leu-SH SAM, Ser-SH

SAM, and Trp-SH SAM. Before modifications, the crystals were immersed in ethanol

for 1 hour to remove Au-Oxide islands to prevent hydrophilicity [58].

• Modification of Au substrates with amino acid conjugated SAMs

His-SH SAM, Leu-SH SAM, Ser-SH SAM, Trp-SH SAM 10mM each solutions

were used to modify in-situ the surfaces of substrates. The modification was observed

during experiments via QCM, in terms of frequency change in Hz. Ethanol was used

as a solvent of Leu-SH SAM, Ser-SH SAM, Trp-SH SAM solutions. For His-SH SAM

solution, dI H2O water was used as solvent. 5ml, 10mM His-SH SAM, Leu-SH SAM,

Ser-SH SAM, Trp-SH SAM solutions were passed through the flow cell via tubing

system by peristaltic pump to modify Au QCM surfaces.
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3.3 Surface Characterization

3.3.1 Frequency Measurements by QCM

This method is aimed to analyze mass change on metallic and inorganic sub-

strates by monitoring the change in resonance frequency of the quartz crystal (AT cut

5MHz).

Figure 3.8 Quartz Crystal Microbalance Device, Stanford Research Systems, USA.

Sauerbrey recognized the potential usefulness of the Quartz Crystal Microbal-

ance (QCM) technology and demonstrate the tremendously sensitive structure of these

piezoelectric devices towards mass changes at the surface of QCM electrodes [59]. The

results of his work are incorporated in the Sauerbrey equation, which is relative with the

mass change per unit area at the QCM electrode surface to obtain change in oscillation

frequency of the crystal [60].

∆f = −Cf × ∆m (3.1)

where:

∆f = the observed frequency change in Hz,

∆m = the change in mass per unit area in µg−1 cm2,

Cf = the sensitivity factor for the crystal (56.6 Hz µg−1 cm2 for a 5 MHz AT-cut quartz

crystal at RT).
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The Sauerbrey equation works in order to a linear sensitivity factor, Cf, which

is a fundamental property of the QCM crystal. As a result, in theory, the QCM mass

sensor does not need calibration. However, the Sauerbrey equation is only strictly

applicable to uniform, rigid, thin-film deposits. Vacuum and gas phase thin-film de-

positions, which are unsuccessful to require any of these conditions. Moreover, they

confer more complicated frequency-mass correlations and often require some calibra-

tion to gain accurate results [57].

More recent developments have focused on modifying electrode surface chem-

istry (i.e. specialized polymer coatings [39], [53]. Due to that reason, these devices can

be used as mass detectors for:

• specific gas detection,

• environmental monitoring,

• biosensing,

• basic surface-molecule interaction studies [57].

3.3.2 Water Contact Angle Measurements

This method is used to investigate wettability of substrate surfaces by contact

of solid-water interface. Bare, activated, His-Silane SAM, Leu-Silane SAM, APTES

modified SiO2 surfaces and bare, activated, His-SH SAM, Leu-SH SAM, Ser-SH SAM,

Trp-SH SAM modified Au substrates were measured with the aid of Aven Mighty Scope

camera, USA and Image J image software. For each modified, activated and bare sub-

strates, measurements were taken from 3 regions of each sample. Static surface angles

of the drop placed on the surface were measured within 1min. After measurements,

data were obtained from the software; J Image and water contact angle values were

calculated [61].
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3.4 Investigation of Protein Adsorption

Modified QCM crystals were investigated for protein adsorption via QCM. Hu-

man based albumin (Sigma Aldrich), fibrinogen from human plasma (Sigma Aldrich)

and IgG (Sigma Aldrich and Ronsen Human IgG) were used to investigate adsorp-

tion behaviour. Phosphate buffered saline (PBS) Solution 7.4 pH (Sigma Aldrich) was

used as buffer. 0.1mg/ml, 0.5mg/ml and 1mg/ml concentrations of the protein solu-

tions were used. Before the investigation of protein adsorption, PBS buffer was passed

through the system to remove the effect of Et-OH for ethanol soluble SAMs. Then,

protein solutions were passed through the QCM flow cell system to observe change in

frequency according to adsorption.
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4. RESULTS

4.1 Characterization of Amino Acid Conjugated Self-Assembled

Molecules

4.1.1 NMR Spectra of 3-(Trimethoxysilyl)propan Amino Acids

[His-Si(OCH3)]3 and [Leu-Si(OCH3)]3

[His-Si(OCH3)]3 and [Leu-Si(OCH3)]3 were synthesized as described in section

3.1.1. First, Cbz-His-Bt intermediate was directly used for next reaction without any

purification. For L-Leucine the oily reaction mixture was dissolved in ethylacetate

and extracted using 20% aqueous solution of Na2CO3 to remove excess benzotriazole.

Organic layer was dried over Na2SO4 to give benzyl (1-(1H-benzo[d][1,2,3]triazol-1-yl)-

4-methyl-1-oxopentan-2-yl) carbamate (Cbz-Leu-Bt) in 78% yield.

Cbz-His-Bt and Cbz-Leu-Bt were characterized by using NMR spectroscopy

(Brueker, 500 MHz, Germany) in CDCl3 or DMSO-d6. Tetramethysilane was used as

internal standard.

1H NMR (500 MHz, DMSO-d6) for Cbz-His-Bt from reaction mixture: δ = 9.13 (s,

1H), 8.54 (d, J = 7.2 Hz, 1H), 8.30 (q,J = 8.3 Hz, 2H), 7.82–7.87 (m, 1H),7.65–7.70 (m,

1H),7.54 (s, 1H), 7.30–7.37 (m, 5H), 5.88 (q, J = 8.3 Hz, 1H), 5.06 (s, 2H), 3.46–3.50

(m, 1H), 3.35–3.43 (m, 1H).

1H-NMR (500 MHz, CDCl3) for Cbz-Leu-Bt, δ: 8.30 (d, J= 8.23 Hz, 1H), 8.15 (d,

J= 8.23 Hz, 1H), 7.69 (t, J= 7.25 Hz, 1H), 7.55 (t, J= 7.25 Hz, 1H), 7.42-7.34 (m, 5H),

5.87 (dt, J= 8.29, 4.88 Hz, 1H), 5.51 (d, J= 8.49 Hz, 1H), 3.70 (s, 2H), 2.00-170 (m,

3H), 1.15 (d, J = 5.34 Hz, 3H), 1.00 (d, J = 5.34 Hz, 3H) ppm;
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3-(trimethoxysilyl)propan-1-amine (1 eq.) was added drop wise to the solution

of Cbz-AA-Bt (1 eq.) in CH2Cl2 under N2 atmosphere at RT. Reaction was monitored

by thin layer chromatography (TLC). After 30 minutes, reaction mixture was extracted

using 10% Na2CO3. Organic layer was dried over Na2SO4 to give Cbz-[His-Si(OCH3)]3

in 80% and Cbz-[Leu-Si(OCH3)]3 in 97 % yield.

1H NMR (500 MHz, CDCl3) for Cbz-[His-Si(OCH3)]3: = 10.3 (broad,s, 1H), 7.55 (s,

1H), 7.45-7.32 (m, 5H), 6.90 (s, 1H), 6.80 (s,1H), 5.15 (s, 2H), 4.55-4.45 (m, 1H), 3.85

(q, J= 6.90 Hz, 6H), 3.30-3.20 (m, 2H), 3.12 (broad, s, 1H), 2.98 (dd, J= 14,16, 5.00

Hz, 1H), 1.60-1.46 (m, 2H), 1.24 (t, J= 8.27 Hz, 9H), 0.50-0.40 (m, 2H) ppm.

1H NMR (500 MHz, CDCl3) for Cbz-[Leu-Si(OCH3)]3: = 7.42-7.35 (m, 5H), 6.25

(s, 1H), 5.30 (d, J= 8.18 Hz, 1H), 5.12 (s, 2H), 4.15 (dt, J= 8.29, 4.88 Hz, 1H), 3.85 (q,

J= 6.98 Hz, 6H), 3.28 (dt, J= 11.92, 6.35Hz, 2H), 1.70-1.60 (m, 2H), 1.54 (p, J= 8.40

Hz, 2H), 1.24 (t, J= 6.98 Hz, 9H), 0.98-0.92 (m, 6H), 0.64 (t, J= 8.00 Hz, 2H) ppm.

[His-Si(OCH3)]3 and [Leu-Si(OCH3)]3 SAMs were obtained as white micro-

crystals and in 91% yield and in 87% yield, respectively. 1H NMR spectra of [His-

Si(OCH3)]3 and [Leu-Si(OCH3)]3 SAM, were shown in Figure 4.1 and 4.2.

1H NMR (500 MHz, CDCl3) for [His-Si(OCH3)] 3: = 10.2 (broad, s, 1H), 7.55 (s, 1H),

6.92 (s, 1H), 6.80 (s, 1H), 4.55-4.45 (m, 1H), 4.23 (broad, s, 2H), 3.85 (q, J= 6.90 Hz,

6H), 3.30-3.20 (m, 2H), 3.12 (broad, s, 1H), 2.98 (dd, J= 14,16, 5.00 Hz, 1H), 1.60-1.46

(m, 2H), 1.24 (t, J= 8.27 Hz, 9H), 0.50-0.40 (m, 2H) ppm.
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Figure 4.1 1H NMR spectrum of 2-Amino-3-(1H-imidazol-4-il)-N (3(triethoxysisily)propyl)pentane
amide [His-Si(OCH3)]3 (4b).

1H NMR (500 MHz, CDCl3) for [Leu-Si(OCH3)]3: = 6.24 (s, 1H), 5.30 (d, J=

8.18 Hz, 1H), 4.25 (broad s, 2H), 4.15 (dt, J= 8.29, 4.88 Hz, 1H), 3.85 (q, J= 6.98

Hz, 6H), 3.28 (dt, J= 11.92, 6.35 Hz, 2H), 1.70-1.60 (m, 2H), 1.54 (p, J= 8.40 Hz,

2H), 1.24 (t, J= 6.98 Hz, 9H), 0.98-0.92 (m, 6H), 0.64 (t, J= 8.00 Hz, 2H) ppm.
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Figure 4.2 1H NMR spectrum of 2-Amino-4-methyl-N-(3(triethoxysisily)propyl)pentaneamide [Leu
-Si(OCH3)]3.

4.1.2 NMR Spectra of 3-mercaptopropanoyl Amino Acids

• NMR Spectrum of 3-(acetylthio)propanoic acid (2)

Pyridine (3 eq.) was slowly added to the neat mixture of 3-mercaptopropionic

acid, (1), (1 eq.) and acetic anhydride (3 eq.). The reaction mixture was allowed to

stir overnight at RT. Reaction mixture was concentrated under vacuum, obtained crude

mixture was dissolved in ether and washed with 0.5 N solution of KHSO4. The organic

layers were collected and dried over Na2SO4. Solvent was removed under vacuum to

give 3-(acetylthio)propionic acid, (2) in 83% yield.
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1H NMR (500 MHz, CDCl3) for 3-(acetylthio)propanoic acid: = 9,20 (s, br, 1H), 3.40

(t, J= 6.9 Hz, 2H), 2.72 (t, J= 6.9 Hz, 2H), 2.36 (s, 3H) ppm.

Figure 4.3 1H NMR Spectrum of 3-(acetylthio)propanoic acid.

• NMR Spectrum of S-(3-(1H-benzo [d ][1,2,3 ]triazol-1-yl)- 3

-oxopropyl) ethanethioate (3)

Benzotriazole (BtH, 1 eq.) was added to the solution of 3-(acetylthio)propanoic

acid, 2 (1 eq.) and DCC (1 eq.) in dry dichloromethane in ice bath. The reaction

mixture was kept at this temperature for 16 h. The White precipitate was filtered

off. Filtrate was extracted with 4N HCl. Organic layer was dried over Na2SO4 and

concentrated under vacuum to give S-(3-(1H-benzo[d][1,2,3]triazol-1-yl)-3-oxopropyl)

ethanethioate, (3) in 80% yield.

1 H NMR (500 MHz, CDCl3) for S-(3- (1H-benzo [d] [1,2,3] triazol-1-yl) -3-oxopropyl)
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ethanethioate: = 8.32 (d, J= 8.3 Hz, 1H), 8.15 (d, J= 8.3 Hz, 1H), 7.70 (dt, J= 0.9;

7.15 Hz, 1H), 7.55 (dt, J= 0.9; 7.2 Hz, 1H), 3.80 (t, J= 6.8 Hz, 2H), 3.40 (t, J= 6.8

Hz, 2H), 2.40 (s, 3H) ppm.

Figure 4.4 1H NMR spectrum of S-(3-(1H-benzo [d ][1,2,3 ]triazol-1-yl)-3-oxopropyl) ethanethioate.
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• NMR Spectra of 3-mercaptopropanoyl Amino Acids (5)

Amino acid (1 eq.) was dissolved in 1N NaOH (1.5 eq.) water solution. S-(3-

(1H-benzo[d] [1,2,3]triazol-1-yl)-3-oxopropyl) ethanethioate, (3) (1 eq.) was added as

an dioxane solution at RT. The reaction mixture was stirred at RT 30 min. Dioxane

was removed under vacuum. The water solution was extracted with ethyl acetate to re-

move substituted 1H-benzotriazole. Water layer was acidified using 1N HCl. Water was

removed, crude product was dissolved in EtOH and filtered. 4N HCl was added crude

mixture and this mixture was refluxed for 3h to give 3-mercaptopropanoyl amino acids

(5) in the yield between 78-89%. 1H NMR spectra of 3-mercaptopropanoyl-histidine; 3-

mercaptopropanoyl-leucine; 3-mercaptopropanoyl-serine; 3-mercaptopropanoyl- tryp-

tophan were given in Figures 5-8, respectively.

1H NMR for 3-mercaptopropanoyl-histidine (500 MHz, DMSO-d6) = 7.90 (s, 1H), 7.00

(s, 1H), 3.80-3.65 (m, 1H), 3.11 (dd, J= 4.7; 15.3 Hz, 1H), 2.94 (dd, J= 7.7; 28.3 Hz,

1H), 2.70-2.60 (m, 2H), 2.58-2.45 (m, 2H).
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Figure 4.5 1H NMR spectrum of 3-mercaptopropanoyl-histidine.

1H NMR for 3-mercaptopropanoyl-leucine (500 MHz, CDCl3) = 12.45 (s, br, 1H), 8.20

(d, J= 7.9 Hz, 1H), 4.30-4.10 (m, 1H), 3.10-2.90 (m, 2H), 2.45 (t, J= 7.0 Hz, 2H),

1.70-1.50 (m, 1H), 1.48-1.40 (m, 2H), 0.90 (d, J= 6.6 Hz, 3H), 0.70 (d, J= 6.6 Hz, 3H)

ppm.
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Figure 4.6 1H NMR spectrum of 3-mercaptopropanoyl-leucine.

1H NMR for 3-mercaptopropanoyl-serine (500 MHz, CDCl3) = 12.39 (s, br, 1H), 8.32

(d, J= 7.9 Hz, 1H), 4.20 (m, 2H, -CH, -OH), 3.15 (m, 2H), 3.10 (dd, J= 4.7; 15.3 Hz,

1H), 2.90 (dd, J= 7.7; 28.3 Hz, 1H), 2.56-2.47 (m, 2H).
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Figure 4.7 1H NMR spectrum of 3-mercaptopropanoyl-serine.

3-mercaptopropanoyl-tryptophan (500 MHz, CDCl3) = 12.60 (s, br, 1H), 10.80 (s, 1H),

8.20 (d, J= 7.8 Hz, 1H), 7.50 (d, J= 7.8 Hz, 1H), 7.35 (d, J= 7.8 Hz, 1H), 7.15 (s, 1H),

7.10 (t, J= 7.40 Hz, 1H), 6.95 (t, J= 7.5 Hz, 1H), 4.50- 4.40 (m, 1H), 3.17 (dd, J= 5.0;

14.6 Hz, 1H), 3.10-2.90 (m, 3H), 2.50-2.30 (m, 2H) ppm.
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Figure 4.8 1H NMR for 3-mercaptopropanoyl-tryptophan.

4.1.3 QCM Analysis

His-SH SAM used as a reference to determine the optimum concentration of

amino acid conjugated SAMs for in-situ surface modification of QCM crystals. 10-

80mM (in absolute ethanol) His-SH solutions were used to modify Au QCM surfaces.

The amount (in terms of mass) of immobilized SAMs was changed between 8.00-13.00

µg/cm2. According to the measurements highest His-SH SAM immobilization was

measured when 10mM SAM was used and found to be 13.00 µg/cm2. From these results

optimum concentration of solution was determined as 10mM and delta frequency and

delta mass data were shown in Figure 4.9. 10mM SAM concentration was used for all

other SAM in QCM experiments.
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Figure 4.9 Effect of His-SH concentration on frequency and mass change in PBS pH:, 7.4 at RT.

Surface modification of all QCM crystals was investigated in-situ by QCM. The

results are shown in Table 4.1 in terms of ∆ frequency (Hz) and ∆ mass (µg/cm2).
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Table 4.1
QCM results of SAM modifications.

Surface

Modification

10mM

∆ Frequency

(Hz)

(Average)

∆ Mass

(µg/cm2)

(Average)

His-Silane

(on SiO2)
566.36 ±34.59 10.3 ±1.9

Leu-Silane

(on SiO2)
545.12 ±26.11 10.2 ±1.6

APTES

(on SiO2)
559.59 ±41.15 10.1 ±1.1

His-SH

(on Au)
797.10 ±144.91 13.5 ±0.6

Leu-SH

(on Au)
757.92 ±31.37 13.5 ±0.6

Ser-SH

(on Au)
701.50 ±19.80 12.2 ±0.4

Trp-SH

(on Au)
676.24 ±48.90 12.1 ±2.5

4.1.4 Water Contact Angle Measurements

Water contact angle analysis of UV/Ozone treated, 10mM APTES, in situ

10mM amino acid conjugated SAM modified SiO2 substrates were investigated. The

results are shown in Table 4.2. UV/Ozone treated and bare SiO2 substrates contact

angle values were measured as 8.8◦±0.6 ◦ and 35.8◦±2.5 ◦, respectively. After APTES,

His-Silane and Leu-Silane modification water contact angle values changed significantly

to 28.2◦±2.0 ◦, 49.6◦±4.9 ◦ and 68.2◦±0.3 ◦, respectively.
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Table 4.2
Water contact angle results for SiO2 crystal surfaces.

Substrates Contact Angle (◦)

Bare SiO2 35.8 ±2.5

UV/Ozone Treated SiO2 8.8 ±0.6

10mM His-Silane SAM modified 49.6 ±4.9

10mM Leu-Silane SAM modified 68.2 ±0.3

10mM APTES modified 28.2±2.0

Water contact angle analysis of UV/Ozone treated, 10mM APTES, in situ

10mM amino acid conjugated SAM modified Au substrates were also investigated.

Water contact angle values of UV/Ozone treated Au and bare Au substrates (after

UV/Ozone treatment Au substrates were immersed in absolute ethanol for 1 hour)

were measured to be 26.5◦±6.7 ◦ and 61.9◦±9.3 ◦, respectively. Water contact an-

gle results of Au crystal surfaces were shown in Table 4.3. Amino acid conjugated

(histidine, leucine, serine and tryptophan) have shown no significant difference in wa-

ter contact angle values after modification as 65.3◦±2.7 ◦, 63.9◦±4.3 ◦, 70.4◦±1.4 ◦,

69.0◦±1.3 ◦, respectively.

Table 4.3
Contact angle results for Au crystal surfaces.

Substrates Contact Angle (◦)

UV/Ozone Treated Au 26.5 ±6.7

Bare Au 61.9 ±9.3

His-SH 65.3 ±2.7

Leu-SH 63.9 ±4.3

Ser-SH 69.0 ±1.3

Trp-SH 70.4 ±1.3
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4.2 Protein Adsorption Analysis

4.2.1 Non-specific Protein Adsorption

Non-specific protein adsorption to amino acid conjugated SAM modified SiO2

and Au substrates were investigated in-situ by QCM sensor. To compose control

groups, protein adsorption to bare SiO2 and Au substrates were investigated with

0.5mg/ml target proteins (albumin, fibrinogen and IgG solutions). Delta frequency

(Hz) and delta mass (µg/cm2) data were given in Figure 4.10 and Figure 4.11.

Figure 4.10 Non-specific protein adsorption to bare SiO2 surface; ∆ frequency in Hz and b is ∆
mass results. Albumin, Fibrinogen and IgG concentration (0.5mg/ml) in PBS: 7.4 at RT.

According to the delta mass values, protein adsorption on bare SiO2 surface Fib-

rinogen has shown the highest and IgG has shown the lowest affinity and mass values

decreases as follows; Fibrinogen (13.80 µg/cm2) > Albumin (11.70 g/cm2)> IgG (11.16

µg/cm2).
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Figure 4.11 Non-specific protein adsorption to bare Au surface; ∆ frequency in Hz and b is ∆ mass
results. Albumin, Fibrinogen and IgG concentration (0.5mg/ml) in PBS: 7.4 at RT.

According to the ∆ mass values, protein adsorption on bare Au surface Fib-

rinogen has shown highest and IgG has shown the lowest affinity and mass values

decreases as follows; Fibrinogen (15.52 µg/cm2) > Albumin (14.60 µg/cm2) > IgG

(14.10 µg/cm2).

Similar protein adsorption behavior was observed for both SiO2 and Au surfaces.

However, more proteins adsorbed non-specific to Au surfaces when compared to SiO2.

The effect of protein concentration on non-specific adsorption were investigated

and three different concentration of target proteins (albumin, fibrinogen and IgG) ad-

sorption were carried out on bare Au surfaces. The results were shown in Figure 4.12

in terms of ∆ frequency (Hz) and ∆ mass (µg/cm2).
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Figure 4.12 Effect of concentration on non-specific protein adsorption to bare Au surface; a and b
∆ frequency ∆ mass results for albumin; c and d for fibrinogen; e and f for IgG adsorption in PBS:
7.4 at RT, protein concentrations (0.1-1.0 mg/ml).

Albumin at 0.1 and 0.5 mg/ml concentrations has shown similar protein adsorp-

tion in terms of mass (14.83 and 14.64 µg/cm2) and at the highest concentration (1.0

mg/ml, 11.80 µg/cm2) fewer Albumin was adsorbed to Au surface. Similar adsorption

profile was observed for fibrinogen and mass changes were measured as follows; 15.80

µg/cm2, 15.25 µg/cm2 and 14.24 µg/cm2 for 0.1 mg/ml, 0.5 mg/ml and 1.0 mg/ml,

respectively. IgG non-specific adsorption has shown different profile than the albumin

and fibrinogen that highest adsorption was measured at 1.0 mg/ml protein concentra-

tion. ∆ mass values were measured as follows; 14.55 µg/cm2, 15.72 µg/cm2 and 16.75

µg/cm2 for 0.1 mg/ml, 0.5 mg/ml and 1.0 mg/ml, respectively.
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4.2.2 Protein Adsorption Results on His-Silane Modified SiO2 Surfaces

Protein adsorption to 10mM His-Silane SAM modified SiO2 surfaces were inves-

tigated by QCM. The concentrations of target proteins (albumin, fibrinogen and IgG)

were prepared between 0.1-1mg/ml in PBS. Protein adsorptions results were shown in

Figure 4.13.

Fibrinogen has shown the highest affinity and mass change at all protein concen-

trations on Leu-Silane modified SiO2 surfaces as 4.70 µg/cm2, 7.80 µg/cm2, and 19.20

µg/cm2, respectively. For all proteins, increasing the protein concentration resulted

with increased mass change on Leu-Silane modified SiO2 surfaces. For albumin, delta

mass values were measured as follows; 1.83 µg/cm2, 5.24 µg/cm2 and 8.38 µg/cm2 for

0.1 mg/ml, 0.5 mg/ml and 1.0 mg/ml, respectively. For IgG, delta mass values were

measured as follows; 2.20 µg/cm2, 6.40 µg/cm2 and 6.90 µg/cm2 for 0.1 mg/ml, 0.5

mg/ml and 1.0 mg/ml, respectively and were shown in Table 4.4. For all proteins,

increasing the protein concentration resulted with increased mass change on His-Silane

modified SiO2 surfaces.

Table 4.4
∆ Frequency and ∆ mass results of protein adsorption on His-Silane Modified SiO2 surfaces.

His-Silane ∆ Frequency (Hz) ∆ Mass (µg/cm2)

Proteins 0.1mg/ml 0.5mg/ml 1mg/ml 0.1mg/ml 0.5mg/ml 1mg/ml

Albumin 153.90 289.50 471.80 1.83 5.24 8.38

Fibrinogen 267.40 455.50 926.70 4.70 7.80 19.20

IgG 102.20 345.00 359.90 2.20 6.40 6.90
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Figure 4.13 Protein adsorption results of 10mM His-Silane modified SiO2 surfaces. a, c, and e are
∆ frequency results (Hz). b, d and f are the ∆ mass results (µg/cm2) of protein adsorption in PBS:
7.4 at RT.
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4.2.3 Protein Adsorption on Leu-Silane Modified SiO2 Surfaces

Protein adsorption to 10mM Leu-Silane SAM modified SiO2 surfaces were inves-

tigated by QCM. The concentrations of target proteins (albumin, fibrinogen and IgG)

were prepared between 0.1-1mg/ml in PBS. Protein adsorptions results were shown in

Figure 4.14.

Figure 4.14 Protein adsorption results of 10mM Leu-Silane modified SiO2 surfaces. a, c, and e are
∆ frequency results (Hz). b, d and f are the ∆ mass results (µg/cm2) of protein adsorption in PBS:
7.4 at RT.
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Table 4.5
∆ Frequency and ∆ mass results of protein adsorption on 10mM Leu-Silane Modified SiO2 surfaces.

Leu Silane ∆ Frequency (Hz) ∆ Mass (µg/cm2)

Proteins 0.1mg/ml 0.5mg/ml 1mg/ml 0.1mg/ml 0.5mg/ml 1mg/ml

Albumin 376.00 409.21 607.00 5.70 6.70 11.40

Fibrinogen 397.00 518.00 965.00 7.10 9.10 16.80

IgG 453.60 483.20 595.90 7.20 8.90 10.60

IgG has shown the highest affinity and mass change to at 0.1 mg/ml concentra-

tion, while Fibrinogen has shown the highest affinity to at 0.5 and 1.0 mg/ml concen-

trations on Leu-Silane modified SiO2 surfaces as 7.20 µg/cm2, 9.10 µg/cm2, and 16.80

µg/cm2, respectively. For all proteins, increasing the protein concentration resulted

with increased mass change on Leu-Silane modified SiO2 surfaces. For albumin, ∆

mass values were measured as follows; 5.70 µg/cm2, 6.70 µg/cm2 and 11.40 µg/cm2

for 0.1 mg/ml, 0.5 mg/ml and 1.0 mg/ml, respectively. For fibrinogen, ∆ mass values

were measured as follows; 7.10 µg/cm2, 9.1µg/cm2 and 16.80 µg/cm2 for 0.1 mg/ml,

0.5 mg/ml and 1.0 mg/ml, respectively. For IgG, delta mass values were measured as

follows; 7.20 µg/cm2, 8.90 µg/cm2 and 10.6 µg/cm2 for 0.1 mg/ml, 0.5 mg/ml and 1.0

mg/ml, respectively and were shown in Table 4.5.

4.2.4 Protein Adsorption on APTES Modified SiO2 Surfaces

Protein adsorption to 10mM APTES SAM modified SiO2 surfaces were inves-

tigated by QCM. The concentrations of target proteins (albumin, fibrinogen and IgG)

were prepared between 0.1-1mg/ml in PBS. Protein adsorptions results were shown in

Figure 4.15.
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Figure 4.15 Protein adsorption results of 10mM APTES modified SiO2 surfaces. a, c, and e are ∆
frequency results (Hz). b, d and f are the ∆ mass results (µg/cm2) of protein adsorption in PBS: 7.4
at RT.
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To investigate the effect of a conventional SAM molecule APTES was chosen.

Fibrinogen has shown the highest affinity and mass change to at 0.1 and 0.5 mg/ml

concentrations, while Albumin has shown the highest affinity to at 0.5 and 1.0 mg/ml

concentrations on APTES modified SiO2 surfaces as 8.00 µg/cm2, 7.30 µg/cm2, and

8.80 µg/cm2, respectively. For albumin and IgG, increasing the protein concentration

resulted with increased mass change on APTES modified SiO2 surfaces. However for

Fibrinogen increasing the protein concentration resulted with decreased mass change.

For albumin, delta mass values were measured as follows; 5.80 µg/cm2, 6.90 µg/cm2

and 8.80 µg/cm2 for 0.1 mg/ml, 0.5 mg/ml and 1.0 mg/ml, respectively. For fibrinogen,

delta mass values were measured as follows; 8.00 µg/cm2, 7.30 µg/cm2 and 5.00 µg/cm2

for 0.1 mg/ml, 0.5 mg/ml and 1.0 mg/ml, respectively. For IgG, delta mass values were

measured as follows; 4.00 µg/cm2, 4.70 µg/cm2 and 8.40 µg/cm2 for 0.1 mg/ml, 0.5

mg/ml and 1.0 mg/ml, respectively and were shown in Table 4.6.

Table 4.6
∆ Frequency and ∆ mass results of protein adsorption on APTES Modified SiO2 surfaces.

APTES ∆ Frequency (Hz) ∆ Mass (µg/cm2)

Proteins 0.1mg/ml 0.5mg/ml 1mg/ml 0.1mg/ml 0.5mg/ml 1mg/ml

Albumin 328.00 366.70 498.10 5.80 6.90 8.80

Fibrinogen 259.90 405.80 435.50 8.00 7.30 5.00

IgG 244.60 314.10 482.30 4.00 4.70 8.40

4.2.5 Protein Adsorption on His-SH Modified Au Surfaces

Protein adsorption to 10mM His-SH SAM modified Au surfaces were investi-

gated by QCM. The concentrations of target proteins (albumin, fibrinogen and IgG)

were prepared between 0.1-1mg/ml in PBS. Protein adsorptions results were shown in

Figure 4.16.

No mass change was observed on His-SH modified Au surfaces when Albumin

was used at all protein concentrations. Fibrinogen has shown the lowest affinity and

mass change to at 0.5 and 1.0 mg/ml concentrations, while IgG has shown similiar
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Table 4.7
∆ Frequency and ∆ mass results of protein adsorption on His-SH Modified Au surfaces.

10mM His-SH ∆ Frequency (Hz) ∆ Mass (µg/cm2)

Proteins 0.1mg/ml 0.5mg/ml 1mg/ml 0.1mg/ml 0.5mg/ml 1mg/ml

Albumin 328.00 366.70 498.10 5.80 6.90 8.80

Fibrinogen 259.90 405.80 435.50 8.00 7.30 5.00

IgG 244.60 314.10 482.30 4.00 4.70 8.40

affinity at 0.5 and 1.0 mg/ml concentrations to His-SH modified Au surfaces as 1.40

µg/cm2, 2.20 µg/cm2, and 0.90 µg/cm2, respectively. For Fibrinogen, increasing the

protein concentration resulted with increased mass change on His-SH modified Au

surfaces. Results were shown in Table 4.7
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Figure 4.16 Protein adsorption results of 10mM His-SH modified Au surface; a, c, and e are ∆
frequency results (Hz); b, d and f are the ∆ mass results (µg/cm2) of protein adsorption in PBS: 7.4
at RT.

4.2.6 Protein Adsorption Results on Leu-SH SAM Modified Au Surfaces

Protein adsorption to 10mM Leu-SH SAM modified Au surfaces were investi-

gated by QCM. The concentrations of target proteins (albumin, fibrinogen and IgG)

were prepared between 0.1-1mg/ml in PBS. Protein adsorptions results were shown in

Figure 4.17.
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IgG has shown the highest affinity and mass change to at 0.1 mg/ml concen-

tration, while Fibrinogen has shown the highest affinity to at 0.5 and 1.0 mg/ml con-

centrations on Leu-SH modified Au surfaces as 8.50 µg/cm2, 8.70 µg/cm2, and 16.60

µg/cm2, respectively. Only for Fibrinogen, increasing the protein concentration re-

sulted with increased mass change on Leu-SH modified Au surfaces. For Albumin and

IgG amount of adsorbed protein decreased at 0.5 mg/ml and increased and reached

the highest amount at 1.0 mg/ml concentration. For Albumin ∆ mass values were

measured as follows; 5.60 µg/cm2, 2.50 µg/cm2 and 11.30 µg/cm2 for 0.1 mg/ml, 0.5

mg/ml and 1.0 mg/ml, respectively. For IgG, ∆ mass values were measured as follows;

8.50 µg/cm2, 7.90 µg/cm2 and 8.30 µg/cm2 for 0.1 mg/ml, 0.5 mg/ml and 1.0 mg/ml,

respectively and were shown in Table 4.8.

Table 4.8
∆ Frequency and ∆ mass results of protein adsorption on Leu-SH Modified Au surfaces.

10mM Leu-SH ∆ Frequency (Hz) ∆ Mass (µg/cm2)

Proteins 0.1mg/ml 0.5mg/ml 1mg/ml 0.1mg/ml 0.5mg/ml 1mg/ml

Albumin 319.40 139.00 624.30 5.60 2.50 11.30

Fibrinogen 394.60 534.20 944.40 7.10 8.70 16.60

IgG 473.90 447.02 472.00 8.50 7.90 8.30
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Figure 4.17 Protein adsorption results of 10mM Leu-SH modified Au surface; a, c, and e are ∆
frequency results (Hz); b, d and f are the ∆ mass results (µg/cm2) of protein adsorption in PBS: 7.4
at RT.

4.2.7 Protein Adsorption on Ser-SH Modified Au Surfaces

Protein adsorption to 10mM Ser-SH SAM modified Au surfaces were investi-

gated by QCM. The concentrations of target proteins (albumin, fibrinogen and IgG)

were prepared between 0.1-1mg/ml in PBS. Protein adsorptions results were shown in

Figure 4.18.
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Figure 4.18 Protein adsorption results of 10mM Ser-SH modified Au surface; a, c, and e are ∆
frequency results (Hz); b, d and f are the ∆ mass results (µg/cm2) of protein adsorption in PBS: 7.4
at RT.

No mass change was observed on Ser-SH modified Au surfaces at concentration

of 0.1 mg/ml in proteins. Fibrinogen has shown the highest affinity and mass change

to at 0.5 and 1.0 mg/ml concentrations, while IgG has shown the lowest affinity at

0.5 and 1.0 mg/ml concentrations to Ser-SH modified Au surfaces as 1.90 µg/cm2,

3.30 µg/cm2, and 0.30 µg/cm2 and 2.30 µg/cm2, respectively. For Albumin ∆ mass

values were measured as follows; 1.40 µg/cm2 and 3.30 µg/cm2 for 0.5 mg/ml and

1.0 mg/ml, respectively. For all proteins, increasing the protein concentration resulted

with increased mass change on Ser-SH modified Au surfaces. Results were shown in

Table 4.9.
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Table 4.9
∆ Frequency and ∆ mass results of protein adsorption on Ser-SH Modified Au surfaces.

10mM Ser-SH ∆ Frequency (Hz) ∆ Mass (µg/cm2)

Proteins 0.1mg/ml 0.5mg/ml 1mg/ml 0.1mg/ml 0.5mg/ml 1mg/ml

Albumin None 71.30 152.90 None 1.40 2.70

Fibrinogen None 121.90 206.10 None 1.90 3.30

IgG None 112.00 124.90 None 0.30 2.30

4.2.8 Protein Adsorption on Trp-SH Modified Au Surfaces

Protein adsorption to 10mM Trp-SH SAM modified Au surfaces were investi-

gated by QCM. The concentrations of target proteins (albumin, fibrinogen and IgG)

were prepared between 0.1-1mg/ml in PBS. Protein adsorptions results were shown in

Figure 4.19.

Fibrinogen has shown the highest affinity and mass change at all protein con-

centrations on Trp-SH SAM modified Au surfaces as 2.20 µg/cm2, 2.00 µg/cm2, and

5.20 µg/cm2, respectively. For IgG, delta mass values were measured as follows; 0.60

µg/cm2, 1.90 µg/cm2 and 2.22 µg/cm2 for 0.1 mg/ml, 0.5 mg/ml and 1.0 mg/ml, re-

spectively and were shown in Table 4.10. Albumin has shown no affinity and resulted

with negligible interaction between Trp-SH SAM modified surfaces.

Table 4.10
∆ Frequency and ∆ mass results of protein adsorption on Trp-SH Modified Au surfaces.

10mM Trp-SH ∆ Frequency (Hz) ∆ Mass (µg/cm2)

Proteins 0.1mg/ml 0.5mg/ml 1mg/ml 0.1mg/ml 0.5mg/ml 1mg/ml

Albumin None None None None None None

Fibrinogen 126.30 111.00 331.40 2.20 2.00 5.20

IgG 31.00 78.00 106.00 0.60 1.90 2.22
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Figure 4.19 Protein adsorption results of 10mM Trp-SH modified Au surface;. a, c, and e are ∆
frequency results (Hz); b, d and f are the ∆ mass results (µg/cm2) of protein adsorption in PBS: 7.4
at RT.
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5. DISCUSSION

5.1 Surface Modification and Analysis

Surface modifications biomaterials have attracted considerable attention over

several decades to increase their biological performances especially their biocompat-

ibility [62]. There are many physicochemical and biological techniques available for

the modification biomaterial surfaces to enhance biocompatibility as Thermal spray-

ing [14] [15], Plasma spraying [14] [16], Physical Vapor Deposition (PVD) [14], [17],

Chemical Vapor Deposition (CVD) [14] [18], Plasma Enhanced Chemical Vapor De-

position (PECVD) [14], [19] Layer by layer assembly [14], [20], Sol-gel [21] [22], Pho-

tolithography [23] Silanization, and Langmuir-Blodgett Deposition [24], Immobilization

of biomolecules [16], Spin coating [17], Self-assembled monolayers [16]. Self-assembled

monolayers (SAMs) which is the formation of ordered molecular assemblies on se-

lected metallic (Au, Ti, Ag, Cu) and semi-conductor surfaces (Si, GaAs), is an impor-

tant route to the modification of those surfaces in desired and controllable properties

(hydrophilicty, hydrophobicity and functionality such as –SH, –COOH, –NH2, -CH3).

These properties are very important because they affect interaction with proteins, cell

and biological fluids and tissues [63], [64], [65]. From this point of view, amino acid

conjugated SAMs specific to SiO2 and Au surface were synthesized and their protein

adsorption profiles were investigated. SiO2 and Au surfaces were chosen because of

frequently used sensors surfaces for monitoring biocompatibility in terms of protein

adsorption [66], [67].

According to our results these amino acid conjugated SAMs are promising

molecules because silane heads groups are specific to Titanium (Ti), Silicon (Si), Alu-

mina (Al2O3) and Silicone Elastomers such as Polydimethylsiloxane (PDMS) and thiol

head groups Au, Ag, Pt and Cu that enables the modification of several different bio-

material surfaces to manipulate protein adsorption behavior using our SAMs [68–74].
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5.1.1 1H-NMR Studies

In this thesis, synthesis of 3 - (trimethoxysilyl) propane amino acids [His-

Si(OCH3)]3 and [Leu-Si(OCH3)]3 and 3 - mercaptopropanoyl amino acids (3 - mer-

captopropanoyl - histidine; 3-mercaptopropanoyl-leucine; 3-mercaptopropanoyl-serine;

3-mercaptopropanoyl- tryptophan) were characterized by 1H-Nuclear Magnetic Reso-

nance Spectroscopy. Amino acid conjugated SAMs for SiO2 surfaces as [His-Si(OCH3)]3

and [Leu-Si(OCH3)]3 were referred to His-Silane SAM, Leu-Silane. Amino acid conju-

gated SAMs for Au surfaces as 3-mercaptopropanoyl-histidine; 3-mercaptopropanoyl-

leucine; 3-mercaptopropanoyl-serine; 3-mercaptopropanoyl-tryptophan were referred to

His-SH SAM, Leu-SH SAM, Ser-SH SAM, Trp-SH SAM, respectively.

In the first part of thesis, amino acid conjugated SAMs (His-Silane SAM and

Leu-Silane SAM) for SiO2 surface were synthesized as follow and characterized with
1H-NMR. Cbz group was used as a protective group for amino acids. Amino acids

were functionalized from their carboxy functional group using benzotriazole (Bt) as a

leaving group. Functionalization of amino acid using benzotriazole helps preservation

of chirality of amino acid [75]. For the preparation of His-Silane and Leu-Silane, Cbz

protected Histidine (Cbz-His-OH) and Leucine (Cbz-Leu-OH) were converted into N-

acylybenzotriazole derivatives Cbz-His-Bt and Cbz-Leu-Bt, respectively. The structure

of these compounds was testified from 1 H NMR spectrum, where doublet and triplet

signals that are belonged to benzotriazole molecule were observed at 8.15-8.30 ppm

and 7.50-7.20 ppm, respectively [75]. Also, the aromatic signal with 5 protons that

was observed at 7 ppm and the aliphatic signal with 2 protons that was observed at

3.9 ppm, proves the presence of Cbz group. After this step, by the way of nucleophilic

substitution of benzotriazole with amine groups, the intermediate products (Cbz-AA-

amines) were obtained and these products were determined with the signals at 3.0

ppm, 1.5 ppm and 0.6 ppm which are defined as the three methoxy group signals and

the aliphatic -CH2 signals of amines, respectively. In the end, the protecting groups

were separated with catalytic hydrogenation method and the free amine functions were

obtained.
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In the second part of thesis, amino acids were conjugated with molecules which

contains mercapto (-SH) moiety for self-assembling on Au surface. For this purpose,

mercapto function of 3-mercaptopropionic acid was protected with acetyl function.

After this protection carboxylic acid function of this mercapto acid was functional-

ized using DCC-BtH methodology to give N-acylbenzotriazole derivative of acetylth-

iopropanoic acid (3). The characteristic two dublet signals at 8.30-8.00 ppm and two

triplet signals between 7.70-7.15 ppm in 1 H NMR signals again proves bonding of ben-

zotriazole group [75]. Additionally, the singled signal at 2.45 ppm shows that acetyl

group bonded to sulfur. In the second step of reaction, amino acids His-OH, Leu-OH,

Ser-OH and Trp-OH were reacted with compound (3) to give substitution with benzo-

triazole following with deprotection of acetyl group to give 3-mercaptopropanoylamino

acids (5). 1H NMR spectrum of compounds 5 have shown no signals corresponding

to those assigned to the N-substituted benzotriazole given above. On the other hand

characteristic signals for the side groups of amino acids were observed for each amino

acids and doublet signal of amid bonding at around the 8.00 ppm to prove bonding of

amino acid.

5.1.2 Water Contact Angle Measurements

Water contact angle values of biomaterial surfaces play an important role to

investigate and evaluate protein adsorption and cell behavior. As discussed previously

by Ratner et al. and Liang et al., surface wettability is very curial and correlated with

protein adsorption and cell adhesion [76], [77].

Water contact angle analysis of UV/Ozone treated, 10mM APTES, in situ

10mM amino acid conjugated His-Silane and Leu-Silane modified SiO2 substrates were

investigated. Bare SiO2 and UV/Ozone treated surfaces contact angle values were mea-

sured decreased from 35.8◦±2.5to8.8 ◦±0.6 ◦ because of the hydroxylated surface of the

SiO2 surface. The contact angle values were well correlated with the literature [78].

After APTES, His-Silane and Leu-Silane modification water contact angle values
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changed significantly to 28.2◦±2.0 ◦, 49.6◦±4.9 ◦ and 68.2◦±0.3 ◦, respectively. APTES

modification of SiO2 surface resulted with increased contact angle value, which could

be contributed to modification of APTES molecules on the surface. Slight decrease in

hydrophilicity might be due to hydrophobic alkyl groups of APTES molecules. How-

ever surface is still hydrophilic because of the amine groups of the APTES molecule

and similar results were found where Stefano et al. used APTES molecule to function-

alize porous Silicon after oxidizing the surface [78]. Since histidine has a hydrophilic

imidazole side chain and (–) 3.2 hydropathy index, His-Silane modified surface has

shown a hydrophilic character [79]. When APTES and His-Silane modified surfaces are

compared hydrophilicy decreased on His-Silane surfaces. This might be contributed to

leaning of His-Silane SAMs due to interaction of imidazole ring of histidine with surface

hydroxyl groups of the substrate and alkyl groups of the SAM molecules (originated

from APTES molecule) become more accessible and resulted a decrease in hydrophilic-

ity of the surface. On the other hand, the decrease in hydrophilicity is much more

evident on Leu-Silane modified surface, due to the aliphatic isobutyl side chain leucine

amino acid and alkyl chains of 3-mercaptopropionic acid molecule [21].

Water contact angle analysis of UV/Ozone treated and in situ 10mM amino

acid conjugated SH-SAM modified Au substrates were also investigated. Water con-

tact angle value of UV/Ozone treated surface was measured to be 26.5◦±6.7 ◦ due to

oxide formation on the Au surface [58], [80]. Au substrates were then immersed in

absolute ethanol for 1 hour and water contact angle values were found to be 61.9◦±9.3

◦ as an evidence of the reduction of oxides [58], [80]. Amino acid conjugated –SH

SAMs (histidine, leucine, serine, and tryptohan) have shown no significant difference

in water contact angle values after modification as 65.3◦±2.7 ◦, 63.9◦±4.3 ◦, 70.4◦±1.4

◦, 69.0◦±1.3 ◦, respectively. This may be concluded to similar surface coverage, inter-

action of side chains of amino acids with Au surface and leaning of -SH SAMs that

introduce hydrophobic alkyl chains of 3-mercaptopropionic acid molecule [81], [82].
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5.1.3 Optimization of SAM Immobilization on SiO2 and Au QCM Crystals

His-SH used as a reference SAM to determine the optimum concentration of

amino acid conjugated SAMs for in-situ surface modification of QCM crystals. 10-

80mM (in absolute ethanol) His-SH solutions were used to modify Au QCM surfaces.

The amount (in terms of mass) of immobilized SAMs was changed between 8.00-13.00

µg/cm2. According to the measurements highest His-SH SAM immobilization was

measured when 10mM SAM was used and found to be 13.00 µg/cm2. From these

results optimum concentration of solution was determined as 10mM and it was clearly

observed that concentration has no effect on ∆ frequency (Hz) and ∆ mass change on

Au surfaces. This situation could be explained by the saturation of Au surface by the

interaction of sulfur with Au atoms [83]. Another explanation could be because of the

steric hindrance of side chain of Histidine that inhibits the interaction and accessibility

of free SAMs in the solution to the surface [81], [82]. This situation might contribute

to all other type of amino acid conjugated SAMs that were used in this thesis.

5.2 Protein Adsorption Studies

It is well known that properties proteins and surfaces affect their interactions

visa versa. For protein properties such as size, charge, structure stability and folding

rate for surface properties such as topography, composition, hydrophobicity, hetero-

geneity and potential affect their interactions with proteins and surfaces [63]. When

we investigated the non-specific protein adsorption of amino acid conjugated SAM

modified SiO2 and Au substrates by QCM sensor, for SiO2 surfaces; fibrinogen has

shown the highest affinity and mass change while IgG has shown the lowest affinity

and mass values at 0.5mg/ml protein concentration. This situation may be explained

by the point of view of the size of the proteins. Fibrinogen IgG and Albumin molecular

weights are 340 kDa, 153 kDa and 66.7 kDa, respectively [84], [85].

As fibrinogen has the largest protein of all, it may show the highest affinity to

the surface due to having more sites of contact with the surface. It is also well known
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that proteins tend to adsorb more at their isoelectric point (IP) [87] IgG was expected

to adsorb more (all experiments were in PBS). IP of Fibrinogen, IgG and Albumin are

5.5, 6.4-7.6, 4.7, respectively [86] [87], [88]. However, IgG adsorption was the lowest for

SiO2 surfaces. From these results we may concluded that (1) size of a protein is much

more predominant for fibrinogen, (2) surface hydrophilicity is predominate then IP for

IgG (3) other factors (composition, potential) might be considered for the adsorption

of Albumin. For Au surface, like SiO2 surface; fibrinogen has shown the highest affinity

and mass change while IgG has shown the lowest affinity and mass values at 0.5mg/ml

protein concentration. From these results we may concluded that (1) increased hy-

drophobicity and due to the size of the fibrinogen, more fibrinogen adsorbed to Au

surface (2) other factors such as composition, potential might be predominate since

surface hydrophobicity increased and pH is very close to IP of IgG, but IgG has shown

the lowest affinity, (3) hydrophobicity is more dominant then IP for Albumin, since

its adsorption was increased. Including to that since Au surface is more hydropho-

bic then SiO2 surface it is reasonable that all proteins have shown higher adsorption

amounts [63], [88], [89].

The effect of protein concentration on non-specific adsorption was investigated

and three different concentrations of target protein adsorption (albumin, fibrinogen and

IgG) were carried out on bare Au surfaces. Similar amounts of Albumin and Fibrinogen

adsorbed at 0.1 and 0.5 mg/ml concentrations to Au surface and the decreased when

at 1.0 mg/ml concentration. We may conclude that surface coverage was achieved at

0.5mg/ml concentration. Also, lateral interaction between Albumin and Fibrinogen

proteins may be increased thus resulted with the less protein adsorption at 1.0 mg/ml

concentration [90].

To evaluate the effect of surface chemistry and wettability to protein adsorption

SiO2 surfaces were modified with 10mM APTES, His-Silane and Leu-Silane SAMs. The

concentrations of target proteins (albumin, fibrinogen and IgG) were prepared between

0.1-1mg/ml in PBS.

The protein affinity to His-Silane modified surfaces was found to be in that order
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Fibrinogen > Albumin > IgG. For all proteins, increasing the protein concentration

resulted with increased mass change. This result may be concluded to the high affinity

of Fibrinogen to histidine amino acid. Since histidine is hydrophilic with a -3.2 hy-

dropathy index, the affinity of Fibrinogen might come from its chemical structure, the

imidazole ring [91].

The lower affinity of Albumin and IgG were a result of hydrophilic surface,

which might be hydrophilicity, more dominant then surface chemistry for these proteins

a resulted decrease protein adsorption [63]. For relatively more hydrophobic surface

as Leu-Silane SAM modified SiO2 surfaces, IgG has shown the highest affinity a 0.1

mg/ml concentration, for 0.5 and 1.0 mg/ml concentrations, Fibrinogen has shown the

highest adsorption capacity. For 0.1 mg/ml, protein affinity to Leu-Silane modified

surfaces was found to be in that order IgG > Fibrinogen > Albumin. 0.5 and 1.0

mg/ml concentrations was found to be in that order, Fibrinogen > Albumin > IgG.

For lower concentration, lateral interaction of Albumin and Fibrinogen might be higher

that their adsorption capacity decreased [90]. For a general comment may be done that

Fibrinogen has shown higher affinity due to the hydrophobic structure of Leu-Silane

then Albumin and IgG. APTES was used to the effect of conventional SAM molecule on

protein adsorption. The protein affinity to APTES modified surfaces was found to be

for 0.1 and 0.5 mg/ml concentrations in that order Fibrinogen>Albumin>IgG and for

1.0 mg/ml concentration Albumin>IgG >Fibrinogen that is totally different behavior

then amino acid conjugated SAMs. An overall commend can be done as follows,

1. Fibrinogen has shown the highest affinity to His-Silane SAM. Surface chemistry

(imidazole ring of histidine) is more dominant then surface hydrophilicity for

Fibrinogen. Fibrinogen has shown the lowest affinity to APTES, which is more

hydrophilic then Histidine [90].

2. Albumin and IgG have higher affinity to Leu-Silane and APTES SAM then His-

Silane. Hydrophobicity and chemical structure are dominant factors for Albumin

and IgG. More studies should be performed [63]. To evaluate the effect of surface

chemistry and wettability to protein adsorption Au surfaces were modified with
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10mM His-SH, Leu-SH, Ser-SH and Trp-SH. The concentrations of target proteins

(albumin, fibrinogen and IgG) were prepared between 0.1-1mg/ml in PBS.

3. No affinity was observed on His-SH modified Au surfaces to Albumin. Fibrinogen

and IgG have shown low affinity and mass change to His-SH modified Au surfaces.

Basically protein repellent surface was obtained by using His-SH modification

on Au surfaces. Water contact angle measurements showed that surface has a

angle of 65.3◦±2.7 ◦, a semi hydrophilic surface expected to show an adsorption

behavior. This may contributed to interaction of side chain of Histidine amino

acid with Au surface and each other were much more higher then the interaction

with proteins. More studies should be done to identify the type of interactions.

For Leu-SH SAM modified Au surfaces, IgG has shown the highest affinity a

0.1 mg/ml concentration, for 0.5 and 1.0 mg/ml concentrations, Fibrinogen has

shown the highest adsorption capacity. For 0.1 mg/ml, protein affinity to Leu-

Silane modified surfaces was found to be in that order IgG > Fibrinogen >

Albumin. 0.5 and 1.0 mg/ml concentrations was found to be in that order,

Fibrinogen > Albumin > IgG. For lower concentration, lateral interaction of

albumin and fibrinogen might be higher that their adsorption capacity decreased

[90]. For a general comment may be done that Fibrinogen has shown higher

affinity due to the chemical structure of Leu-SH then Albumin and IgG [91].

4. Protein adsorption to Ser-SH and Trp-SH SAM modified surfaces have shown

similar behavior as His-SH, which is less interaction with all type of proteins that

are used in this study. Serine and Tryptophan amino acids hydropathy indexes

are -0.8 and -0.9, respectively [79].

Their values are very close to each other and their protein repellent response

might be the result of having moderate hydrophilicity of the surface after modification.

An overall commend can be done as follows,

1. Fibrinogen has shown the highest affinity to Leu-SH SAM. Surface chemistry

(alkyl groups of leucine amino acid side chain) is more dominant then surface
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hydrophilicity [91]. Leu-SH modified Au surfaces have shown higher affinity to

all proteins.

2. Fibrinogen has shown the highest affinity to Leu-SH SAM. Surface chemistry

(alkyl groups of leucine amino acid side chain) is more dominant then surface

hydrophilicity [91].

3. Since the hydrophilicty of SH-SAM modified surfaces are same, interaction of side

chains to each other and/or the interaction of the sides chains with Au surface

should be more strong then the interactions with proteins for His-SH, Ser-SH and

Trp-SH SAMs [89].

4. Surface coverage is an important parameter that should be explained in order to

understand the interaction of SAMs, proteins, and surfaces to each other.

5. When we compare, His-Silane and His-SH, properties of surfaces have shown a

clear difference and effect on protein adsorption.

6. When we compare, Leu-Silane and Leu-SH, properties of surfaces have shown a

clear effect on protein adsorption as having the same surface chemistry.

Over all, surface type, surface chemistry, surface wettability and surface orien-

tation of molecules have an effect on the protein adsorption. Depending to the purpose

protein attractive and repellent surfaces can be prepared and might find several differ-

ent application in biomaterial science
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5.3 Future Studies

Protein adsorption studies will give important clue for the investigation of bio-

compatibility, but more studies should be performed to evaluate biocompatibility to-

tally. For this purpose cell studies should be done and cellular behavior such as prolifer-

ation, adhesion, differentiation with model cells (Fibroblast and PC12) will be studied.

Including to those studies, glycoaminoglycans, which are constituents of the extracel-

lular matrix as amino acid conjugated self-assembled monolayers, will be synthesized

in form of self-assembled monolayers. Their protein interactions and effects on cell

behavior will be examined in our future research in this field.
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