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Abstract 

In order to improve the biocompatibility of titanium implants widely used in biomedical 
applications, the cell-adhesive, RGI)-COIlt~lilliIlg peptides were immobilized on titanium 

surfaces through a three-step reaction procedure. The first step is silanization of titanium 

s~nfaces with (3-aminopropyl)triethoxysilaue, resultin g in a multilayer film of poly(3- 

nmi~zopropyl)siloxane. The second reaction step, a key step of this modification procedure, 

is grafting functional crosslinkiug groups imaleimide, iodoacetate, succinimidyl cstcr, and 

alylazide) through the surface reaction of primary amines with succinimidyl esters. The 

final step is the covalent attachment of RGD-containing peptides through a thioether, an 

amide linkage, or a photochemical reaction, TLVO model, cell-adhesive peptides, H-Gly- 
Arg-Gly-Asp-Ser-Pro-Cys-OH (GRGDSPC) and H-Arg-Gly-Asp-Cys-OF (RGDC) were 

immobilized through covalent addition of the cysteine thiol (-SF-I) group to the maleimidyl 

group. An approximate coverage of 0 24.4 pcptides per nm’ was calculated through 

independent quantitative analyses. The RGD-modified samples were then tested with the 

osteoblastic ceil line MC3T3-E 1 and rat bone marrow cells irz t&o. Preliminary cell culture 

results show positive effects for osteobiastic cell line MCZT3-El but negative effects for 

rat bone marrow cells in cell adhesion, differentiation9 and integration. x-ray 

photoelectron spectroscopy (XPS)? infrared reflection absorption spectroscopy (IRAQ, 

time-of-flight secondary ion mass spectroscopy (ToF-SIMS), ellipsometry, and 
radiolabeling techniques were appiied to characterize the surfaces. The controversy as 

regards the interpretation of the IRAS spectra. especially for the ~~~alei~~lidylhexanoyl 

pendant surface, motivates us to investigate the detail of the surface reactions of primary 

amines with amino-reactive heterobifnnctional crosslinkers. 

Two model aminothiols, cystamine and ~-~~n~inothiophenol, were self-assenlbled on gold 

surfaces as the starting films for model investigations. Different types of thiol-, amino-, 

and photo-reactive crosslinkers were the11 attached to the two amino-terminated SAMs. 
Based on IRAS and XPS measurements. two types of reaction schemes have been 

observed: ( 1) modification through single group binding, (2) occurrence of side reactions 

and production of ITlLrltiple-group-ruoclif’iecl surfaces. A typical example for the latter case 

is the reaction of N-S-Ltccinirnidyl-6-rrlalcilllidyl hexanoatc (IZMCS) with terminal NH, 

groups, producin g a mixture of both maleimidyl and succinimidyl ester groups on the 

surface. The conclusion is confirmed by the study of SAMs of pure N, N’- 

bis(maleimidylhexanoyl)cysta~~li~~e (~BMHC), synthesized separately. The functionalized 

surfaces with crosslinking groups can he used for further specific or non-specific 
attachment of biomolecules. 
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Finally, two types of poly(ethylene glycol) (PEG) were grafted to amino-terminated 

surfaces, methoxy-PEG in a “standing-up” configuration and bridging-PEG in a “lying- 

down” configuration. Their surface structures and reaction yields were studied with IRAS 

and XPS. The protein resistance of PEG-coatings was evaluated with the optical 

waveguide lightmode spectroscopy (OWLS). Only the bridging PEG exhibited protein 

resistance. 
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Zusammenfassung 

Urn die BiokompatibWit von Titanoberfkichen fiir Implantate und biomedizinische 

Anwendungen zu verbessern. wurcien zeiiadh3sive Oligopeptide, die eine RGD-Sequenz 
enthalten: mittels einer Dreistufen-Reaictinn kovalent an die Titanoberfl5che angebunden. 

Der erste Schritt beinhaltet die Silnnisierung von TitanoberflYchen mit (5 

Aminopropyl)triethoxysilan, welchc zu einem Mehrschichten-Film bestehend aus 

Poly(aminopropyl)siloxan fiihrt. Der zweite Reakt ionschritt, der entscheidende Schritt der 

gesamten Reaktionssecluenz, ist das Ankniipfen von hlnktionellen Vernetzungsgruppen 

(Maleimid, Iodacctat, Succinimidyl-Ester, und Arylazid) durch die Oberflaechenreaktion 

von primtiren Amiden mit Succinimidyl-Estern. 1111 letzten Schritt wird das RGD- 

enthaltende Peptid iiber die Thiolfunktion add&t ( Amid-Bindung oder iiber eine 

photochemische Reaktion). Zwei zelladhSsi\:e Mode~ll-Peptide H-Gly-Arg-Gly-Asp-Ser- 

Pro-CYS-CdH (C;RGP>SPC) Utlc! PI-Arg-CJl~-i\sl-‘-C4;s-OH (RGDC) Wul-den durch 

kovatente Addition der Cystcin-Thioi-Gruppc an die Maleimidyl-Gruppe immobilisiert. 

Ein ungeftihrer Bedeckungsgrad von 0.2-0.-l Peptid/nm” wurde mit unabhiinigigen 

qunntitativen Methoden berechnet. Die RGD-ntodifizierten Proben wurden in der 

Osteoblastzelllinie MC3T3-El und Ratte~lktlochennlarkzellen in vitro getestet, Die ersten 

Zellkulturresultate zeigen beziiglich Zellacfh~ision, Differenzierung und Integration positive 

Effekte fiir Osteobtasten und negative Effckte fiir die Knochenlnarkzellen. Utn die 

Oberfl5chen ZLI charakterisieren, wurden X-Ray Phmdm-o~~ Spectroscopty (XPS)? 

Infrared Reflection Absoeption Spectroscopy (IRAQ: Time-of-Flight Secondary Ion Mass 

Spectroscopy (ToF-SIMS), Ellipsometrie und Radiolabeling Techniken eingesetzt, Die 

kontroverse Interpretation von TRAS-Spektrcn, speziell fiir Maleilllidylhexanoyl, 

motivierte ms, die Details der Oherf‘laecllenreaktiorle~~ von prim&n Aminen mit 

nminorenktiven hcterobifunktionellen Vernerr.ungsmolekiile~l zu untersuchen. 

lm Hinblick auf ein verbessertes Vcrst%ndnis dcr Reaktionsmechanismen an der 
Oberf-LZche wurden zwei Modell-Ai1~nothiole, Cystamin und 4-Aminothiophenol, auf 

Goldoberf-T&$en adsorbiert (selbstorgarlisiercnde Monoschichten, SAM). Verschiedene 

Typen van Thiol-, Amino- und Photo-reaktiven Vernetzungstnolekiilen wurden an die 

aminoterminierten SAMs angebunden, Basierend auf XPS und IRAS Messungen wurden 

zwei verschiedene Reaktionsschemata beobachten: ( 1) Modifikation durch Ein-Gruppen- 

Bindung, (2) auftreten von Nebenreaktionen und Produktion von 1Cfehrfaci~-Gruppen- 

modifizierten Oherfl3chen. Ein typisches Beispiei f<ir den zweiten Fall ist die Reaktion von 

N-Succinir~lidyl-(i-maleimido-caproat (EMCS) ntit lNH2-Endgruppen, was zu einel 
Mischung von Maleimidyi- und SucciiliInidylestergrLlppe” auf der OberflZche Khrt. Diese 

Schlussfolgerung wird ~LHCII die I_Jntersuchung van SAMs bestgtigt, Kiiir welche speziell 
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synthetisiertes, reines N,N’-Bis(maleimidyIhexanoyl)cystamin (BMFIC) verwendet 

wurde. Die funktionalisierten Obe&ichen mit vernetzenden GrUppcn kiinnen fiir 

spezifische oder unspezifische Bindun g van Biomolekiilen an die Oberflzche benutzt 

werden. 

Zum Schluss wurden zwei Typen van Polyetilyietigiykolen a~tf arninorertninierten 

Oberfl5chen aufgebracht: Methoxy-PEG in “standing-up”-Konfiguration und hridging- 
PEG in “lying-down” Konfiguration. Ihre Ober~l~ichenstruktur und Reaktionskinetik 

wurden mit IRAS und XPS studiert. Die Resistenz gegen Proteinadsorption wurde mit 

Optical Waveguide Lightmode Spectroscopy (OWLS) ermittelt. Nur das bridging-PEG 

zeigte Resistenz gegen Proteinadsorption. 
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Abbreviations 

One- and three letter code for amino acids used in this thesis. 

Name Three letter code One letter code 

Arginine Arg R 

Aspartic acid ASP D 

Cyst&c cys c 

Glycinc GlY G 

Proline PSO P 

Serine Ser s 

Chemicals 

4-A’S? 4-.~1~~notiriopileil~~l 

tX-hETh4 a-Minimum essential medium 

ANS N-S-Azido-‘)-t~itlobenzoyloxyst~ccinimide 

APS Poly(3-aminoprop~~l~~ilox,2ne 

APTES 3-AnliIlopropylt~ietl~~~~ysilarle 

BMHC N,N’-Bis(malei~nidyll~exanoyl)cystamine 

DMF N.N’-Dimethyl formamide 

DMSO Dimethyl sulf-kide 

DNA Deoxyribo nucieic acid 

DSS Di-(N-succinimidyl) suberate 

DTSP Dithiobis(N-s-LlccininlidyI propionate) 

ECM Extra cellular matrk 

EDTA Ethylene diamine tetraacctic acid 

EMCS N-SI-cccinimidyl-4-rnaleilnidyll~exanoate 

FA Formaldehyde 

FCS Fetal calf SC"I‘LII~I 

GRGDSPC Fl-Gly-Arg-Gl~~-‘~~sp-ses-Pro-Cys-OFi 

HEPES 3-[~-(2-Hvdroxveth~~)- I -pipemzynil] ethanesulfonic acid r ” . 
h4HA N-(M~leinliclyll~esnno~l~a~~ili~~e 

OTS Octadccylt~iciilot~osilanc 

PBS Phosphate buffered saline 

PEG Poly(ethylene glycol) 

PG Phellylglyox~~l 
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Rat bone marrow cells 
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N-Succinimidyl-3-maieinlictyl’uete 
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carboxylate 
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Modified titanium surfaces 
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I[” Peptide- or L-cysteine-mndifieci~d~fied M 

TiAM3 A+SMP 
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TiAMci A -i- EMCS 
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TiAMl 1 A + SMlJ 

TiAMC A + SMCC 

CM6 

GM3 

CMC 

GM6 

GM3 
GMC 

RM6 

L-cysteine + TiAM6 

L-cyst&e t TiAM3 
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RMC RGDC + T&MC 
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1. Outline 

1.1 Introduction 

Biornnterinls are nonviable materials used in Imedical devices, intended to interact with 
biological systems. Suture threads, contact lenses, artificial hip joints, dental implants, and 

heart valves are some conmon exa@es of the application of biomaterials. When these 

rna~rials evoke a biological response that is compatible wilt1 the intended fimctionality 
over the intended period of treatment, they have come to be termed l?iocompntilde. 

Biomaterials are used and developed to direct? supplement or replace organs or living 

tissues and, as such, they have to fulfill the mechanical and biological functions required. 

They also have to be sterilizable and be suited to processing. But, above all, these 

materials must be compatible with the living c~~~ironmnt. The interaction of biomterials 

with the living environment can be classified as either ~iotolemzl, hioimrt or Oiocrctivc, 

conveying respectively the sense of negative (but tolerable) local host response, absence of 

local host response, and positive (desired) local host response. 

Many classes of‘ materials contribute to the field of bionuterials. For example, metallic 

elements (titanium, gold), alloys (stainless steel. titmium, cobalt-chromium alloys) and 

ceramics (porcelain, alumina, hydroxyapatite) cm be used for structural purposes in 
orthopedic, dental ap~~lications, or for cardiouscuiar devices; natural or synthetic 

polymers such 3s polysaccharides, coliagen. polyurethane, siEcones, polyacrylates, etc., 

can be used in suture materials (biodegradable or not), artificial organs, contact lenses, 

intraocular lenses. tissue regeneration, cncapsulatiri g membranes for drug delivery, 

adhesives for orthopedic and dental applicatjon;. dialysis menibranes, blood bags, etc. 

Among these materials. titanium and its ailoys have received a broad interest because of 

their importmt market share and wide appiicrttions in medica! systems. ‘I‘itanium and its 

aiioys have excellent properties for impianr materials, particularly in bone applications. 
They are biocompatible with the hunmn body, They are easy to be sterilized, positioned, 

and fixed. After implantation, they are resistant to general corrosion, pitting attack, and 

crevice corrosion in physiolo&al fluids. Thus. they have a long life span as an implant up 

to about 20 years. Titanium and its alloys have been successfully used in diverse 
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applications such as hip joints, osteosynthesis devices, pacemakers, knee and shoulder 

prostheses, heart valves, screws, and nails. They are on the verge of becoming the metals 

of choice for impiant and surgical applications. 

i \ current trend to enhance biocompatibility consists of chemical modification of the 
biomateriai surface by the grafting of biologicaily active molecules such as peptides, 

proteins, and antibodies. This procedure of’fers the advantage of improving surf’ace 

properties with respect to biocompatihility without adverse effect on the bulk properties of 

the system. Immobilization of such molecules can be achieved by a variety of different 

techniques that exploit either physical adsorption (through Van der Waals, hydrophobic, 01 

electrostatic forces) or chemical binding. Both approaches have advantages and 

disadvantages. Physical adsorption processes are generally experimentally simple and 
often allow retention of the hiomolecular activity. However, the adsorption is often 
reversible, with target molecules being removed by certain buffers or detergents 01 
replaced by other moiccules in solucio~~ In contrast, chemical immobilization involves the 

covalent bonding (or complexation) of the target n~kcul~ to the solid phase. This method 

is experimentally more difficult and often exposes the molecule to a harsher environmenC. 

However? the resultant irreversible binding u$ich can be produced with high levels of 

surface coverage makes this approach more popular, although in sonic cases chemical 

binding can alter the conformational structure and active center of the n~olecule, causing a 

Principles 

Advantages 

Disadvantages 

Physical adsorption 

- Van der Waals forces 

- hydrophobic forces 

- elecrrostatic interactions 

- easy to prepare under mild 

experimental conditions 

- adsorption reversible 

- biological activity retained 

- not stable under ail 
physiological conditions 

- one time use 

- poor reproducibility 

Chemical binding 

- covalent bond 

- complexation 

- coordination 

- controlled coverage 

- stable in physiological conditions 

and for multiple use 

- reaction conditions stringent 

- some biological activity may be 

lost 
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reduction in activity. Some aspects of the physical adsorption and chemniml binding are 

summarized in Table 1- 1. 

1.2 Aim of the work 

The aim of the work is to design a surface modification method for covalent attachment of 

Arg-Gly-Asp (RGD)-containing peptides on Ti surfaces. It is expected that the novel 
surfaces wiiiH improve the hiocoq+ilbility amd i?mcrionaiity of titanium used in application 

where a fast and cotnpiere integration into the host tissue is required. This method can also 
be applied to covalently bincl other interestin g Inolecules, such as proteins, peptides, 

DNA/RNA strands, and poly(ethylene glycol) (PEG) on solid substrate surfaces with 

potential applications in biomaterials and biosensors. The key step of the method 

investigated in this thesis is the reaction between amine-grafted solid substrate sur~ces and 

succininlidyl esters. Although this reaction has been thoroughly studied in bulk solutions 

(especially in aqueous buffer for protein cross-linking and conjugation), the sanle type of 

reaction is just beginning to be applied IO self-assembled films. i -3 The physico-chemical 

characterization of the resulting surface is, as we know, stili rudimentary, and the details 

of the surface reaction are not yet weil understood. For this reason, we have chosen self- 

assenlbled aminothiols on ALI surfaces, which are n1ore reproducible for surface 

characterization than aminosilancs, as nlodel suri‘aces, in order to study the details of the 

reaction. 

The work can be divided into 3 parts: 
1 . Covalent attachnnent of RGD-containins peptides on titaniunn (oxide) s&&es and jjrz 

vitl-o cell culhm tests 

2. Investigation of the sulfite reactions of succinimidyl esters with alninothiol SAMs on 

Au surfaces 

3. In7mobilizatiotl of PEG on amino-ter~~~inlttcd surfaces: a study of the protein resistance 

1.2.1 Covalent attachment of RGD-containing peptides on Ti surfaces 

Titanium is the primary nlaterial to be modified in this ~vork. It is generally accepted that 

the ine,rt passivation layer, -5 nm amorphous TiO,, contributes to its excellent ^. 
bioconlpatibility. Although titaniutn is a sucoessful bioconlpatible (bioinert) material, there 

is still considerable interest, from the standpoint of both surgeon and patient, in increasing 

both speed (healing time) and degree (along-tern1 success) of close bone aposition. One 
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way is to produce a bioactive surface inslcad of the bioinert surface, guiding the specific 

cell adhesion, cell proliferation and differentiation. Two model peptides, H-Arg-Gly-Asp- 

Cys-OH (RGDC) and H-Gly-Arg-Gly-Asp-Ser-Pro-Cys-OH (GRGDSPC) were grafted 

on titanium surfaces through a three-step reaction procedure. First, the titanium s~dxe 

was silanized with an aminosilane. Secondly, a maleimidyl group was introduced through 

the reaction of the free primaly amino gro~~p with the succinimidyl ester group. Finally , the 

RGD-containing peptide wirh terminal c\xteine ~vas covalcntly bound to the maleimidyl 

group. For each step, the surface sensitive characterization met-hods (XPS, IRAS, and 

radiolabeling techniques) were used to quaIitati~ely and quantitatively analyze the surface. 

-RGD-containing peptide 

-crosslinker 

titanium oxide 

The novel Ti surfaces modified with RGD-containing peptides were tested irl 1:itm. The 

osteoblastic cell line MC3T3-El and the adult primary bone marrow cells were used in the 

test. The MC3T3 cell line is taken since it is one of the most commonly used cell lines in 

studies related to load-bearing implants and bone diseases. Bone marrow cells are used for 
the present study since most bone replncemont materials are implanted in an adult bone and 

therefore are in direct contact with bone ill;lUO~Y. 

1.2.2 Surface reactions of succinirnidyl esters with arninothiol SAWIs on 
Au surfaces 

Self-assembled monolayers (SAMs) on gold have potential applications in biosensors, 

biomaterials, and Itlicrofabrication, One important direction is immobilization of bionctive 
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molecules. Generally, two methods are available: One is the direct anchoring of the target 

molecule synthesized with thiols exposed on the molecular surface, and the other is the use 

of stepwise grafting reactions. In this thesis, a new strategy in the latter category is 
introduced. We studied the surface reactions of two aminothiol SAMs, cystamine and 

~-ar-nillatfiiop~lenol (&ATP), with a series of bifiunctional crosslinkers bearing 

succinimidyl esters. A variety of crosslinkin g groups of amino-, thiol-, and photo-reactive 

reagents can be grafted on all?ino-terIninated surfaces. These functional surfaces can be 
used further ibr grafting biomo8ecules. Yhe main cilar:lcrerization tools nsed were infrared 

refiection absorption spectroscopy (IRAS) and x-ray photoelectron spectroscopy (XPS). 

l-2.3 Immobilization of poly(ethylene glycol) on NH,-terminated surfaces 

Poly(ethylene glycol) (PEG) is a water-soluble. very flexible, and highly mobile polymer. 

Protein adsorption has been shown to be strongly reduced upon coating of surfaces with 
PEG derivatives, “Steric repulsion” or “steric forces” are thought to be responsible for the 

repulsive forces actin g on the proteins when they approach a surface with terminally 

attached PEG chains.“.? Tn addition, PEG/water interfilces are thought to have low 

interfacial free energies, and thus low dri\+ng forces for protein adsorption.6 PEG coatings 

may be used in biomaterials, chrotnatograplly? biosensors, electrophoresis, and other 
applications. 

Based on the reaction of srrccinimidyi t‘Att‘rs Lvith terminal NH, groups, we can introduce 

different kinds of PEG polymers on Au, I‘i. and optical waveguide chips (with oxide 
surfaces such as TiO,). The PEG chains can have different configurations, such as 

“standing up” or “lying down” structures on the surface. Their protein resistance behavior 

was studied with the optical Lvaveguide lightmode spectroscopy (OWLS). 

1.3 Outline of the work 

The work done in this thesis is outlined in the form of a flow chart. The following 

explanations are given for the flow chart: 

1st tmctiorl sti~p: F”omfatiw (!i’,c~!i:cl,csetl:Oicd~li’irlr,s Ttitlr temirlnl nmiiio gtvups 

Tt is well known that there are two con~mon kinds of chemical reagents for SAM 
formation, organosilanc and or~anosulfttr. ‘The derivatives of organosilanes are used to 

modify the solid oxide surfaces with hydrosyl groups. and tl1ose of organosu 1 furs to 
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modify noble metals such as Au, Ag, and Pt.1’7.‘1S We used 3-aminopropyltriethoxysilane 
for modifying Ti metal and TiO,. Ti metal samples were used later on for in vitro cell 

culture tests, while TiO, samples were tested in both cell culture and OWLS 
measurements. It should be noted that titanium (metal) samples always carry a passive, 

natural oxide f-ilm and rhe chemicai modifications therefore are reactions with titanium 

oxide (TiO,) both on titanium metal and on synthetic TiO, films. Two simple aminothiols, 1. 
cystamine and 4-aIi?inothiophel~ol~ were used to modify Au surfaces. 

2nd r-emtim step: liltrocliictiori ofjiwtinrd cmrshkirlg gmips to the siu~kxz t~lronglr the 

sqhce wmtion c!f’,srrccillir7litl.~v( esters with trt-t~~i~~al miiw gro~ips 

The reaction of succinirnidyl esters with terminal NH 2 groups immobilized on solid 
surfaces is a main topic studied in this thesis. Through this reaction, the thiol-reactive 

crosslinking groups such as maleimide and iodoacetamide. t hc amino-reactive gro~qx such 

as succinimidfi ester, and the pli,orocrosslinkil~~ groups SLX~ as arykazide and 
benzophenone can bc grafted on solid surfaces. With thcsc functional groups, furthet 
immobilization of variable biomoleculcs becomes feasible. 

As model peptides, two RGD-containing peptides, RGDC and GRGDSPC, wese grafted 

on rllaleilllide-modified Ti s~nfaces. It is obvious that many kinds of biomolecules can be 

fixed through these modified surfxes with such effective crosslinking groups. Different 

applications need different functionai crosslinkers: e.g. proteins or peptides \\ri th exposed 
thiol groups can be fixed through maleinlides or cr-iodoacetamides, those with exposed 

amino groups can be attached through succinimidyl esters, and protein or peptide patterns 

can be formed through photocrosslinkers. This method has potential applications in 
biomaterials, biosensors, bioreactors. etc. 
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Flow chart showing the principal research areas described in 

this thesis 

substrates 

Ti, TiCI2 Au 

aminosilanes 1st reaction step: aminothiols 
self-assembly 

SAMs with terminal NH2 

2nd reaction step: crosslinkers with 
introducing crosslinking groups succinimidyl ester groups 

photocrossiinking: 
azido, benzophenone 

3rb reactich step: 
introdu’cing diomolecules 
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2. Background 

2.1 Titanium as a biomaterial 

Titanium was discovered in 1790 and is the earth’s ninth most abundant element. The 
Kroll process (developed in 1936) allon~d titanium to be produced in conmercial 

quantities. The Kroll process involves the chlorination of the raw ore to produce titanium 

tetrachloride (TiCI,). This chloride cornp~~~md is then reduced with solid magnesium metal 

in an inert ahnosphere to produce MgCi, and a porous ingot of titanium (known as a 

sponge). Iron chloride and residual magnesium chloride are then leached out to purify the 

ingot, which is then densified. The titanium used in the manufacture of modular implant 

components has a notninal purity of 99.0%. 

Titanium is an aliotropic elcmcn~ At room temperature, the hexagonal close packed (hcp) 

structure, known as the cx phase. is tiicnnoliynnl~iicai”ly stable. When heated to 
temperatures in excess of 8S3”C (162 1°F). it transforms into the body centcrcd cubic (kc) 

p phase. 

Titanium has advantageous bulk properties, such as low modulus of elasticity, light 

weight, poor heat conduction, and high strength to weight ratio. Its biocompatibility 

derives from its surface characteristics. A thin oxide s~xfacc layer (called passivation 
layer), -5 nni thick, stoichiometrically resembling TiO,, is formed spontaneously in air 
(Freshly exposed metallic surfnccs tvill adsorb aad react with oxygen present in the 

atmosphere almost itistllticaneously). Ir is c~trmeiy ~ihereni and electrochetnically inert 

and therefore titanium and many of its alloys show very high corrosion resistance, The 

passivation oxide layer of metals forms to \*aryitlg degrees, depending on the magnitude of 

the fret energy of formation of the metallic oxide and the availability of oxygeu or other 

species at the surface. This oxide layer cm serve to greatly reduce the transport of 

corrosive species to the underlying mtal’s surf~e. The following reaction equations 
represent the formation of the passivation oxide layer. 

Ti + 0 w TiO, 2 ML,, = -890 k.l n1olr' 

Ti -t- 2H,O a {Ti(OH)3}~ + ‘1: ‘I-, AG,,, = -140 k.l mol-' 

Ti -I- 2H,O (3 {TiO,} + 2H2 _ 6 
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The excellent soft- and hard-tissue response to titanium implants can partly be explained by 

the physical chemical characteristics of the passivatcd Ti-tissue interface. 

@ The passivation oxide layer is thcl-modynamically stable under physiological 

conditions. 

0 The repassivation/passivation is very fast once the tenacious passive layer is breached. 

This rapid process provides a unique A~ntagc for the biomedical application. 

* The, solubiiizy of Ti0, (the surface species) in water or physioiogical solutions is so 

low (in the range of 10‘” IV) that the dissoix.4 species in the body has essentially no 

harmful effect for up to 20 years. 

* The isoelectric point of the passivation surfi~e is in the range of pH 5 +, 7, and 

therefore in the physiological solution (pH = 7.4) the weakly negatively charged 

surface has a gentle interaction with the adsorbed proteins. 

However, in the, presence of mechanical abrasion, even the most tenacious passive film 

can be broken. Once this ~CCUI’S, the surrounding chemistry (i.e., the a,ailability of free 

oxygen, water, or other osy~en-coIirainil1~ species’) and the mature of the metal-oxide bond 
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will determine the rate at which the protective layer is repaired. If an insufficient amount of 

oxygen is available, the layer may remain damaged and corrosion is likely to occur. 

Surface 

Coatng 

Oxide-layer 

treatment 

Diverse others 

Zoating 

4&O, 

Carbides 

XT(b), HA(c) 

Di amend 

Silicides 

TIN 

TiOz 

HA-Glass-Ti- 

composite(c) 

PMMA- 

Dacron@ d) 
Polylllel 

Method 

3’D( a) 

Dual ion beam deposition 

TVD!a) 

Electrnphoretic deposition 

Hot isostatic pressing 

Ion assisted sputtering 

Plasma spraying 

Sputtering 

CVr3(a) 

CVD( a) 
CVD( a) 

Ion intplantation 

Ion nitriding 

Reactive sputtering 

DLK~ ion beam deposition 

Plasma spraying 

Aging 

Anodic oxidation 

Electropolishing 

Nitric acid passivation 

RF (radio frequency) plasma 

Thermal oxidation 

Firing and etchi tlg 

Embedded it] PMMA, then 

coated with Dacron@ 
Silanization 

Reference 
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As mentioned above, Ti is an unsurpassed ruateriai for many orthopedic and dental 

implants, mainly due to its bulk properties and osseointegrative characteristics. That is 

why a lot of investigations deal with the modificaion of the surface properties to enhance 
biocompatihility in a bioactive OT bioinert direction. The currently applied physical and 

chemical modifications of Ti and Ti-alloys are essentially i) coating, and ii) direct treatment 

of the oxide layer includin g a multitude I$ mechanical, physical, and chemical treatment 

(Table 2-2). 

However, up to now, there is no report about the biochemical modification of titanium 

surfmces. The reasons could be: 

I . The concept of hio-guided surfaces has OilI]’ clevelopeci in recent years. 

2. ,4ithough the technique of SAM has been studied for years, application in biomaterials 

is just beginning to be studied. 

2. Until now, there have been some practical problems for biomaterials applications. For 

example, stel-ilization in industry (autoclave5 y-sterilization) will destroy the 

immobilized biomolecuies; the multi-step modification proccdnre and the espcnsive 

biomolecnles will largely increase the product price, etc. 

2.2 Self-assembled organic mono- and multilayers 

Self-F-assembled monolayers (SAMs) are ordered molecular assemblies formed by the 

adsorption of an active surfactant on a solid surface (Figure 2-2). This simple process 

makes SAMs inherently ituatlu~~ctl~rahle nnd thus technologically attractive for building 

supramoiecules and for surtiu mgineering. Tile order In rhese two-dintensional systems 

is produced by a spontaneous assembly process a1 the interface? as the system approaches 

equilibrium. 

Adsorl 

Substrate 
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SAMs provide the needed design fiexibility. both at the individual molecular and at the 

material levels, and offer a vehicle for investigation of specific interactions at interfaces. 

These studies may eventually produce the capabilities needed for assemblies of three- 

dimensional structures. Due to their dense and stable structure, SAMs have potential 

applications in biomatekals, corrosion prevention. wear protection, microfabrication, and 

more. In addition, the biomimetic and bioconipat ible nature of SAMs makes their 
application in chemical and biochemical sensing promising. 

2.2.1 Organosilane self-assemblecl films 

Self-assembled films of alkylchlorosilar~cs. alk~lalkoxysilanes, and alkylanlitlosilanes 

require hyclroxylated surfaces as substrates for their fomKtFion. The driving force for this 

self-assembly is the in situ formation of polqsiloxane, These films can be prepared on a 

wide variety of the solid substrates? such as silica,‘7 gla~s,‘s.~~ mica,“0 tef’lon,Jr and 
tit;~ni;~.26.?2 

2.2. I. 1 Pnrnmeters ivtjhvevvcivzg the film quality 

High-quality siloxane films are not simple to produce, mainly because of the need to 

carefully control the amount of water in solution or the hydroxyl groups on the substrates. 

Excess water always results in facile polymerization in solution and polysiloxane 

deposition of the surface. Recently, McG~\wI~ et al. have shown thal extraction of surface 

moisture, followed by octadecylt~ichiorosilane (OTS) hydrolysis and subsequent surface 

adsorption may be the mechanism of SAL&I formation.‘” They suggested a moisture 
quantity of 0.15 mg/ 100 ml of solvent as the optimum condition for the formation of 

closely packed monolayers. X-ray photoelectron spectroscopy (XPS) studies confirm the 

complete surface reaction of the -Si(OEt), groups. upon the formation of a complete SAM. 

Tripp and Hair used infrared spectroscopy to provide direct evidence for the full 
hydrolysis of 117ethylc’riiorosilanes to methylsilanols, at the solid-gas interface, by surface 
water on a hydrated silica.” 

Temperature has been found to play an important role in silane film formation. The issue is 

the competition between the reaction of hydrolyzed (or partially hydrolyzed) silyl groups 

with other such groups in solution to form a polymer. and the reaction of such groups with 

surface Si-OH moieties F@ form a SAM. As temperature decreases, the preference for 

surface reaction increases. Mor*eo~er. as tetnpernture decreases. the reaction kinetics 
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decreases as well, resulting in the diminution of the thermal disorder of the forming 

ultrathin film, the formation of an ordered assembly, and the gain of Van der Waals 

interaction energy. 

The reproducibility of siiane film formation is still a problem, since the quality of the film 

formed 4s very sen&ive 10 reaction conditions. For example, Sukenik et al. reported that 
2”. 15 aznhJ :,s enQLlglr I’W the forn1ation of a mmlol;Lyer,~~~ while Vl’asserman et al.‘” 

suggested over 24 h. Vandenberg et al. 5uggc‘steci that 3-ar!linotriethoxysilane forms a 

heterogeneous island structure,” jvhile others concluded that these films are 

homogeneous. Banga et al. studied the adsorption of OTS onto glass and silicon oxide 
surfaces,” and Israelachvili and co-workers investigated the adsorption of OTS on mica.?” 

They discovered that OTS forms monolayers on mica by nucleating isolated domains, 

whose fractal dimensions increase with increased surface coverage. @LuEe et al. studied 

OTS SAMs on silicon and emphasized that in order to obtain reproducible, good quality 

films, samples must be prepared under class iO0 clean room conditions.‘7 They found that 

OTS SAMs formed on silicon, first by the gro\vth of large islands and then by filling in 

with smaller islands until the film is complete. 

2.2.1.2 Swface reactions 

Surface reactions can be carried out on co-substituted alkyl silanes. SAMs have been 

reported, starting $?om al~~irrlchio~~sil~~~~~s with terminal functional groups of olefins, 

esters, halogen,‘” cyanide, thiocyanide. and others.“” With these fru~ctional groups, the in- 

situ transformations can be performed from &fin to alcohol, dibromide, or acid; ester to 

acid, or alcohol; halogen to azide and amine. Sukenik et al.39 converted the bromo- 

terminated SAMs to the thiocyan:tto-tertnin3tecf monolayers by simply treating them with a 
0.1 M KSCN solution in DMF for 20 h. Similarly3 NnN,, Na,S, and Na,S, gave complete 

conversions of tile brol~lo-terrlliill-1ted n1orlo1a~ers, as was evident from X-ray 

photoelectron spectroscopy (XPS ). Reducrion of the thiocyanato, cyanide, and azide 

surfaces by LiAlH 4 gave the mercapto- and alllino-le~lllinated monoiaycrs in compictc 

conversions. They reported that reaction rates obqr the following order of leaving groups 

I > Br > Cl, and XCH,CO > PhCH,X > CH,CH,X. Competition reactions using thiolates 

and amines as nuclcophiles show a clear thiolate preference. Reactions with small peptide 

fragments with cysteine moieties as the nucleophiles resulted in grafting of the monolayer 

surface with these peptides. This may be important for the development of biosensors. 
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to-Amino silanes are the most common reagents for immobiiization of biomolecules such 

as proteins, peptides, and nucleosides. The NH, can be further modified with versatile 

linking moieties. For example, glutaraldeh~,de.:” yields an aldehyde that can form an imjne 

linkage with primary amines on the protein, Another method40 employs succinic 

anhydride, followed by a carbodiimide, to form a calhoxyi group: this can then be coupled 

by an amide linkage lvith primary amines on the protein. A further metllod-4~ enlploys 

p-nitnobenzoyi chloride, foiio~~eci by reduction If.i th sodium dithionite and treatment with 
HCl to form a diazonium salt. This salt can conlbine with the aromatic rings of tyrosine 

and histidine in the protein as well as \vith primary amines in an acylamine linkage. A 

fourth method4” uses a mixture of carbodiitnide and enzyme, which couples the enzyme by 

a carboxyl group to the surface. The method described here uses bifunctional crosslinkers 

bearing succinirnidyl esters, which introduce many functional crosslinking groups for 

grafting biomolecules on solid surfaces. 

2.2.2 Organasulfur self-assembled films 

Sulfur compounds have a strong affinity to transition metal surfaces.Q,@ This is probably 

because of the possibility of forming multiple bonds with surface metal clusters.44 The 

number of reported surface active organosulft~r compounds that form monolayers on gold 
has increased in recent years. These inchlde . among others, di-n-alkyl sulfide, di-n-alkyT 

disulfides, thiophenols. cysteines, etc. Ho\~:e\-er. the most thoroughly studied, and 

probably best understood type of sell’-assembled monolayer (SAM) is that of 

alkanethiolates on Au( 111) surfaces. 

It is generally accepted that gold does not have a stable surface oxide; therefore, its surface 

can be cleaned simply by removin g the phvsicallv adsorbed contaminants with organic 

solvents. However, recently King showed that oxidation of gold by LJV and ozone at 25 

‘C gives a -17 .& thick ALI,C& layer,d’ tvhich is stable to extended exposure to ultrahigh 
VXLK~I (LJHV) and water and ethanol ri rises,, Our XPS measurements also showed the 
existence of trace oxygen. 

Kinetic studies of alkancthiol adsorption onto Au( i 1 1) surfaces have shown that for 

relatively dilute solutions (101 M). two distinct adsorption kinetics can be observed: a very 

fast step, which takes a few minutes 10 form a louver density phase (the so-called striped 

phase)+” and a slow step, which lasts several hours, at the end of which the thickness and 
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contact angles reach their final values. The initial step, well described by diffLlsion- 

controlled Langmuir adsorption, has been found to strongly depend on thiol concentration. 

At 1 mM solution the first step is finished after -1 min, while it requires over 100 min at 1 

;dM concenn%on.J’ The second step cafl be described as a surface crystallization process, 

where alkyl chains arc transformed fr~om a disordered state into an ordered state, thus 

forming a p,t~~o-ciirrlensioti~~~ crysra! with ;I dciined unit cell. Therefore, the kinetics of the 
first step is gc>vemec”, hy :Ete surface-head gro~:p reaction, and the activation cncrgy may 

depend on the electron density of the adsorbing sulfa. On the other hand, the kinetics of 

the second step is related to chain disorder (e (7 .=., gauche defects), the different components 

of chain-chain interaction (Van der Waals. dipole-dipole? etc.), and the surface mobility of 

chains. It has also been found that the kinetics is faster for longer alkyl chains, probably 
due to the increased Van der Waals interactions. 

Chemisorption of aikanethiols as well as of di-n-aikyl disulfides on clean goId gives 

indistinguistiahle monolayer~;~~ probably forming the Au(l) thioliate (IRS-) species. A 

simple oxidative addition of the S-S bond to the gold surface is possibly the mechanism in 

the formation of SAMs from disulfides, The rat-es of formation of SAMs from dialkyl 

d&lfides or alkanethiols were indistinguishable, but the rate of replacement of molecules 

from SAMs by thiols was much faster than by disulfides. 

The restricted stability of alkanethiolate SAMs has been reported by many papers, although 

until recently there has been no conclusive evidence. Hickman et al. reported some loss in 

the electroactivity of ferrocenyl alkanethiolate SAMs upon soaking in llexane,49 while 
Collard and Fox did not observe such a loss ~vheu the same SAM was immersed in 

ethanol.50 Exposure of other clectroactiye SAMs to nonaqueous electrolytes also gave 

clues of instability.” Recently alkunethiolates bearing radiolabeled (“S) head groups have 

been incorporated into SAMs on a variety of substrates.Q This work addresses issues that 

are central to our understanding of thiolato SAMs, The thermal stability of alkanethiolate 

SAMs has been addressed in a number of papers, Nuzzo et al. have reported loss of sul-filr 

from hexadecanethiolate over the range of 170-230 “C.53 Lavrich et, al. reported the 

existence of two desorption peaks (physical and chemical desorption) for some short chain 
sulfur compounds. By using radiolabeled lrcx~~decancthiolate monolayers, a complctc loss 
of surface sulfur at 210 ‘C was observed, tvith some ioss occurring at 100 *C.Q 
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2.2.2.3 Orientation studies 

FTIR studies reveal that the alkyl chains in SAMs of thiolates on Au( 111) usually are tilted 

-26-28 degree fi-on1 the surface normal, and display -5X-55 degree rotation about the 

molecular axis.5i This tilt is a result of the chains rccseablishing Van der Waals contact in 

an assembly with -5 a S-S distance, larger than the distance of -4.6 A, usm1ly quoted for 
perpendicular alkyl chains in a close packed layer. On the other hand, thiolate monolayers 

on Ag( 111) are more densely packed due to the shorter S-S distance. II- is well accepted 

today that in carefully prepared SAMs of alkanethiolates on a clean Ag(l1 1) surface the 

alkyl chains are practically perpendicular to the surface. 

Near-edge X-ray absorption fine structure spectroscopy {,XVEXAFS) studies of alkane thiol 
SAW on Au exhibited that the carbon chairi axes of ~lcxaclecIlllethio1, octadecanethiol, and 

docosanethioi inciine at an angie of about 311”-35” from the surhcc nor~~~al, whiie those 
alkane thiols with short carbon chains sucll as dodecanethiol have a larger angle of about 
4()0~5()0~15”,‘5”.1”D 

2.3 Crossilinking and conjugation reactions 

2.3.1 Introduction 

The concept of cross-linking and conjugation originally stems from protein and peptide 

chemistry. Chemical cross-linkin g involves Ljoining of two molecular components by a 

covalent bond achieved through the use of cross-linking reagents. The components may be 

proteins, drugs, nucleic acids, or solid substrates. The chenticai cross-linkers are 
bifLnctionai reagents contain& (T two reaCrive functional C.* 01 oups derived from classical 

chemical modification agents. The reagents are capable of reacting with the side chains of 

the amino acids of proteins. They ma> be classified into homobifunctional, 

,tieterobifutlctiotial, and zero-length crosslinkers. The zero-length crosslinkers are 
essentially group-activating reagents which cause the formation of a covalent bond 

between the components without incorporation of any extrinsic ~ltoIlls. TIC 

homobifL~nctiona1 reagents consist of ttvn identical functional gt’oups and the 

fieterobifLlrlctiotia1 reagents contain ttvo different types of reactive functional moieties. 
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Model reactions for the three kinds of crosslinkers are shown in Figure 2-3. 

a ) Carbodiirnides are examplies of zero-length crosslinkers 

crosslinkers 

cl-- w F1 P NH-C----- C-;* 

Reagents with succinimidyi ester- and n~aleimidyl groups are examples of 

heterobifilnctional crosslinkers 

cl-- P NH2 -t 
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Crosslinking and conjugation have been used in mz~y scientific and technological fields 

such as protein chemistry, gene engineering, immunology, and medicine. The crosslinkers 

have been applied to stabilize tertiaq structures of proteins,Ss to study protein-protein 

interactions of subunits in oligomeric proteins, and in compiiex structures such as 

ribosomes? to determine distances between reacti\*e ~ TOLIPS within or between protein 

subunits, to attach ligands to solid supports.5(J and to identify membrane receptors. 

2.3.2 Reactive groups of proteins 

Chemical crosslinking and conjugation of proteins and peptides depend on the reactivit-ies 

of the constituents of proteins as well as the specificities of crosslinkers used. In order to 

preserve the biological activity of the individual protein? the reaction site on the protein 

must be those amino acids that are not in\x9vccl in its biological ELmctions. The biological 
activity loss of proteins can be caused 1-q disturbances of their secondary and tertiary 

structures, their surface charges, their hydrophobic and hydrophilic properties, and their 

native conformations. Thus, only those amino acid residues that arc not situated at the 

active centers or settings critical to the integrity of the tertiary structures of proteins may be 

targets for chemical modification. Such amino acids must be located on the surface of the 

protein and are easily accessible by crosslinkers. It follows, therefore. that the identity of 

the reactive fLmctiona1 groups on the exterior of a protein is the most important factor that 
controls its reactivity towards crossiinkin, e reagenrs, Hv knowing which tilnctiotial groups 
are located at the protein - sol\ult interface. the protein may be modified without 

sacrificing its biological activity. 

Cmipositioris of’yrotcius mii pcptirles 

All proteins are composed of amino acids, There arc twenty common amino acids with 

side chains of different sizes, shapes. charges, polarities. and chemical reactivity. These 
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physico-chemical properties determine the precise srructure and fUnction of each individual 
protein. GIycine, aLmine, valine, leucine, isoleucine, methionine, and proline have 
nnnpoial 3lipAaeic side chains while phenylaianine and tryptophan have nonpolar aromatic 

side groups. These hydrophobic amino acids xc c‘ ~nerally located in the interior of 

proteins forming the so called hydrophobic core of many molecules. Other amino acids. 

arginine~ aspartic acid, glutamic acid. cvstcine. histidine, lysine, and tyrosine have 

ionizable side chains. Together with asparagine, 2 ~lutamine, serinc, and threonine which 

contain non-ionic polar gm~rps, they are usually located on the protein surface where they 

can interact strongly with the aqueous environment. 

-NH2 
9 

-&OH 
-SH I-S--CH3 

A B C D E 

“M 
--i-C-NH:, --c-J-OH 

The chemical reactivities of peptides and proteins depend on the side chains of their amino 

acid compositions as well as the free amino and carboxyl groups of the N- and C-teminal 

residues? respectively. Studies of‘ chemicai modification have revealed that only a few of 

the amino acid side chains arc really reactive. Of the twenty amino acids, the nlkyl side 

chains of the hydrophobic residues are chemically inert except the photochcnkxl insertion. 

Only eight of the hydrophilic side chains are chmic~~lly active. These are the guanidinyl 

group of arginine. the ‘{- and /3-carboxq~l groups of glutamic and aspartic acids, 

mpcctively, the thiol group of cysteinc, the imidazolyl group of histidine, the E-amino 

gro~q7 of lysine? the thiolether moiety of mthionine. the indolyl gro~~p of tryptophan and 

the phenolic hydroxyl group of tyrosine (Figure 2-1). 
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Table 2-2 summarizes the various chetnicai modificarion reactions of these active side 

chains. The most important reactions are alkylation and acylation. In alkylation, an alkyl 

group is transferred to the nucleophilic atom, whereas in acylation, an acyl group is 

bonded, 

Amino Acid 

cysteine 

lysinc 

aspartic and 

glutamic acids 

/ arginine 

imidazolyl I -I” I + I + 

indolyl I -t” I I + 

-COOH 

-NHC(=NH)NH, ) - - 

Most of the protein nmditication reactions are t~ucleophilic substitution and addition 

reactions. For cxatnple, the reaction of succinirnidyl esters with amino groups is an S,2 

substitution, while that of tnaleimidyl groups \vith thiols is a nucleophilic addition. The 

reaction rate of S,2 substitution. a bimolecular nucleophilic substitution reaction, depends 

on the chemical reactivity of the invoi\4 species and the steric effects. The chemical 
reactivity involves the ability of the leaving-group to leave and the nucleophilicity of the 

attacking group. The easier it is for the leaving P group to come off, the faster the reaction 

will be. Sinlilarly, the greater the nucleophilicity. the more expeditiously the product will 

be formed. In term of protein modification, the relative chemical reactivity is basically a 

function of nucleophilicity of the amino acid side chains. On the other hand, the steric 

effects play a more importanr role on the surface reactions. Gemrally, in the bulk 

chemistry the less the bulky groups around the reactive target-atom, the easier the reaction 

will be. However on the surface. besides the natimz properties of molecules, the 
neighboring rmlecules also affect the steric hindrance. The denser the packed tnolccules. 
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the niorc difficult rhc reaction will be. Therefore, a densely packed nmnolayer is not an 

ideal candidate for S,2 surface reactions. Nucleophilic additions are accepted as stepwise 

reactions. They are classified to base- and acid-catalyzed additions. In order to avoid the 

side-reactions, the specific reaction of maleimidyl groups with thiols is often carried out 

under weakly acidic conditions. 

2.3.4 Effects of pH 

Because protonation decreases the nucleophilicit~~ ot‘ a species, the pH of the nediun~ 

affects the rate of many nucleophilic reactions. The relationship between protonation and 

the pH depends on the pK, of the nucleophile, Table 2-3 lists the p&s of the reactive 

groups in free amino groups and in model pcptides. Because the pK,, is a function of 

temperature, ionic srrcngth, and microellvirouInent of the ionizable group, the table reflects 

only the :approximate values of rhese groups in pmieirx. Using these values, the ratio of 
protmated to depmtonated species at a terrain ~1-3 can Lx cnicuiated by the Henderson- 
Hesselbalch equation: 

pH = pK, -i- log{ [AJ/[AH] } 

Functional group 
Amino acici 

residue 
pK_a in free 

amino acid 
pKa in mock1 

peptides 

0!4:OOH 

HOOH 

-0OI-I 

cx-NH3-+ 

-SF1 

e-- NH,+ 

-NHC(=NH,+)NH, 

C-terminal 

aspartic acid 

glutamic acid 

N-i Wtnill~lt 

cysteitie 

lysinr 

arginine 

1 .s - 2.6 3.1 - 3.7 

3.9 4.4 - 4.6 

4.3 4.4 - 4.6 

s.s - 10.8 7.6 - 8.0 

8.3 8.5 - 8.8 

10.8 IO.0 - 10.2 

12.5 >12 

Thus, at a fixed pH, the most mcti~e group is usually the one with the lowest pK,. 

Because of their differences in rire p’i(., value?;. chc degree of pmonntion of rhcsc mint: 

acid side-chain groups at a ctxain pH provides a basis for differential modification. For 
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example, at neutrality, the amino gro~~ps arc protonated rendering them unreactive. For a 

selective reaction with the carboxyl group, the condition of an acidic pH should be 

selected. At higher pHs, other nucleophiles. particularly the thiol group, will react. As a 

consequence, it should be obvious that char& g the, pf-I also provides a means to control 

the co~mc of a chemical reaction. 

2.4 The cell-adhesive peptide kg-Glp-Asp (RGD) 

In the early 8Os, M.D. Pierschbacher discovered that the cell attachment activity could be 

mimicked by short, immobilized, synthetic pq%ide.s containing a short three amino acid 
sequence, arginine-glycine-aspartic acid (RGD)..is 

Fi--lr-NH2 
NH 

NH 

The recognition site for many of the integrins that bind to extracellular matrix and platelet 

adhesion proteins is the tripeptide RGD.5’ The role of the RCJD sequence as the 

recognition site ~3s demonstrated hi, making progressively smaller fragments of 

fibronectin at~cl by assaying I‘or the cell aitachmcnt-prolnotin, v activity in the fragments and 
in synthetic peptides rcproducin, 0 the amino acid sequences of such fragments. When 

coated onto a surface, the fragments and synthetic peptides containing the RGD sequence 

promote cell attachment, whereas in solution they inhibit the attachment of cells to a 

surface coated with fibronectin or the peptides themselves. Changes in the peptides as 

small as the exchange of alanine for the glycine or glutamic acid for the aspartic acid, 

which constitute the addition of a single methyl or methylene group to the RGD tripeptide, 
or the replacement of the argininc with a lysinr residue. eliminate these activities of the 

peptides.“” Conformation of the amino acici~ is also important; a peptidc in which the 
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aspartic acid is in the D-form is inactive. The RGD sequence is also the cell recognition site 

of a surprising number of other extracelluiar matrix (EM) and platelet adhesion proteins. 

Tn addition to l’ibronecrin9 these include vitronectin. coiiagens, fibrinogen, von Willebrand 
factor, osteopontin, bone siaioprotein T: thl-o~nhosl~(~lldin, tenascin, iaminin, and entactin. 

CYTOSKELETAL CONNECTIONS 

BINDING 
SITES P 

Integrins are a family of membrane glycoprateins consisting of two subunits, u and p. The 

structural models for the various integrins are depicted in Figure 2-6. The a subunits are 

homologous to one another but not to the p subunits. which form their own hon~ologous 

group. Both integrin subunits have a larse estraceliuiar domain, a transmembrane 

segment, aid a cytoplasmic tail. The a and 13 subunits are noncovalently bound to one 

another, und this association is promoted by divalent cations. 

In Figure 2-7 are listed the cotnmonly accepted ligands for many intcgrins. It is clear that 

the specificity of ligands is quite comples. for one intqrin can bind more, than one ECM 

protein, and in addition, ;1 single ECX protein can bind to more than one intcgrin, In the 

latter case, when the binding is KGD dependent, more than one integrin is using the same 

general binding region 011 a single ECM proteill, the l?GD seyuellce. 
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Cell adhesion plays an important role in f rxriety of bnsic biological processes, including 
guiding cells into their appropriate locations in the body, providing cell anchorage, and 

controiiing cell proliferation, differentiation. md apoptosis. Adhesion peptides have found 

important uses as probes for these phcnoniena. In addition, there are also practical 

applications for these pcptidcs. 

Adhesive pcptidcs can he used in two different \vays: When attached to a surfaces they 

promote cell attachment, whereas when presented in solution, they prevent attaclment that 

would otherwise OCCLI~. Both modes of using the peptide have found applicatiotx: Surface- 

coated RGD peptides are hein g imxXig;tted for improvement of tissue compatibility of 

various implanted devices, For csmple. Mxsia md Flubb~W~-(~~ covalcntly itmnobilized 

RGD peptidcs on glycophase glxs und evaluated its effect on ll~iman endotheiial cell 

culture. They obscrvcd the promotion of cell adhesion and growth on these peptide- 

modified surfaces. Glass et al. attnched RGD on a polymer matrix, hyaluronic acid, and 
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characterized their biological activity. 66 Dee studied the enhancement of osteoblast 

mineralization on RGD-modified substrates.~~ To minimize protein adsorption while 

providing a site for cell attachment, se\reral groups have successfxllly modified PEG 

polymers (or PEG oligomersj with KGD-containing peptides. hSs In contrast, the soluble 

pcptidcs targeted for individual integri~x show promise 3s potential drugs for the treatment 

of a number of diseases.“’ 

Other applications bein g explored include the targeting of the, specific integrin (a&) in 

osteoporosis. Osteoclasts attach to bone through this integrin (and possibly some other a,, 

integrins), and inhibiting their nttachmcnt Lvith peptides prevents bone degradation irl 
vitro7' and in vil*o.72 Protein engineering nit11 RGD c‘nn have applications in protein 

targeting and gene therapy with viruses. Advances in the application of RGD and related 

sequences to various purposes will depend on derailed understanding of integrin-ligand 

recognition. Much progress has been ~nade recently in this field. Adhesion peptides, RGD 

in particular. have provided a great deal ot‘ intbrmation about cell adhesion mechat~isms 

and are serving as it basis for the development of ;I new group of pharmaceuticals. 
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3. Characterization techniques 

3.1 X-ray photoelectron spectroscopy (XPS) 

3.1.1 Principles 

ln XPS 01 ESCA. a beam of (tl?otlncflromatic) X-rays is first produced by electron 

bombardment of an mode material (Al, Mg, Si). When the X-rays interact with the sample 

under investigation. they can ionize electrons thnt are in core levels (such as 1 s, 3s: etc.). 

lf the binding energy of the electron i9 the tori‘ iiolc b2s E,. then the kinetic energy 0f rhe 

electron ejected from tire surfxe can be $ ktx in the e!kqq’ diagram (Figure 3-l). 
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where E, is the measured electron kinetic energy, /LV the energy of the exciting radiation, 

El3 the binding energy of the electron in the solid, and C/J the spectrometer work function. 

Since IZI: is a well-defined quantity, the electron binding energies can be calculated by 
nneas-crring the kinetic energies of the eiccnms that art qjected from the sample, using the 
2ahove ecptior~. The eisciron energies xc nxusured using an electrostatic energy analyzer 

such as a “hemispherical analyzer”, The analyzer measures the kinetic energy distribution 

of the emitted elec trans. 

3.1.2 Instruments 

A schen~atic drawing of the main componenrs of the SAGE 100 XPS instrument is shown 

in Figure 3.2. The main components of the sysrem include: the vacuun~ system, the x-ray 
sources, the sample stage, and the analyzer. The energy discrimination of the electrons is 

obtained by sweeping the potential(s) in the lens or by using a grid system in front of the 

analyzer. The sensitivity of the instrument is dependent on the X-ray scm~~ used, the 

analyzed area , geometrical factors and the cfficicocies of the lens, the analyzer and the 

detector. The energy resolution is due to the inherent width of the X-ray radiation and the 

resolving power of the spectrometer. 

X-ray source 

Entrance 
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3.1.3 XPS qualitative and quantitative analyses 

XPS can provide the following information: 

1. 

7 I. 

3. 

4, 

5 - . 

Elemental identification. Because the number of protons increases as we progress 

through the periodic table, the electron binding energies for a fixed core level (such as 

the IS level) will increase iilonc,ti~nicailg.: rim. mc;wring the electron kinetic cneqy is 

equivalen( to deeerrrrinir 12 which elements arc present on the surface. L 

Oxidation states for any given elcnmts. There will be small shifts in the binding 

energies due to changes in oxidation states: higher oxidation states generally have 

higher binding energies: and emit electrons n,ith lower kinetic energies. 

Quantitative analyses through curve fitting and culculation of atomic concentrations 

because the photoelectron intensity is direcriy reintcd to the atomic concentrations of the 

photoemitting atoms. 

Depth profiiing when combined with ion etching (sputtering) techniques. 

Images or maps showing the distl-ibution of the elements or their chemical states over 

the surface. Modern instruments can have a spatial resolution down to a few microns. 

Binding energy [eV] 
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Figure 3.3 depicts a wide-scan spectrum of a spnttered Ti coating obtained using Mg Ka 

radiation and an analyzer operating in the constant pass energy mode (50 eV). A series of 

peaks are observed on a background which generally increases to low kinetic energy (high 

binding energy) but ~41ich also shows step-like increases on the low kinetic energy side of 

each significant peak due to energy-loss effccrs. 

From the survey spectrum, we know that there xc three elements present at the surface: 

Ti? 0, and C. The conclusion is based not only on the observation of the main XPS peaks: 

Ti 2p, 0 Is, and C Is, but also on the weak peaks: ‘Ti 3~: Ti 2s, Ti 3s and the Auger 

peaks: Ti LMM, 0 KLL, and C KLL, To get the exact chemical shift and do the 

quantitative analysis, the detailed narrow scan specWa are needed. 

In many cases the information provided by photoeiectron spectroscopy is contained in a 

spectrum that consists of a number of overlappins peaks? often of different peak shapes 

and intensities. The core region is characcterized by a series of chemically shifted peaks? 

satellites, energy loss features and Auger peaks. In the valence region lhe spectra will 

reflect all the compiex features of the ground state valence band, together with 

complications due to the need to include the oscited sfate (i.e. joint density of states) at low 

photon energies. ‘In both cases, the specuu often cannot bc unambiguously analyzed and 

there is no standard way to proceed with the analysis, In our case, we mainly consider the 

core region. In the core region the spectra frequently consist of overlapping chemically 

shifted peaks. The peak positions can sometimes be deterntined in a qualitative manner by 

derivative spectra. Once approximate peak positions have been found the data can be fitted 

by curve fitting methods. In the Sage 100 sof‘t\-~are. Gaussian and Lorentzian functions are 

used. 

In a homogenous surface, the peak intensity detected for element A (r,) can be expressed 

as follows: 

where !I! : XPS measured intensity of atom A, [cps*eVI 

iv, : atomic density of atom A, fatolus/volurne] 

0:; (hv) : cross section for atom A, electron e and photon energy /IV 

- WY~ ’ angular asymmetry factor 

Y + * angle between the x-ray beam and the c-beam to the 
spectr0111eter 
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il,(E,,,,): mean free path length at Ekin and in the matrix M, [A] 

4i,i : kinetic energy, [eV] 
B : instrumental constant including: 

- the C,r;insmissioa iirnction, T = f(E,) 
- detector efficiency 
- flux of the X-ray charact&tic line 
- etc. 

From the above equation, we can easily get the atomic concentration of X,: 

where 1,: is the intensity from pure A and mq~ be considered to he a sensitivity factor, the 

SUM is over all of the constituents of the solid. 

3.1.4 Experimental conditions 

XPS spectra were recorded using a Specs SAGE iC)O sysrem with unnlonochronlntized 

Mg Ktx radiation at 3OC) W. Measurcmenr~ ~vere carried out using a takc-off angle of 90° 

with respect to the smplc SCULL’. The analyzed area was typically 9x9 mm’. Survey 

scans over a binding energy range of 0-l 150 cV were taken for each sample with a 

constant detector pass energy range of 50 eV, follo~ved by a high-resolution XPS 

measurement ($ass energy 1-C cV) for quantitative determination of binding energy 2nd 
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atomic concentration. Background snbtraction, peak integration and fitting were carried out 

using SpecsLab software, Electron binding energies measured from Ti-based surfaces 

were calibrated to the hydrocarbon C 1s at 284.6 eV on pure titanium surfaces and those 

measured from Au-based surfaces to Au 4f 7 2 at 84.0 eV. To convert peak areas to surface 

concentration, sensitivity factors published by Evans c?f crl. were used.73 

3.2 Time-of-flight secom!kwy ion mass spectroscopy (ToF- 

The technique of Secondary Ton Mass Spectronxtry (SIMS) is the most sensitive of all the 

con?monly-enll[~yed surface analytical techniques - this is because of the inherent 

sensitivity associated with tnass spectronlctric-leased techniques. 

I$nan~ic SIMS uses high prinnary current densities which allows for high secondary ion 

intensities, but on the other hand leads to less of surface materials by sputtering (several 

monolayers) and surface induced modificnticons. This technique is therefore appropriate to 

the analysis of concentration depth profiles. On the other hand, Static SIMS uses low 

primaly currents so as to litnit sample contamination and degradation and therefore allows 

the analysis of the outermost surface of both inorganic and organic nx\teriaIs. I~~zqes of 
the lateral distribution of mass-separated stwndary ions can be recorded by rastering a 

focused primary ion beam over a particular area of the surface. 

3.2.1 Basic principlles 

When fast ions hit a solid surface they penetrate into the surface region to an appreciable 

depth. As they penetrate into the solid the primary ions transfer their kinetic energy to the 
atolns of the solid in successive individual collisions. Through subsequent collisions, 
part of this energy can find its way back to the surface, where it inay cause surface 

particles to be etnitted (Figure 1-3). The atomic and moiecuiar surface constitutes emitted 

as a result of prinlary ion bon~bardrnent arc obser\xxi as neutral particles or as positive or 

negative secondary ions. These particles originate almost entirely front the uppermost layer 

of atotns or molecules, and therefore they yield direct information about its chctnical 

conqx~sition. In the production of secondary ions from organic nlolecules, proton transfer 

and cation addition both play dominant roles. A characteristic feature of an organic 
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molecule M is the appearance of the clunsi-molecular ions (M+II)‘, (M+cation)+, and 

(M-H)- (Figure 3-4). 

In secondary ion analysis with a time-of-flight spectrometer, the surface is bombarded by a 

pdsed primary ion hem, Between two successive pukes, the extracted secondary ions are 

post-accelerated and qamtcd in a flighr tube according to their mass. It is essential that 

the ions to be analyzed enter the flight path sin~ultaneously or at least within the shortest 
possible time interval. To achieve this the area of the surface to be analyzed is bombarded 

with pulses of primary ions whose duration is kept as short as possible (5 1 IX). The mass 

resolution Am/m of a ToF-SIMS spectrometer can he as high as 10,000, depending on the 

mass, which is of significant importance for mass spectral interpretation. Moreover, ToF- 

SIMS analyzers cm in theory provide informaricm for a virtuaily unlimited mass range (in 

practice limited by expe~irnentai factors and frqmen t stabiiity to approximate 10,000 mu) 

which is particularly advantageous for the study of organic compounds such as poiymers, 

peptides or proteins. 

H)+ (M - H)- 

(M i- Me)+ 

3.2.2 Used spectrometer 

Figure 3-S shows schematically the construction of a modern etmgy-focusing time-of- 

flight secondary ion mass spec tronic ter. The instmnent consists of three main 

coniponents: the primary ion sou~‘ce, the accclmtin~ atld flight path system, and the 

detector. The prinlary ion source produces tnass-separated pulses of primary ions with a 
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frequency of several kHz; this is achier.ed by pulsed 90” hcndirtg and subsequent 

compression of a continuous ion beam. which is generated, for example, by an electron 

impact ion SOLITC~. This pulsed beam can then be focused by means of an ion-optic lens 
system to a dimcter of less than 5 im if required. If a liquid-metal ion source is used 

instead, the pulsed ion beam can be reciucecf to a diameter of less than 0. 1 !m. 

The hem path coniaitls severd io:~-op~&~ eictnenrs: ;i beam extractor, an ion lens which 

focuses the ion hem onto the detector, and ,2 rei‘lectron with n retarding electric field, 

which has an energy-focusing function on the secondary ions and thus largely eliminates 

the adverse effect of their initial energy spread 011 the mass resolution. The detection 

system consists of a detector (cornbiniq a photoconverter electrode, channel plate, 

scintillator, and phototnultiplier) and a countt”r @viIlg high time resolution. 
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The performance of a time-of-f-light secondary ion mass spectrometer is determined by the 

characteristics of the primary ion source, the flight path, and the detection system. The 

quality of the primaly ion source is determined by the mass separation, the duration of the 

primary ion pulse, and the focusing of the beam. That of the secondary ion optical system 

and of the overall flight path is determined 1~~’ the transmission efficiency and the energy 

fcxxtsing, Lastiy, the quiiiity ~51‘ the de!ection ;;ystem depends on its response probability. 
tij-?lc i.ep;<?jL:,fjjJ!.~. &x3 kx. md ii’rctXil~Illlill tiara imciiing rate. 

3.2.3 ToF-SIMS experimental conditions 

ToF-STMS measurements were performed on it commercial model, PHI 7200 (Physical 

Electronics). The experimental conditions L\WY listed in Table 3-2. 

Parameter 

Raster size @m’) 

Post act. voltage (kV) 

Spat. resolution 

Ton dose (ions/cm’) 

Time per step (~~5) 

Three to five arcns were usually analyzed per sample. Most of the mass spectra obtained 

from the same sample type ~\rerc nearly identical and only one spectrum is discussed. 
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3.3 Infrared reflection absorption spectroscopy (IRAS) 

The application of spectroscopic techniques to the study of surfaces generally requires a 

very high absolute sensirivity. Tt mmt lx possible to detect at least one-tenth of a 
monolayer (corresponding to Shout 10’ ’ mins or molecules) and to draw meaningful 
information from the spectra. IR spectroscopy was in fact the first spectroscopic method to 

be used in the study of adsorbed species. In 1954 Eischens, Pliskin and Francis measured 

vibrational spectra of CO adsorbed on silica-supported Ni, Pd, Pt and Cu catalysts by 

transmission through a thin wafer of the mntcrials. 71 The, high dispersion of the metal in 

such a satnplc results a high effective surface arm md thus there are sufficient absorbing 

spccics to give high-quality spectra from submotmiayer coverages of the adsorb&. It was 

not until the iate 1960s that. infrared refiection ak~orption spectroscopy (IRAS) was 
dwelspcd by Pritchard and coworkers for studyin, 0 adsorbates on c0111pact polycrystalline 
surfaces and single-crystal sarnple~.~~~~~~ ‘This development was prompted by the work of 

Greenlcr, who derived the optimal conditions for the success of this experinnent.77 He 

showed in model calculations that for metal surfaces only the component of the E vector 

normal to the surface is likely to be effective in mciting dipole-active vibrations and then 

only at high angles of incidence. 

IR Source I R Detector 

Metal Substrate 

3.3.1 Theoretical considerations 

In general, the intensity of a gil:cn mode is proponionai to the square of the scalar product 

of the E field and the transition nmnetlt lvith respect to the normal coordinate, 

where t3 is the angle between the xctor of the electric field E of the incident light and the 

direction of the transition moment ~1 of the IR-active group, 1 is the intcnsily of tht: 
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absorption. Absorption is hence maximal for p and E being parallel, and zero if they are 
perpendicular with respect to each other. Therefore, FT-TRAS does not only yield 

information on the chemical structure of a molecule, but also on its orientation with respect 
to ;1r^i 2xierrriai rei‘crcnce systcin. In -chc C:W of the grazing incidence FT-TRAS 

~mxmremer~t configuration, the existing light interacts with a thin organic fiim &orbed on 

a nxtallic support. Conseclucntiy, only the alectric field normal to the support interacts 

with the IR transition dipole moments of the ~~tsorbecl molecules. 

IR Active Mode 

IR Inactive Mode 

There xe several met-hods that hme been dm-eioped to estimate the molecular orientation 

based on the above principle, One popular method has been deveioped by D.L. Allnra, et 

a1.s4.73 He calculated the FT-TRAS spectra using optical constants from bulk transmission 

spectra, and hence obtained the molecular orientation of the adsor’bed layers. This is the 

most suitable method for C-H stretching modes. The following assumptions were made to 

calculztte the molecular orientation: 

1, The structure of the ndsorhed Iayer is hotnogeneous md isotropic, thus structurally 

identical with the buik nmteriai, In this case ;~ccu~‘;~~c calculation of the IRAS spectrum 

of the adsorbed layer from the bulk trmsmission spectrum is possible (for an ideally 

flat substrate with known optical functions md for a known thickness of the adsorbed 

layer). 

2. The adsorbed layer is misotropic, but orhmx%e identical with the bulk structure. The 

calc~~latcd spectrum (I,;,, ) of the isotropic xlsorption layer must be scaled accordingly 
(yielding I,,J: 

I,,,,, = 3cos%xI~,>;: 

with 0 being the angle between the transition moment 11 and the s~~rhce norrnnl. 
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In contrast, when the adsorbed layer undergoes significant changes relative to the bulk 

material with regard to force constants, normal modes, and charge distributions, spectra of 

adsorbed layers significantly differ from bulk spectra (band positions, intensities, and 
shapes). In such cases, it is impossible to make simple interpretations from comparisons 

of bulk and adsorbntes. 

The second method was suggested by M.K. Delx. - i3.d0 Hc measured a series of IRAS 

spectra from films of hulk thickness (> IWO ii) down to near monolayer thickness. The 

individual band absorbnnces are then normalized to constant equivalent thickness, obtained 

front the spectrutll’s average band absorbance. and plotted as a fmction of this 

“thickness”. From [he fractional change in the so norimlized band intensities between the 

random bulk and the oriented monolayer states and a reliable knowledge of the transition 

moment directions of the vibrational modes producin, e those bands, the orimtation of the 

transition moment directions relative to the surthce normal E field can he deduced. The 

following formula is ~tsed to calculate the orientation of the adsorbatcs: 

where 6 is the percentage change in the thickness-normalized band absorbances, 1,’ the 

projected intensity of band i in the thin film. Zi” the intensity of band i in the bulk, 0 the 

angle between the direction of the transition moment and the surface normal. The method 

can be applied to different kinds of films inclucling spin-coated organic films. However it 

needs a large amount of works to record serial spectra of thin films with different 

thickness. It is not very suitabic for investigating SAMs. 

The third method, discussed in the following chapters, was suggested by K. Iida, et. al.81 

and was used by us to calculate the maleitnide orientation in Section S.G.3. 

3.3.2 Vibrational mode assignments 

In order to illustrate the notation used later for the explanation of IR spectra of aromatic 

compounds such as 4-alllinothiopllenol (4-ATP). the normal vibration modes of benzene 

and their correspondent IR-active band frcquencics are shown in Figure 2-8.8” The point 
group of benzene is V,,; the para-cli-substituted txmene such as 4-aminothiophe~iol is in 
point group C,,. 
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I . Amide I band: The band observed in the region 1700- 1650 cm“ is termed as the Amide 

I band. This vibration is essentially a C=O stretching frequency. 

2. Amide II band: The in-plane N-F-I bendiu, (7 frequency and the resonance stiffened C-N 

bond smtchiug frequency fall close together and therefore interact. The C-N-I-I 

vibration where the nitrogen ~tnct the hydnsgcn move in opposite directions relative to 

the carboIl involves lxxh N-I-1 bctKli11~ at1d c-5 srretchi t1g mci absorbs strongly near 

1 SSO cnlm’. This mode of \Gbration of the amide group is termed as the Amide II. 

3. Amide III band: The amide 111 band, besides the stretching of the C-N and C-C bond, 

involves considerable in-plane bendin, (7 l-ibtation of the N-I-I bond. In N-substituted 

secondary amides this mode of vibration absorbs near 1250 cm“ region. 

Amide I, II, and UI are the most interesting bands with strong intensities, while other 

peaks arc weak and less discussed in the literature. 

Amide I (-1650 cm-l) Amide II (-1550 cm-j) Amide 111 (-1250 cm-‘) 

3.3.3 Experimental set-up and substrate related peaks in IRAS spectra 

The IRAS measut’cments were performed on a B ruker IFS 66V spectrornetcr operating 

under ~;KX~III~ of ca, 0.5 nrbar. A ~~~erCU~)~-C~dr~~iulll-tellul.ide (MCT) detector under liquid 

nitrogen was used to collect spectra with ;I resolution of 2 cnl-‘. The angle of incidence 

was 80’ from the surface nornx& Pure ‘Ti and Au Inirrors were used as the references. For 

both sample and reference. 500 sc;m UW.~ collected. 

Since IRAS spectra depend on both the reference md the sample surfaces, there are some 
irregular peaks (‘ghost’ peaks) xmltin, 0 from contnminntions on the reference or saniple 

surface. It is very iriiportant to choose the ‘standard reference. Fresh Au or long-time 

stored Au surfaces as the references show diffexnccs in the IRAS spectra Car the same 

snmplc. For csample, if a long-tinle stored Au is used as the refercnceY the C-I-I stretching 

bands are often ncgati\rc. If a fresh Au surfxe is used as the reference, the C-H stretching 
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bands are positive, but a strong negative peak at 1398 cmnm’ always appears, probably 
related to different adsorbed species. Table 3-3 lists the ‘ghost’ peaks typically observed 

on Au surhcaces. 

On titanium surhces, the main ‘ghost’ peaks are at wavenunhers of 2972-2543, 2509, 

2431, 2074, 2022, 1886, 1795, 1363, and 11 14 cm-‘. 

3.4 contact angle nleaSuredllexltS 
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where “iii iS the interfacia~ tension betrveen the phases i and .j: with SLlbScriptS I.,, CJ, s 

corresponding to liquid, b WS, and solid phase respectively and 8 refers to the equilibrium 

contact angle. 

Generally, we can define the cotnplete wetting. {vetting, partial wetting, and nonwetting 
according to Figure 3- 1 I. 

Complete wetting Wetting Partial wetting Nonwetting 
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of water were put on the surface, foiilowed by addin, u another 3 pl to the first drop, and 

measuring the contact angle within 1 min. 

3.5 Ellipsometry 

Ellipsonxtry provides another nondestruct i\-e ulethod [or measuring both thickness and 

refractive index of transpxent Ghs. The principle is based on evaluating the, change in the 

state of pol,arization of light reflected frotn a substrate. The state of polarization is 

determined by the relative amplitude of the pacallcl and peqendicular compom~ts of 

radiation and the phase difference between the t\vo components. 

The ellipsornetry is used by us for determination of thickness of ultrathin organic films on 

the Ti or Au substrate, To rmasm the tilts thickness, the optical constants of the film- 
substrate system must be known. This is one of the problen~s dealing with ellipsornetry 
because there are limited optical constants dctan~ined and pubiished for only a few 

systems. Fortunatciy, the SAMs-Au systtm has been thoroughly studied and the optical 

constants (II,,,, = 0. 15, IQ,, = 3.6, and II,,,,, = 1.45) are used by us to cahlate the film 

thickness when the laser wavelength is 632.8 ml, The film thickness on Ti and Au was 

measured on a PLASMAS SD 2300 ellipsonneter. equipped with a He-Ne laser (h = 632.8 

mn), at an angle of incidence of 70*. 

3.6 Radiolabeling techniques 

Radiolabeling technique is widely used in biochemical studies of protein, DNA/RNA? and 

cell structure and function. At least one atom in a radiolabeled molecule is present in a 

radioactive form, called a ruclioisotopc. The presence of a radioisotope does not change the 

chemical properties of a rnoiecule. The most conmo111y used radioisotopes are ‘iCY “S , 
-‘:p, ‘2’1, aild ?H. F or quantitative analysis. the .qw~~(~~r v*ntlioacfil~i[y , which is the amount 
of radioactiviry per unit of materials must be knoivn, The specific radioactivity of a labeled 

con~pound depends on the ratio of unstable radioactive atoms to stable nomadioactive 

atoms. It also depends on the probability of decay of the radioisotope. The amount of 

radioactivity in a labeled materi;~l cm be mcasumi with a sci~~filfcrfim corrrzfcr. In a 

scintillation counter, a radioinbelcd smple is mixed with ;I liquid containing a fluorescent 

compound that emits a flash of light nhen it adsorbs the energy of the p particles or y rays 
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The radioactivity of OLK sznples was ~neasured by scintillation counting in 5 ml 

scintillation fluid (1080 ml toluene. 020 ml Triton X- 100, 5.4 g 2,5-diphenyloxazole, 0.2 

g 1.4-bis-2-(5-pllenyic~x~~~~)iy~) benzene. and 40 nd acetic acid) on a Tri-Garb 3300TK 

liquid scintillation coumcr (Packard Instmnent Co.. USA). 

3.7 Other techniques 

Atomic force microscopy is a novei technique cle~~elopecl by Binnig et al.83 The principle of 

this tcchrklue is based on rhe existence of a distance dependent force between n surface 
xncl a tip oc sensor. typicdy of ZlOO ml radius. By scamlag a tip oven‘ a siuface, the 

surface topography or the laterai force distributiun can be obtained. The force can be 

cdculated from the, tfeGction of a static cantilever, md typically is in the order of 1 nN. 

An AFM instrument Nanoscope E (Digital Instruments, Santa Bautma, USA) was used by 

LIS to measure the surktce topography and roughntx of coated Ti and Au in air. 

iV~~/*-dg~m X-rq ~rhorption ,t;‘lle ,~trtrc~ttlt*cl sl’~‘~‘~l”),“‘(~l’?l (NEXc4 FS) 

For photon energies far above the ph~~toelectric threshold, i.e. at core level absorption 

edges, the photoelectric yield is closely relarecl to the absorption coefficient. The so-called 

NEXAFS technique is based on this physical process and has found many applications. It 

can he used to investigate the electronic structure of ultrathin films and to cletermine the 

orientation of segments of adsorhecl molecules. Tn order to investigate the ~nolecular 

structure of functional groups on the surf‘aces AuCM6 and ‘I’iAMG (see Abbreviations), the 

NEXAFS measurements were kindly performed by Drs. G, Whner and D. Brovelli at the 

National Synchrotron Light Source (NSLS). Brookhavcn National Laboratory (New 

York). 



3. Characterization techniques 44 

3.8 Survey of characterization techniques 
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4. Covalent attachment of cell-adhesive, (Arg- 
containing peptides to titanium surfaces 

4.1 Introduction 

Much attention has recently been dircctcd toward the development of bioxctive and 
biocornpatibic material surfaces for a variety of technological applications~ among them 

biosenscrs,“” biore:~tors.~~ chromarograpI:ic s~yy 1. s L / 30 t 8o md fmctional~zed building blocks for 

biotnateriais. A mtjor challenge in the cie~eiopment of f~mctional surf~es is to design 

strategies, employing either existing synthetic teohnolqies or novel fabrication methods, to 

assemble various complex molecular species on material surl‘aces, such as organized thin 

ommic films fimtionalized with peptides, proteins, b or DNA/RNA strands. To select 
appropriate synthetic routes, the follo~ving restrictions have to be considered: (1) the 
attachment site and chemistry must not interfere: Ivith the functional structure or the actjve site 
of the biomolectrle, (2) the attached bionrolecuic must not be denatured or inactivated at the 

s~~rfacc during or foliom%q att&~ment, and (3) rhe attached biomolecule should be stably 

bound at the surface through linkages that arc not susceptible to disruption by hydrolysis or 

other interactions with species in the environn~ent. 

Titanium is a successful biocompatible material that is extensively used today for 

manufacturing bone-anchoring systems. such as dental implants or hip-joint fixation and 

replacenient, as well as for pacemakers. heart-valyes , ud ear-drum drainage tubes. It has 
advantageous bulk and surface properties: in particuiar, a low modulus of elasticity, a high 
strength-tcr-wcigllt ratio. excellent rcsismncc to corrosion and an incrt, bioconlpatible surface 

oxide films7 The surface chemisrq~ and structure is one of the prime factors governing bone 

integrations” and there is-from the standpoint of’ both surgeon and patient-considetalc 

interest in increasing both speed of forniation (healing tin-rc) and degree (long-term success) of 

close bone aposition for cement-free implantation. To further improve the biocor7l~~atibilitSI of 

titanium? many physical and d~t3kai sur-face tnodification methods such as electrochemical 

oxidation, plasma-coating with titanium or hydroxyapatire, and ion implantation are i!~ usc.fi 

Reports concerning biochemical modification to chailgc a bioincrt surface to a bioactive 

surface, however, are rare. One esample is a paper by Sukenik et ~71. 26 describing the 

modification of the titanium surface nfith tertuin;~l groups such ns CH3, OH? and Br through 

silanizntion and their biological effect in lie~~ral cell culture tests. 
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The amino acid sequence RGD (Arg-Gly-Asp), is present in many extracellular matrix (ECM) 

proteins and has been found to play an important role for cellular growth, differentiation, 

proliferation, and regulation of overall celi fimction.s9 Immobilized, synthetic, RGD- 
containsng pepsides on soiid supports such as piyrr1ers4~6 and silicon oxide surfaces”” have 
b&f1 q)Qr&j to jp- 4 *r 3’ x ‘.” .d,~,k~ sptw ic surfdce-ceil hrrlaixi~~~ and YO pmlote cell organizatiow. 

Studies of cell migration suggest rile importance oi‘ the ~&ace density of RGD sequences for 

efficient cell-matrix interactionss 

The most commonly used immobilization methods on inorganic oxide surfaces involve 

reactively deposited silane films with terminal functional goups that can be further modified 

with different linking moieties. For aminosilanes. a lSariety of routes for further modification 
have been applied, e.g. i, I j reaction with ~lul;iralc3ehyde:s?.“” yielding an aldehyde that can 

form an imine linkage with primary amities on rhr pt’ptides, or (2) reaction with a mixture of 
peptides and carbodiimidc, yielding an amide linkage with carboxyl groups on the 

peptides.“7Jl The two methods utilize the primary amino groups and carboxyl groups that 

occur with high frequency in peptides and proteins, but specific attachment at a defined site is 

very difficult with these functionalities, It is apparent that these approaches must produce 

highly heterogeneous surfaces. 

The mxt recently exatmned method erill>io);s ~ze-ie~obii-liltlcionai crosslinkers with both thiol- 
2nd amino-reactive moieties, which have been nideiy used in protein conjugation and cross- 

linkings7 Bathia ct ~rl.“.~J linked the maleimidyl group onto thiol-terminal silanized silica 

surfaces, f%llowed by immobilization of anti-IgG antibody through the reaction of the primary 

amine moieties with the succinimidyl ester, Hong et al 1.2 achieved the attachment of 
cytochrome by reaction of a succinimidyl ester Lvith amine-terminated, silanized glass 

surfaces, followed by covalent binding of a sin$ unique cysteine thiol on the cytachrome 

through maleimide. Using similar chemistr>r. Heyse et nl.9” attached thiol-bearing 
phospholipids onto optical waveguide surl’aces (SiC)1-Tic)2 waveguide layer); Chrisey et 

oI.~~J~ immobilized DNA on silica surfaces: and Matsuzawa et 01.96 attached a synthetic 

peptide on glass for neuron culture tests. This iilnutionalization technique satisfies to some 

extent the aforementioned requirements: production of a single functional site and mild 

reaction conditions, A particular advantage is the much higher surface coverage of 
biomolecules with this method compared to other coupling approaches. Although the surfaces 

were characterized by radiolabeling, ‘I.&~-VTS spectroscopy, and subjected to biological 
activity assays. our knowledge regarding the pii~sico-cheltlicai properties of these surfaces is 

still rudimentary. 

We will describe the binding of RGDC and GRGDSPC onto nlaleirllide-fLlnctiorlalized 

titanium surfaces and the use of a t3ricty of surfzze ~~imctionalizatiolI~tio~1 and Cli~~racteriz~~tioIi 
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techniques in the foliowing text. The aim of the work is to covalently bind cell-adhesive RGD- 

containing peptides onto Ti surfaces and to evaluate the biocompatibility of thcsc novel 

surfaces. Both surface sensitive techniques (XPS, IRAS, ToF-SIMS, ellipsometry, contact 

angle goniorneter) and radiolabeiing methods n”t‘ri used to quaillatively and quantitatively 

characterize the surfaces after each reaction step. Good agreement is achiievcd hctween XPS 

and radiolabeling techniques as regards the quantitative estimation of surface covclages. The 

results of cell culture tests and the hiocompntibilit), performance of these novel s~~rfixcs are 

discussed briefly at the end. 

4.2 Materials and methods 

Commercinl float 

The titnnium metal and oxide coatings n;e~+e kindly pro\k~ed by Dr. P. Biini and Mr. M. 

Horisberger of the Paul Scherrcr Institute (PSI). The sources and coating methods for the 

supporting substrates and tilaniunl-contninin, . 0 51 ms are 1 isred in Table 4- 1. 

The IOO-nm-thick Ti coatings \\t’ere produced on both sides of round glass cover slips 

(diameter 1 S mm, thickness 0.16 mm) (Hubor & Co. AC;, Reinacll/Switzerl,li~l~ in a Leybold 

Z600 DC-magnetron sputterin, ty facilitv 97 LJndcr the same conditions, Ti films on larger , , 

silicon wafers were also prepared for 1RAS me3surefnents. 
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Pure water was obtained from an EASYp”“?“” device, Barnstead/USA. (3- 

APninopropyl)thcthoxysilanme (APTES) was bought from Fluka, Buchs/Switzerland, distilled, 
seoreci, and cmd rmder AN?. The ~neterocrossliilkers. ,U-succinimidyl-3-~~a~e~l~l~dy~~~~~i~nate 

(SMP), N-succinimidyl-4-maicirnid~~~~~t~~~~~te JSMB), N-succinimidyl-C- 

maieirnidylhexalloate (EMCS), N-succinimic1~l-ti-maleirnidyloctai~oate (SMO), and N- 

succinimidyl- 1 l-~l~aleilnidylundecalloate (SW,‘) ncre purchased from Fluka; N-succinimidyl 

tra~~s-4-(rnaleimidylr~~ctl~~l)cyclol~exane- 1 -c:trhos~.I:lte (SMCC) was purcl1aseci from 

Molecular Probe, Netherlands. The raclioiat~elin g reagents, 1’1C]-formalclel,y~le (f “‘Cl-FA) 

with specific radioactivity 54.0 mCi/mmni. [“S]-I.,-cystcinc (l:“S]-Cys) with 20-150 

mCi/mmol, and [“C]-1-7l!cnylgiyox~,l ([“Cl-PC;) with 37.0 mCi/mmol, were purchased from 
Amersham, Buckinghanlshi~e/UK. stored. and cased as indicated. RGDC (65.2%) and 

GRGDSPC (65%) wet’e purchnsod from Bachem AG, Nubendorf/Switzerland, and all other 

H,N 
vNH 
i-it4 

i 

\ 
?- d--Jo 
NH2 -3 0 

SH 
-1nm 

GRGDSPC 

4.2.2 Surface modification route 
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succinimidyl esters of the crosslinkers, and finally by the covalent binding of the thiol- 

bearing, RGD-containing peptides through malieimidyl groups. 

The different surfaces are defined as follows: Ti: water-vapor-plasma-pretreated titanium 

surface.; A: poly(3-amitlopropyl)siloxane-nlc?cd surface; ‘“CA: [ ‘“Cl-forrllaldetlyde+A; M: 

malcimide-r~odified surface; Ti AM6 .A+EMCS: MG: multiple groups of hexanoyl maleimide 

and succinimidyl ester: “5SM6: [17iS]-L~-c~steinc+TiA~l(i: TiAN13: A+SMP; h’K3: N-male- 

inliciyl-3-propanoyl group; TiAMC: A+SJICC: MC: trans-4-(n~aicimidylmetil~yl)cyclohes;tne- 

I -carbony group: I? pepcide- or I,-c~srcit~e-n1~~dii~ic~~ surface; C?vE: L,-cysleine+‘TiA~~6: 

CM3: L,-cysteine-trTiA1L/3; CMC: L,-cysteiric-t’Ti:\MC: GMG: GRGDSPC+TiAMCi; IWG: 

KGDC+TiAM6; GM3: GRGDSPC+Ti,UKJ; RM3: RGDC+TiAM3; GMC: 

GRGRSPC+TiAMC; RMC: RGDC+TiAMC: “CGMG: I’iCl-phcllylgiyoxal+GMS; TiAII4: 

A+SMB; TiAM8: A+SMO; TiAMl 1: A+ShlV, 

Surface Ti Surface A Surface P 

Although the second step surface reactions \vith many other crosslinkers such as N-succin- 

imidyl iodoacetate (SIA), N-succinin~idyl-3-maleimidylhenzote (SMBZ), N-succinimidyl-4- 

(4-malcin~idylphenyl)-butyrate, (SMPB), ~-5-azi~to-2-nitro~~e~~~oyloxy-succirli~~~i~~e (ANS), 

and N-succinimidyl 4-honzoylbenzoate (SBR) ~vere carried out by us, the characteristics of 
these surfaces with LRAS and XPS are similar to those surf‘aces produced by reaction of these 

crosslinkers with cystamine SAMs on gold surf‘uces in next chapter and thus are omitted in 

this chapter. 

4.2.3 Chemical frlnctionalization 

4.2.3. 1 Pretrentmcnt 

The purpose of pretreaunent is to acitie\~e cluanlincss and to increase the hydroxyl group 

concenrration on the surface. The hydrosyl group concentration on the substrate surface is one 
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parameter affecting the cpa~ily of sakxane iiims. vvTe t!\-aiunrei; ,- j WOLFE’ prerreamcrrr methods with 

XI’S on the titanium-containing surface. The four pretreatment methods are as follows: 

1. HCl/H,SO, procedure: The titanium-containing substrates were incubated in a solution of 

1: 1 (v/v) methanol/HC1(37C) at room temperature for 30 min, followed by rinsing five 

times with water. The substrates were then treated in concentrated sulphuric acid at room 

temperature for 15 min, and again washed extensively with water. After treatment in 

boiling water for 10 min. they were tvashcd 5 times wirh water, rinsed with acetone: and 
dried under v;kxlutn for I' 2 11, The prewattnent rt’sulCed in a slight decrease of titanium 
coating thickness. XPS measurements, however, showed no glass to be exposed on the 

SUIfXX. 

2. Water plasma procedure: The samples and 5 g ice were placed in a Plasma 

Cleaner/Sterilizer PDC-32G (Harrick, New York) chmber. The plasma was triggered and 

applied for 2 min under a pressure 0.4 mbar, 

3. Hydroperoxide procedure: The samples n‘t’rc piaced ill 1.5 M H,O, aqueous solution at 

1’00111 lc1nperature for ! 0 min, then washed with pure n’atcr IO tinncs and dried under 
vacuum overnight. 

4. HNO, procedure: The samples were placed in 30% HxOT for IO rnin, then washed with 

water thoroughly and dried under vacuum overnight, 

Prior to silanimtion, the titaniutn-coated glass COVCI’ slips were first pretreated by water-vapor- 

plasma cleaning (0.4 mbar. 2. minj. then dried in vxu~~m for i 11. Three burrdred snmpltx 01 

Ti were inc~batecl using a self-fabricated glass holder in 200 ml of dly toluene containing 2 ml 

APTES (43 n&I) at 80 “C for 4S 11. After reaction, the substrates were ultrasonically washed 

with chloroform five times, acctone twice, methanol five times, and extensively rinsed with 

water, then dried in vacuutn and cured at 100 “C under Nz for 1 11. The trcatcd samples (A) 

were stored under argon for further reactions as detailed below. 

Five samples of type A Ltere acetyiared by o\mmight treatment at room temperature with a 

mixture of toluene ( 1 nlli, acetic acid anhq-ciride (100 111) and dry pyridine (100 cd). After 12 h, 

the samples were rinsed with toluene, CH2C12 and ethanol. 
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4.2.3.3 Preparation of maleimide- (Mj nnd peptide- (or I.-cysteine-) modtfied 

(P) samples. 

Twenty silanized titanium samples (A) were placed in a self-fabricated polypropylene vessel 

with 2. ml acetonitriie (CH$ZN) conKkining 5.0 mM crosslinkers. After incubation at 20 ‘C for 

30 min. with 30 s sorricatiorl every i 0 min. the excess crosslinker solution was mmved, and 

the sanuples were 1% ‘L., -.iler’; exeensi~:eiy xx &Ii xeronirriie, ncetoix, and hexme. After drying with 

NZ, the samples u’ere SlilTjiL, 7 -- tt to the n2.v cheiikii 5rep. Twenty nl~aicitlrisie-~rai‘reii mb,stmes 

were incubated at 20 ‘C: for 1 h in 2 in1 water containin, 0 2.0 r&J peptide or L-cysteine, with 

30 s sonication every 10 min. The pH of the peptide OL’ L-cysteine solution was adjusted to 

6.5 with 0.1 M NaOH before injection, The peptide-grafted substrates were washed 
thoroughly with water, dried with NzY and stored in argon. 

4.2.4 Surface analysis methods 

The experimental conditions for XPS, IRAS. contm angle goniotneter, and ellipsometry 

tneasurenmts have been described in the pm~ious chapter. Some additional details arc listed 
below: 

The optical constants nf surface ‘I? were determineJ in ai least fcxtr different areas on each 

individual substrate. The thickness of the modiiki orgmic fiinns was caicchted using the 

software for a single organic thin film and a refrtlcti1.c index of 1.45. 

Advancing contact angles were measured on ;t Rm&-Hart NRL model goniometer at room 

temperature and ambient humidity. The contact mgies are 30, 44? 60, and 45” for surfaces rI’i, 

A, TiAM6, and GM6 respecti\rely. The qmkental error of this method is estimated to he 

39. 
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acetylated-A. The radioactivity of each sample ~vas nm~red by scintillation counting in 5 ml 

scintillation fluid (1080 ml toluene, 920 ml Triton X-l 00, 5.4 g 2,5diphenyloxazole, 0.2 g 

1,4-his-2-(Sphenyloxazolyl) benzene, and 40 ml acetic acid) on a Tri-Garb 2300TR liquid 
scinti~lakion counter ~Pxkard Tmtrumenr Co,, YSA). 

Maleimidc-~l~nctiollaiizcd substrates (IU). kept between two metal plates, were covered with 

50 ~11 0.1 I $3’~~1 [‘3S’j-cysteine aqueous solution in each well. The pH of the solution was 

adjusted to 6.5 by 0.1 mM NaOH before use. After incubation for 1 h at 20 ‘CL the excess 

radioactive solution was rinsed off 10 times Lvith water. The substrates were then ro~novcd 

from the metal plates, washed again with excm water, dried with N?, and the radioactivity 

detcmined. Control experiments for the covalent binding of cysteine to n~aleimide 

functionakized subsrratcs were carried out a\ above by applying the same [-“Sj-cysteine 

soiution to surface A and uniabeied-k-cysteiilc-~e~tcteci surface 31. 

Radiolabeling of RGD-grafted surfaces was carried out by injecting SO ~1 sodium phosphate 

(25 mM) buffer (pH 7.4) containing 5 n&I [‘-‘C-PC+ to each well as descrihcd above, 

incubating for 24 h at 20 ‘C, then washing thoroughly with water, drying with N:, and 

counting as detailed above, 

The degradation experiments were carried out m?th the radiolabeled surfaces, ““CA, ;‘SM6> 

and “CG,M6 by measuring their specific radioactivity 10~s a; a function of storage time in 

5 nnl water at room temperature. 
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4.3 Results and discussion 

4.3.1 Substrates and pretreatments 

.l,C!CJ 

-cp.75 

0.50 

Atomic force microscopy was used to evaluate the surface roughness of the sputtered Ti 

coatings. Figure 4-3 shows the surface structure of Ti coatings. The size of Ti particles is 

-20 nm and the arithmetic mean of the roughtless height. Ka, is -1.7 nm. 

The purpose of pretreatmenr is to clean the surface and to ixrease the hydroxyt grou,ps m the 

surface. The atomic concentrations calcuiated from XPS in Table 3-2 clearly show rhe 

decreasing hydrocarbon contamination after pretreatments. However, it is diflficult to evaluate 
the surf%~e density of hydroxyl groups due to dif1ercnt oxygen species (OH, H,O, and 

organic 0) appearing in the range of 511 - 53.1 eV. The different pretreatments do not result in 

big dif‘f-krences for further silanization. So. for conraience. we LISC the water vapor plasma as 

the standard protoco 1. 

The detailed XPS spectra of preueated titanium surfaces xe shown in Figure 4-a. Three 

elements are detected: titanium. oxygen. and cont:tnrinated carbon. The main carbon species is 

hydrocarbon 7 I % (C Is at 284.6 eV), and the rest species may be the oxygen-bonded carbon, 

C Is 286.0 eV (20%) attributable to C-0 and C 1s 288.3 eV (9%) attributable to C=O. The 

main oxygen species is titanium dioxide (0 Is 530.0 cV, S4.2%) and the rest portion (0 Is 

532.0 eV, 15.8%) can be assigned to hydroxyl groupi, adsorbed mater, and contaminated 

organic oxvwl. The main titanium species cietectcd 011 the outermost layer is tit-anium dioxide 42 
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(Ti 2~3,~ at 458.5 eV and Ti 2p,,z at 464.3 eV), and a small portion of titanium metal (Ti 2~~~~ 

at 453.3 eV) is also observed because the XPS information depth is deeper than the thickness 

of the native TiO? layer (-5 nm). Tn fact, the Ti 2p peak can be deconvoluted to Ti”+, Ti”‘, 

7-i’+, and TiO.“” 

TiO, surface C 

in ail 16 74 60 

HC1/H,SO,J 12 33 64 

H,O, 11 . ‘i .._ 64 

HNO, 11 1-t 64 1 

plasma 12 . ?i .._ 63 

Ti surface C Ti 0 

_ - 
+ 
..I: 15.P6; 2: 84.2% 
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4.3.2 Silanization procedure 

Silanization is the crucial step as regards subsequent reproducibility of the chemical 

functionalization. Although silanization has been extensively studied, the resulting structure, 

coverage? orientation, and organization ol’ the iaycrs have not yet been satisfactorily 

determined and are still the subject of cotmo\‘c’rsy .g‘) Lt is generally accepted that silanization 

on inorganic surfaces occm by reaction of silanol groups with hydroxyl groups present on 

oxide surfaces. Due to the ability of the silnne to polymerize at the surface, the siloxane film 

can be produced as a monolayer or nlultiluyer, depending on substrates, silane properties, and 

reaction conditions. In general, long-alkyl-chain silanes tend to form monolayers, while short 

hifunctional silanes, such as arninosilanes, tend to form multilayers. 

Pretreatment of the titanium surface is a:~ csscntiai prerequisite for reproducible silanization. 

lintrcated titanium films (as sputtered) gave unsatisfactory results. Optimum surface 

cleanliness and reactivity ‘i~‘ere achieved tllrou$~ water vapor plama treatment, although other 

pretrcatments such as H202, HNO-. and H.SO,/HCl also gave satisfactory results. 

APTES was chosen to silanize the titanium sutface. From our experience, the reaction media 

(aqueous or organic), temperature. cmcentration, ratio of reactants, incubation t imc. washing 

steps, etc. infiuence the amount of APS on titanium surfaces, to different degrees. Siianization 

in aqueous media resulted in a low surface concentration of amines (atomic ratio N/Si < 0.5 

from XPS), which was not beneficial for fLIrther modification. However, silanization in 

toluene produced an APS film with a consistently high concentration of amines (N/Si=0.7, see 

Table 4-4). 

To get the same thickness of APS thin films in different batches is not easy. At the beginning, 

WC intended to follow an exact protocol to control the film thickness. However the data 

rncasured from XPS and ellipsometry turned out to be scattered. The extended silanization 

(toluene, SO ‘C? and 48 h) proctuced a thick APS film. which, when treated by a three-step 

washing procedure: apolar organic solvent. polar organic solvent. and water resulted in a thin, 

smooth film. Apolar organic solvents remove the physically adsorbed silane and toluene; polar 
organic solvents make the surface hydrophilic: n’ater can hydrolyze the loosely bound APS 

films and remove them im We found that the APS film thickness can be well controlled within 

a narrow range mainly by controlling the immersion time in ~vatcr. XPS can be used to follow 

the changes because the ratio 0, , /Oq:,, is sensitive to [he change of film thickness. Figure 4-5 ‘.. 
shows the relationship between the film thickness xxi. the atomic ratio OsI,/053i,. The 
measured points with standard ermrs are from the ellipsometer. The solid line is estimated 
from the f~~llowing fomda:'"' 
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Atomic Ratio O&O530 
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The optimum APS film thickness, in our cm is betncen I and 3 ml with enough free amino 

groups for reaction with succinimidyl esters ancl minimal interference for IRAS 

measurements. 

To exclude batch-to-batch variations and to get reproducible data for the fLudler modi fication, 

a large number of samples (300 pieces) were prodLmd in one batch with the same reaction 

conditions, washing steps and curing. Curin, c+ has boetl widely used to stabilize the siloxane 
films, because it drives the surface cleri~atizkm reaction fiirther to completion. As a result, 

the cured films are more resistant to hydrolysis. Hotve\~, a long time (12 h) curing at 100 “C 

in air resulted in a pronounced reduction of the surlke anlinc concentration, as a result of 

oxici;~tion of primary amines to imines and nirriles. ii)l This significantly reduced the reaction 

yield of the subsequent reaction step with succinimidyl ester. Curing for 1 h at 100 ‘C under 

N1 pas was enlployed in the present study. 

The sLrrface coverage of amino gro~ips on smples of this hatch was determined as 6.0 NH2 

groups/nm’ via reaction of the amine L\:ith ~“‘C]-~~~~~naldehq:(ie. The surface coverage of 

hydroxyl groups on TiO: surfke 1vas cstirnakd to be 6 OH groups/run*. lo2 One aniinosilane 

molecule reacts with 2 or 3 OH groups on the Ti02 surface. Considering the N/Si ratio of 0.7 

(Table 4-41, I-) silicon atoms per mu’ woulci be present for every 4-6 APS layers on surface A. 
However, this does not mean that there m less than 25% primary amines exposed to the 

surface, since the surface roughness enhances the total proportion of’ exposed amines, 

XPS was used to monitor each mction step as it can provide information on chemical 

structure, atomic concentration, and surface ci~nt,?mi~^lation. Figure 4-6 illLrstrates the changes 
of the atomic concentrations on the above surfaces. Figure 4-7 shows the evolution of the 

XI’S signals of C Is, N Is. Ti 3p. and 0 Is fmn Ti to A, TiAM6, and GM6. Table 4-3 lists 

the experimental XPS binding energies of the decons~oluteci detailed spectra and the proposed 

assignments to ckmicai bonds/osiiiation states based on cheniicul shifts. S~idacos modified 

with other crosslinkers and pepticks save results consistent with the proposed interpretation 
and are not presented here. 
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contamination. 

0 N Si Ti 

Elements 

The silanization reaction from surface Ti to A can be f~ilowecl by XPS via the appearances of 

N (N Is at around 400 eV) and Si (Si 3p at 102.0 and 153.0 eV), as well as the new high 
binding energy peak of 0 1s at 532.3 eV due to Si-0. The broad N is peak can be 

deconvoluted into two peaks 399.6 eV (75%) due to free mines and 40 I .7 eV (25%) 

assigned to protonated mines. 103 

The C Is spectra of surface TiAM6 can be decon~~luted into four peaks with those at binding 
energies 289.0 eV and 288.2 eV bein, (7 assigned to the newly introduced ianide and amide 
functionalities, respectively. The ?j I s ernissim hots ~1 new predot~~inat~r conrribution betwce:u 
400 and 40 1 cVt again indicative of amiclc and imidr functional groups reported to have 

binding energies of 400.1 and 400.7 eV respecti\~cl) i.l(>J The disappearance of the Ti 2p3,l 

(metal) peak at 451.3 eV demonstrates that the total thickness of the oxide plus organic surface 

layer now exceeds the information depth of XPS (cn, S 11111). 

TiAM3 and TiAMC show similar XPS chetnic:~l shifts and the spectra arc not shown here. 

The C 1 s intensities above 288.0 cV are some~vhat lmm compared to TiANl6 and exhibit 
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290 285 280 275 

Binding Energy [eV] 

406 404 402 400 398 396 394 
Binding Energy [eV] 

468 464 460 456 452 
Binding Energy feV] 

--- i -- ..--.-.- 

536 534 532 530 528 526 524 
Binding Energy [eV] 

4.3.4 Estimation of reaction yields 

Atomic concentrations calculated from XPS intensities depxd on the measured volume and 

the chemical components within this volume. Quantitnti\~e statements as regards reaction yields 
for the subsequent rnodificarion reactions are difficult because of the inevitable carbon 

coutan~ination and osygcn content on the starting surface Ti, and the changes of the chcnticai 

components and the film thickness on different surfaces. Although the, average atomic 

concenlrations reflecr the sequential reactions well, the fkmve mentioned factors, as well as the 

usual quantitative error can result in a considerable deviation in the case of the low- 

concentration elcmcnts such as Y and Si. Fortunately, silicon, which is not present on the 

starting s~d'ace~ Ti, can be used as an internal reference. The absolute silicotl surface content 
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from A through P remains constant. Since the whole 01,‘ .(rxlic surfxe layer thickness is below 

the information depth of XPS, the atomic ratio of N to Si is a more representative parameter 

than the atomic co1rcer Wition to folBow quantitative surface changes. The reaction yields can 

bc deduced from the following simpk formulx 

Reaction yield (A-+M) = (imide-N content on ;\I) / (N contcnt on A) 

R,\ -> nr = “NiM) - 72lv,,\) (LAwi),,,, - iNISi) \ 
=I: 

II IV ( :t 1 (NISij, 
(1) 

Reaction yield (W-+Ip) = [(peptide-N content on P)/Hz] / (imide-N content on &I) 

where K,v-...jy is the reaction yield from 13: to Y. II,~(~, is the absolute nitrogen content of surface. 

The calculated reaction yields are sunmarked in Table 4-4. EMCS in the reaction A -+ TV&f6 

shows the highest reaction yield among the 3 crosslinkers, suggesting the importance of steric 

hindrance. SMP has a short chain of 3 methylene groups between succinimidyl ester and 

maleimide, SMCC a bulky cyciohexane, u;hile EMCS has a longer chain oi‘ 6 methylcne 

groups, The former two have more rigid struclures than the latter. One possible explanation is 

that EMCS, due to its molecular flcxihility, has a higher probability of reaching partially 

occupied, reactive sites on the srrrface. Another factor could be the molecular organization on 

the surface: Because of the shorter spacer and molecular configuration, ML3 and MC groups 

are bound cloxc to the binding sites, leading to increased disorder on a macroscale, and 

occupying more space. Particulxly in the vailey xe;ts, the sreric hindrance from the occupied 

maleimidyl group could largciy inhibit the accessibility of tl 1e sLllface. However, for the M6 

group, the relativefy longer spacer lvith its potential t’or e venter interchain VW der Waals 

interactions may result in some iong-range or&ring. 

For thioether formation, the molea.~lar size seems to be the key factor affecting the reaction 

yields. This might be the reason for the hi@ yield (up tct SO’T) f‘or cysteinc and the generally 

low yields (about 18%) for RGDC and GRGDSPC, 



4. Covalent attachment 62 

Surface N/Si (+S.D.) Reaction R XAY 96 

(X---+Y) (salculated error) 

A 

TiAM6 

TiAM3 

TiAMC 

CM6 

CM3 

CMC 

RM6 

RM3 

RMC 

GM6 

GM3 

GMC 

0.701tO.02 

0.95+0.02 

0.90+0.02 

O.87+0.02 

1. i 510.04 

1.05+0.04 

1.00+0.04 

1.26+0.03 

1 .I 5kO.04 

1.05,0.03 

1.40~0.04 

1.26-+_0.03 

1.20+0.03 

A ---3 T i A M 6 

A --> TiAM3 

A --f TiAMC 

TiAM6 ..--> CM6 80220 

TiAM3 -+ CM3 751t25 

TiAMC -+ CMC 76,32 

TiAM6 --f RM6 

TiAM3 .--i RM3 

TiAMC --f RMC 

TiAM6 + GM6 

TiAM3 -+ GM3 

TiAMC + GMC 

36+5 

2915 

24t5 

15+3 

1854 

15+4 

1813 

18-+3 

19t4 

4.3. S Surface coverage 
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secondary amine can again react and form the tertiary amine, the stoichiotnetry of 

[NH,]/[H,CO] can be fairly well contro’Sled to 1 under appropriate reactim conditions. We 

carried out the reaction in W&N solution at 20 ‘C for 4 h. It is assumed that the small 

formaldehyde molecule can diffuse into the open-structure APS f%n and react with all the 

primary amine groups. With these assumptions, the surface concentration (I .0 mnol/~n~~) and 

coverage (6.0 gioup/nm’) of primat-y amines can he simply calculated from the specific 

radioactivity and the radiolaheIed area, To rsclude contrjhuticms from physically adsorbed “C 

labeled formaldehyde, the surfaces of I‘i and acerylatc’d A were used as controls (Figure 4-8). 

Only negligible amounts of almut 1 nCi/ cm2 (0.02 nmc,ii~n~~) were detected ix these cases, 

APTES ‘Lc d 
O-&/cz2NH 2 

i\COAC - 

Y 

14CH20 
NaBH,CN 

Rcfetcnce Surface 

‘“CH,O 
NaBH3CN 

‘“Ct-120 
NaBH,CN 

[‘%I-Cysteine was chosen to label the maleitnidyl groups because of two reasons: (1) to 

tnimic the reaction of terminal cyst&e on peptides with tnaleimidyl groups; (,2) to evaluate the 
srrrf’acc coverage and rcacti\$ ty of maleimide since mkirnidyl groups may hydrolyze to 

nx~learnic acid. A still open question IS \vlxther cysteinc reacted completely with maleimnide or 
not. The estimated reaction yields from XPS ~VLI z ‘c used to calculate the rnaleimide coverage. 

The estimated sutfxe coverages of tnaleimide are only sell7hqualttitative, however, since the 

specific radioactivity is specified by the supplier a?; 20 to 150 nG/nmol. Surface A and the 

lrlllabeled-cysteiae-1.eactecl surfke ;1f nwt' used as the con&o1 surfxes (Figure 4-C)). Only 

negligible anmunts of around 1 nC!icm’ on control sutkms were detected and thus supported 

the covalent nature of the bond, 
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No Chemical Reaction 

H2 



4. Covalent attachment 65 

further rearrangement to iht+m different products. Arginine-conraining peptides or proteins can 

form adducts with phenylglyoxal in a stoichiometric ratio (phenyglyoxal/arginine) of 1 or 2 

(Figure 4-10) depending on the peptides or proteins involved, and the reaction conditions. 
Following a published procedure,!07 we carried out the reaction in 25 mM sodium phosphate 

buffer (pH 7.4) at 20 ‘CI for 24 h. A stoichiometry of 2 phenylglyoxal to I arginine is 

assumed here to calculate the peptide surface coverages. Both the direct radiolabeling 

measurements and the indirect calculation from the &mated reaction yields indicate surface 

coverages in the satne range of 0.2-0.4 molccuie/nm’. According to a molecular modeling 
study, the minimum energy conformation of GRGDSPC (Figure 4-1) has dimensions of 

about 2x1 nm2. Assuming equidistant attachment sites this would correspond to an average 

separation of 2.2 mn of GRGDSPC on surface Ghf6. 

Radioactivity 
Surface 

Surface 
Radiolabeling 

Concentration” 
Surface Coveragea 

Calculated Surface 

Reagents 
(nCi/cm’*S.D.) (nmo[/cm*kS.D.) (group’nm”‘S’D’) 

Coverage” 

(group/nm2) 

A 

TiAM6 

TiAM3 

TiAMC 

RM6 

RM3 

RMC 

GM6 

GM3 

GMC 

[‘%I-FA 

[%3]-cys 

y-s]-cys 

[3”s]-cys 

[“‘Cl-PG 

[‘%I-PG 

[“‘Cl-PG 

[‘“Cl-PG 

[‘“Cl-PG 

[“‘Cl-PG 

53.3k5.4 

8.2ttl .O 

6.3st0.8 

5.6kO.7 

2.81-+0.43 

2.17rt0.37 

1.84kO.27 

3.27rt0.48 

2.45kO.40 

2.3320.32 

1.0+0.2 

0.05-0.77 

0.04-0.71 

0.03-0.72 

0.052kO.008 

0.040t0.007 

0.034~0.005 

0.061c0.009 

0.045+0.007 

0.043~0.006 

6.0*1 .2 

0.4-4.6 

0.2-4.3 

0.2-4.3 

0.31 zko.05 

0.24~tO.04 

0.2O-cO.03 

0.37rto.05 

0.27+0.04 

0.261tO.04 

2.2kO.5 

1.7kO.5 

1.4kO.4 

0.3LtO.l 

0.3-co.i 

0.2+0.1 

0.410.1 

0.3tO.l 

0.3kO.l 

” 790 calculate the surfxe corlccntratioti and coverape from the radioactivity, we assume the following molar 

ratios: [FA]/[NHJ= 1. iCysteine]/lMalcinii~~~] = R,..,Y in ‘Ta’tlle 4-1 respectively, [PG]/[RGD] = 2 (xc text in 

Section 4.3.5.3). The sgccii‘ic radioactivity oi‘ [‘JC]-FA is 54.0 nCi/nmol, 01‘ [3’S1-Cys is htween 20-150 

nCi/nmol, and of [ ‘JC]-PG is 27.0 nCi/nmol. 

” The values are calculated by a coruhination of the NHl SWfxx coverage on A and the reaction yields horn 

Tnblc 4-4. The errors corrcsponcl to calculated values. 
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0.9 *- 
c. 
= 0.85 

.g 0.8 
z 
ix 

0.75 

--+--TiAM6 
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--r--TiAMC 

40 80 80 100 120 
Incubation Time (min) 

The succinimidyl ester reacts preferentially with amino groups, eliminating N- 

hydrosuccinimide as the leavin g group. The reaction in aqueous solution is complete within 10 
to 20 min at pH 6 to 1 c . Im The cornpetino reaction is the hydrolysis of the succinimidyl ester. 3 
The reaction was carried out in different solvents, e.g., aq~~eous buffer, N,N-dimethyl- 

formamide (DMF), dimethyl sulfoxide (DMSO)7 and acetonitrile, The highest yield was 

achieved in CH3CN, while aqueous buffer is least suitable due to the low solubility of the 

crosslinkers and the hydrolysis of both the succinimidyl ester and the rnaleimide. 

The effect of crosslinker conceutration in the range of l.0 mM to ‘LO.0 r&‘E was checked by 

XPS; no obvious differences were observed with a molar ratio of 2 crosslinkers to 3 p~+imary 

amine. Thus, a 5.0 r&f solution n’as used as the standard. A1 the experiments were carried 

out at 20 ‘C ~tnder ambient atmosphere. The main variable is the reaction time, which is an 
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important parameter, controlling both the extent of reaction and the surface uniformity. Figure 

4-l 1 shows the relationship of the atomic ratio N&i (XPS) with the incubation time. The 

reaction is very fast within the first 10 min, reaching its maximum after approximately 30 min. 

4.3.6.2 Surfckce i&l to surface P 

20 40 60 eo 100 120 

Incubation Time (min) 

+ -.I “.&.~-c-+--I” -4 

0 20 40 60 80 100 120 

Incubation Time (min) 

1.25 

1.2 1.2 

1 i5 1 i5 

11 11 

1 05 1 05 

1 1 

0 95 0 95 

0.9 0.9 

0 85 0 85 

08 08 
0 23 JO i t: ‘i 83 ioo 120 

Incubation Time (min) 

Maleimides are quite specific to the thioi goup, especially at pW<7, where other nucleophiles 

are protonated. In acidic and near-neutral solutiolls3 the reaction rate with simple thiols is 
about I OOO-fold faster than with the corresponding simple anGnes.l09 The other rnajo~ 
competing reaction is the hydrolysis of maieimidc to malcan~c acid. However? this reaction is 

much slower than the thioierher formation in tle:~r-imr:d solutions. At pH 7, it is estimated 

that the half-life reaction time between millimolar concentrations of mercaptan and maleimide 

is of the order of one second .loc) The resulting thioethcr bond is very stable and cannot be 
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cleaved under physiological conditions. The peptidc modification was carried out in aqueous 

solution. Samples treated in different concentrations and incubation times were evaluated by 

XPS. The effect of varying the peptide concenrration in the range of 0.1 mM to 5 mM was not 
significant. Figkrre 4 IL 3 shows the effect of incubation time on the atomic ratio N/Si (XPS). A 

sharp increase in the peplide surface concentrailun takes place in the fksl 20 min, followed hy 

a slow increase. A reaction time of 1 h was chosen for the srandard protocol. Although N/Si 

slowly increases with longer incubation time. this could be due to hydrolysis of siloxane 
films. 

>r 
-2 > 80 
.s 
5 
:: 

70 

.- 
-0 60 
(D --rt-lhXXN 

IO 15 20 

Incubation Time (day) 

A problem related to the application of immobilized biomolecules via silanization techniques is 

the bioactivity loss due to hydrolysis of the silosane films. Degradation was followed by 

measuring the radioactivity loss of the radiolabeled samples immersed in water (Figure 4 13). 

Comparing degradation kinetics of the different surfaces, ‘L’CA, ““SM6, and ‘“CGIMG, the 

main origin for the loss of peptide functionality appears to be the hydrolysis of siloxane films. 

A loss of about SO% OCCLI~S in the first week, foliowcd by a gradual Ioss over several months. 
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4.3.7 Infrured reflec&n absorpCm spectroscopy measurements 

Infrared reflection absorption spectroscopy (IRAS) has been thoroughly described.5” It relies 

on reflecting an infrared beam at near-grazing incidence horn the mirror-like metallic surface 

on which the thin film of interest has been deposited. Since the surface roughness of the 

modified samples is much smaller (R, = 1.7 mn from AFM data) than the wavelength of the TR 

radiation, the electric field vector of the incident and reflected beams in our TRAS studies is 

expected to be a1014~~ 2 the nornnal of rhe surface plane. Herice, only the surfax normal 

componer~t of the dipole rnornen~ change can j nteract with the IR standing wave electric field at 

the surface, since the field vector and dipole moment derivative vector must be parallel. Thus9 
information on the orientation of the IRAS-active functional groups can be obtained. 

Waverlumber (cm-l) 

Different infrared techniques have been appiied to study the APS structure on silicaJ7 and 

metal surfaces. 1()1 Generally3 the broad strong bands occurring around 1150 ctn“ and 1040 

cry’ are due to the Si-0-Si and Si-O-C stretching modes, respectively. Absorption bands 

~I-OUIKI 1600 CC’ are caused by amine groups. Figure 4-13 shows the change of bands with 
increasing the APS fihn thickness. When the thickness is below -2 nm, only the Si-0-Si and 

Si-O-C stretching bands between 1300 and 1000 UC’ are visible. With increasing film 

thickness, the broad band in this region split into two sharp peaks, 1 147 cni’ of Si-O-Si 

asylnnietric strctchin g and 1040 ctn“ of Si-O-C asvtnnxtric stretching nlctdes. The bending 
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bands of free amines and prontonated amines appear at 1630 and 1580 cm-’ respectively for 

thick APS films. 

R 

SYMMETRIC 

R 

ANTISYMMETRIC 

The cyclic imide carbonyl groups in the crystalliile state or in liquid solution exhibit at least 

two bands in the 1700-l 800 cmW’region. 1 I0 One ~veak band is located between 1800 and 1740 

cm“ (symmetric stretch) and a more intense band between 1740 and 1700 cm-’ (antisymmetric 
stretch). The separation of the two bands is due to vibrational coupling of the carbonyls, 

leading to symmetric and &symmetric stretching modes (Figure 4- i 5). Various explanations 

have been offered”‘) for the symmetric and antisvmmetric carbonyl stretch being assigned at 

the higher and lower frequency respectively. These explanations include mechanical coupling, 

hydrogen bonding, and electronic effects. The antisymmetric vibration of the O=C-N-C=0 

group alternatively stabilizes the two resonance structures with a positive coupling constant 

lowering the frequency of the antisymmetric vibration. 

The imide absorption bards on maleimide-nlodif’icd surfaces are shown in Figure 4- 16. The 
antisymmetric vi bration bands for TiAM3, TihYU9 and TiAMC surfaces are at 17 1 1, 1709, 
and 17 10 cni respectively, while the symmetric one above 1740 cm-’ is barely detected, 

sin&v to the intensity distribution of polycrystalline maleimide derivatives with random 

orientation. However, on the TiAM6 surface, in addition to the antisymmetric vibration of the 

maleimidyi group at 1707 CITY’, there are three further peaks at 1745 (strong), 1782 (weak), 
and 18 18 (weak) cnl-‘. As studied in the following chapter, 1745 and 18 18 cni’ are the 
asymmetric and symmetric succinimide stretching barids respectively, while 1782 cnil is due 

to the ester carbonyl stretch. That is to say, the reason for these differences is the presence of a 

succinimidyl ester hyproduc t on the surface, ‘T’iAA\llS and TiAMl1 always have the 
antisymmetric stretchin g bands at 1703 and 1709 cmWi respcctiveiy, but the ester vibration 

bands appear occasionally as shoulder at - 17-I:! ct11.‘. 
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After the peptide attachment step, part of the maleirnide is converted to succinimide ~2s deduced 

from the XPS and radiolabeling measurements. Figure 4- 16 shows the IRAS spectra of GM6 

and TiAM6 in the region 1400- 1800 cm-‘. The partial conversion can also be deduced from 

the appcxance of the bands at 1707 and 17-15 cm-‘, the imide and ester carbonyl group 
stretching bands. An obvious character on cJ;1/I6 is the enhanced amide groups. Additional 

information can be gained in the amide vibration resions: amide I at around 1660 cC1 and 

amide II at around 1540 cm-’ are the characteristic absorption bands for pepfides and proteins. 

Although an amide group is alreacly present on TiAM6 before coupling the peptides, the 

strong increase in intensity nt 1665 cm“ (amide I) and at 1536 cm-’ (amide IT) on sm$ace GMG 

reflects the increased number of amide fLltlctionalities. 
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i- / 
1700 1600 1500 

Wavenumber (cm”‘) 

3.3.8 Time-of-flight secondary ion mass spectroscopy measurements 

ToF-SIMS is particularly appropriate to sn~d>~ ultrathin organic fihns by virtue of its high 

surface sensitivity, its capability to detect all elements ad isotopes, and hecausc it provides 

molecular structural information on organic n-uteri& ‘The ToF-SIMS technique allows 

detailed fingerprinting of ultrathin organic films because of its mwh higher mass resolution 

and mass range. The former aspect enables a nlorc accurate peak identification, and the latter is 

very useful for the detectiotl of crosslinkin, C (7 *und condensation reactions. 
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The APS films on oxide surfaces contain partial polymer net structures of (Si-0),, and partial 

monomer structures. The positive fragments are listed in Table 4-6. An interpretation of the 

spectra leads to ihe fooilowing conchsions: 

0 Higher yields of Si- and Si-O-containin, o ions are observed, such as those at +28, +62, 

and -t= 102 amu. 

e Many fragments contain nitrogen and they appear at +S9, +72! +9 l> + 102, +lO5, and 

+I 13 amu. 

0, The intensity of‘ Ti at +3S amu &creases u?th the increase of APS film thickness. 

Td3le 4-6 Ftxgr~wrlts of‘tllir~ APS~lm on 7-i s~~~:f~zce,s (pmitive). 

m/z Composition Error (ppm) Rel. intensity (%I) 

+27 

+?S 

t-29 

+39 

+41 

i-43 

-t-48 

+ss 

+57 

+59 

+62 

+67 

+72 

-b91 

i-102 

+lOS 

-t-l I_? 

C,H, 

Si’ 

C2H5+ 

C,H,’ 

qQ’- 
C,H,” 

Ti+ 

C,H.,’ 

C,H,’ 

C,H,NO’ 

SiO,’ 

C,H,” 

C,H,NO’ 

CH,N,O’ 

C,FI~,NSiO,’ 

CHN ,O,+ 
C,HN,O,-t . 

t-13 

t-4 

-23 
-;r 

-6 
-33 

+35 

-41 
-64 

-68 

4-43 

-52 

-56 

+3x 

+64 

+89 

+x7 
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The ToF-SIMS spectra of maleirl~ide-nlodifietl surf‘aces give the evidence for rnaleimidyl 

group (m/z) at -96 mm, although TiO, is also present at -96 mu. The two peaks at -96 ~IIILI 

are due to the maleinaide fragment (C,E%,NO,‘) and TiO,. The high @NO- (m/z: 42) counts, not 

detected on APS films, ako indicate the: exisrence ot” The maieimide group. 

m/z Composition Error (131x11) Rel. intensity (%) 

- 16 0 i-313 100 
-26 CN- 133 35 94 i. . . 
-32 0,” f60 0.75 

-38 CI,H, -II 0.79 

-40 C,O‘ i-4 0.41 

-40 C,H,N’ +Sl 0.47 

-41 C,OH- i-35 2.13 

-42 CNO‘ +-I!) 15.80 
-43 C,H,O‘ +60 0.93 

-4s Cl-IO, -3s 1.07 

-60 SiO?‘ +20 0.72 
-61 SiOH,‘ +I 0.73 
-80 TiONHzm i-41 1.56 

-96 TiC& i-197 0.34 

-96 C&NO, +7 0.37 

-97 TiO,FI’ f 14s 0.89 

-137 HSiLO,NH,- -t-220 0.15 

To assign the peptide fragments, we adopt the basic nomenclature for mass spectral pcptidc 
sequence ions proposed by Roepstorff and Fohlma. 111 There are six main types of cleavage of 

the amide backbone (a, b, c, x, y. z) of ;L linear pcptide ion (Table 4-8), each of which may or 

may not be accompanied by hydrogen rearrmgement, and each of these cleavages can give 

rise to a series of peaks whose adjacent members differ in mxss by that of an amino xid 

residue. In addition, there are three sidechain ti.agnlent~itjorls id. v, wb and rhree nonspecifk 

sequence-type fragmntations. 
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Name 

lntcrnai 
immonium 

Amino acid 
i ni won i u 1-n 

Type of 
cleavage 

Backbone 

Backbone 

Backbnne 

Backbone 

Sidechain 

Sidechain 

Sidechain 

RXkhOlltZ 

RXAibOtlt? 

Terminal 
contained 

N 

w 

N 

Neither 

N(ill). c 
or wither 

Assumed structure 

H (NHCHRCO),Im, N H-CHR-CH; 

[H (NHCHRCO)n NH,jH’ 

i&C (NHC’HRCO),, OH 

[H [NHCHRCO!,, OH] I-i 

[CHR-CO (NHCHRCO),,~, OH1 H’ 

[I-J (KHCHKCO),,~, NH-C’if=C‘HK’jH‘ 

[ FIK=CH-CO (NHCHRCOjIIe / OH] H’- 

[R’CH=CH-CO (NHCHRC’O),,~, OH1 H’ 

l-1 (NHCHRCO),,., Ni-f--CHR-C=O’ 

H %:=CHR 

Aiotf~: R and K’ represent 3 sidfxbain and the ff-subsritutent ot‘ a sideohnii!, rcspectiveiy 

In our case, the possible fragnxx~ts from the RGDC-modified Ti surface (RMG) can bc cleaved 

as in Figure 4- 18. The fqgncnts of RGDC cm be assigned in Table 4-9 according to Figure 

4-18. 



+475 RGDC- 1 +CHCH, 

+46 1 RGDC- 1 +CH 

+447 RGDC-2 

i-429 RGDC-2-H&~ 

+417 RGDC-SW 

+413 RGDC-ZH,O 

i-40 1 RGDC-S-NH, 

4-326 C,-H,O -. 
+313 lWH3 
+JOO a,- 1 

+299 a,-2 

+28 1 a,-2-H,O 

a~:-3-COOH 

~t,I-CH,COOH / or d, 

a3- 1 -CH$ZOOH / or d,- 1 

a,-3-CH,COOH / or d,-3 

2. +I 2 
y,+2+1,0 ̂. 
c,- I-NH, 

c,-t- l-H,0 

y-1 

X,-l 

b,+3-NH, 

The fragment analysis lcads to the following conclusions: 

o The thioether bond between RGDC and maieimicie is confirmeci hy the fkqpents at i-46 I 

and t475 amu which contain the C-S-C goup (Figure A- 18). 

e The n~Aecular weight of RGDC is 449. ‘However a fragment at +447 mm is observed 

instead of the molecular ion IIIBSS. This may be due to the hydrogen rcaxmgement and 

IOSS. 



n.,= 
. ---_-_.-ll---~I--L___--.---.--~. . 

-I- 
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The molecular ion mass of GRGDSPC (690.7) was not detected on GM6. The meaningful 

fragments are shown in Figure 4-20 and listed in Table 4- IO. The significant difference from 

RGDC is the strong fragment at -1-243 amu which comes from the GRCJ sequence. 

-t-34 1 

+327 

+325 

+314 

+313 

t-303 

+302 

+301 

t-299 

i-281 

+353 

‘7 

a,-co, 

a,- 1 -co2 

y3- 1 

y3-2 

YY3 

Y;-5 
‘7 

h,-H,O 

b;- 1 -H,O 

a,+ I 

a3 
a,-2 

q-4 

c,-1 ‘. 
‘) 

b,i- I 

c -H,O 2 
? 

16000- 

14006- 

12000- 

IOOOO- 

8000- 

6000 - 
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4.3.9 Cell culture tests 

This work was performed in cooperation with Prof. Dr. E. Wintermantel’s group (chair of 

biocompatible materials science and engineering. ETHZ), particularly with Ms. Viola 

Schlosscr and Dr. Arend Bruinink. 

The ob.jective of the work is to study the effect of RGD-containing-peptidc-modified Ti 

surfaces on the proliferation and differentiation of bone cells. Another aim is to compare the 

performance of cells of the osteoblastic cell line MC3T3-E 1 with those of adult primary rat 

bone marrow cells (RBM). The MC2T3 cell line is taken since it is one of the most commonly 

used cell lines in studies related to load-bearing implntlts and bone diseases. RBM are used 

here since most bone replacement mater& are implanted in an adult hone and therefore are in 

direct coanlxt with bone Il~kirrow. CkU”Xi~iki~iO~ of !he effect on both types of cell cultures 

enables us: (a) to compare our data with existing liierature based on both types of cultures and 

(b) to define a platform on which data of ostcobiastic cell lines and those of primary cell 

cultures can be compared. The latter platform \vill help to clarify those processes taking place 

at hone implant surfaces that discriminate optimal osteogenic from moderate osteogenic 

implant surfaces. 

Bone tissue formation depends on the generation ol‘ adequate cellular signals that reduce the 

degree of encapsulation by fibrobiasts and dedifferentiated bone cells and shift the balance 

between bone formation and resorption towards bone formation. The cell type responsible for 

bone resorption is the osteoclast and for bone formation is the osteoblast cell. The osteoclast 
activity can be characterized by determining Tartrate Resistant Acidic Phosphatase (TRAP), 

and the osteoblast function (differentiation activity) can bc characterized by assaying Alkaline 

Phosphatase (ALP) activity, 

4.3.9. I Materink and JJld2OdS 

Two kinds of cells, an embryonic ~KILIS~ cal~arial osteoblast-like cell line (MC3T3-E I) and 

primary rat bone marrow cells (RBM) were ~tsecl for cell-culture testing. 

Cloned osteoblast-like MC_iT3-E 1 cells derived from new born mouse calvaria were 

maintained in a-Minimum Essential Medium (cx-MEM, Gibco. Basel, Switzerianci) containing 

10% heat-inactivated fetal calf serum (KS) at 5% CO,/%% air. MC3T3-El cells were 

subculturcd until passage numbers of 3-10 in PSN(antibiotics cocktail)-free culture medium _ 

(cx-MEM), Cells were harvested by trypsinization (Trypsin-EDTA solution, Gibco, Base], 
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Switzerland), counted by using a Coulter Counter (Coulter@ Zl, Coulter Electronics Ltd., 

Luton, Beds., USA), and cooled in ice until use. 

‘I’be Ngqf cells wen’e fr&lq‘ js&& iL:.oITj ;“ifillorai and rib&i holIe of adult male Wistar rats. 

Tibiae and femora after removal of the pcriosteum were dissected longitudinally and bone 

marrow was collected using a scalpel. ‘The bone ~nan'ow was resuspended in phosphate 

buffered saline (PBS, pH 7.4), supplemented lvith 10% antibiotics (PSN antibiotic mixture, 

Gibco, Basel, Switzerland, consisting of 5 mg/m.l pelGcillin, S tnghnl streptomycin, I mgW 

Neomycin). This cell suspension was filtered through a 200 pm mesh nylon filter to remove 

bone fragments and coaguia. After centrifugation of 60 g at 4” C for 10 minutes, the cell pellet 
was resuspended in cuirure medium (or-MEM). suppiemented with 10% heat inactivated fetal 

calf serum and 1% PSN. 

The bare Ti coatings (diameter: 15 mm) were used as controls. The biofknctionalized titanium 

samples, At CMG, RM6, and GM6 were used for cell culture tests. They were immersed with 

400 pi 70% ethanol per well in a 23-weii plate. One milliliter containing 500’000 RBM or 

40’000 MC_?T3-EI cells were added co each sample. Medi~~~~ was exchanged at day 3 and S 
(Mwn-E!) and at day 5 anti I i ~RBM;“i) after seebiilg. Cultures were kept a! 37”C, irl a 

humidified 5% CO, atmosphere. After 7 (MC;T3-E i 1 and I3 (RBM) days ill V&I cultivation3 

the cells were analyzed morphologically by SEM and biochemically (ALP activity, DNA 

content, total protein content). Morphological effects were determined by scanning electron 

microscopic analysis. Basal cell functions \t*ere estimated by measuring culture well protein 

content (Pierce RCA assay) and mitochondrial activity (MTT-dehydrogenase activity).’ I2 Cell 

proliferation was estimated by measurin g cell culture DNA content (Sigma Hoechst assay). 

Degree of differentiation was assessed by determining ALP activity.“? 

4.3.9.2 Ceil coitlpntibility of‘ hic?fnncfionnlized swfacm 

MC3T3-El cell cdfztl-c rcsrilfs 

Surfaces Ti, A (with 1.0 nmol/crnz NH 2 groups), RIM<> (with 0.05 nmol/cm2 RGD), and 

GM6 (with 0.06 nmollcm’ RGD) were tested with MC3T3-E I cells irh \Gfro. Three 

independent gro~y samples were tested. Three parameters, DNA, ALP/DNA, and 
Protein/DNA, are used for ceil assays. Each ceil has a definite quantity of DNA; therefore the 

DNA value represents the total number of ceils. ALP/DNA is a parameter for evaluation of the 

cell differentiation. The ratio Protein/DNA represents the cell size, Figure 4-2 1 shows the cell 

culture results after 7 days incubation. Compared to the reference sample ‘l’i, the cell number 

(DNA) on the modified surfaces (A, RM6! and GMh) decreases, the cell size (Protein/DNA) 
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increases, and the cell differentiation (ALP/DNA) significantly increases. However, APS 

modified surfaces with exposed amino groups seem to be the best surface for cells. Although 

cells are affected by some specific peptide sq~~cnccs iike f?GD, they are also sensitive to 

physicochemical properties of the substrat~~~n surface such as swface charge, surface energy, 

and surface morphology. APS-modified s~~rfaoes have densely distributed amino groups with 

positive charges. The positive charges are believed to be the main factor for regulating the cell 

behavior on A. 

600 

Ti RM6 GM6 

Figure 4-22 shows the cell morphologies on “I’i. A. RM6. and GM6 after 7 days incubation. 

On the reksence sample Ti, cells arc smailer (-80x30 ~;inl.‘.) and densely packed. They have 

three-dimensional structures rather than t~~u,o-dinletlsiollai s tructrrres, and are arranged 

longitudinally, These indicate ihe relatively higher proiifcration, On the aminosii’anized surface 

A, the cells are significantly bigger (the bi ggest one in the graph is 300x500 pdj and i‘larter, 
and their shapes are irregularly round. There are more gaps among the cells. The cell 

morphologies on GM6 are similar to A; however, there are less holes in one cell (or in other 

words, the individual cell organizes itself perfectly). On RM6, the cell density is higher than 

on A and GM6, but lower than on Ti, The cell growth direction is in a semicircle rather than 

like a linear line, As demonstrated in Section 4.3.5, the surface covernges of RGJX and 
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GRGDSPC a~-e 0.3 and 0.4 molecules/rim’. ( 

300x500 pm”, then one cell can cover 6x10’” 

enough for regulating the cell activities. 

Considering the average cell size on GM6 

GRGDSPC groups. This value should be 
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Preliminary RBM cell culture results 

For the RBM cell culture, surfaces Ti, A, CM6, RM6 (0.05 nmol/cm”), RM6(1) (0.01 
mnol/crn’), GM6 (0.06 nmolkm’), and G&16(1) (0.01 nmolkm’) were tested (Figure 3-23). 

Besides the UVCI p~xamekrs ALWDNX and Prorein/D!\,;B, a new parameter TRAP/DNA is 

used to evaluate the osfeocias; activity (or the rescrption of the bone remodeling). 

tJnfortunatcly, the RGD-modified surfaces (whether RM6 or GM6) induced a significant 

decrease in cell differentiation (ALP/DNA and TRAP/DNA) and nearly had no effect on cell 

proliferation (Protein/DNA), compared to the ret’crence sample Ti. Furthermore, no big 
difference of the cell activities was observed bettseen the higher and lower surface coverages 

of RI&f6 and GM6. On the contrary, the aminosilanized surface A showed positive effect on 

ceil differentiation and proliferation, and the cysteinc-modified surfxe CM6 nearly had no 

effect on the cell behavior. This research is still in progress. 

Ti A CM6 ’ RM6 (I) GM6 GM6 (I) 



4. Covalent attachment 84 

4.4 Summary 

In summary, a three-step reaction procedure was emplopcd to attach RGD-containing peptides 

onto a titanium surface. First, water-val>or-piasmII-pretreated titanium surfaces were silanized 

with (3-a~llinopropyl)triethoxysilane in dry toiueneY resultin, 0 in a multilayer film of poly(3- 

aminopropyl)siloxane. Secondly, the free primary amino groups were linked to one of the 

thsee fiete~ocrosslinkers: N-succiniIllid~l-(;-maleimidylhexano~~te, N-succinimidyl-3- 

n~aleilllidylpropionate, and N-succinimidyl tram-4-(nmleimidyimethyl)cyclohexane- l- 

cnrboxylate. Finally, onto the resulting tenninai-maleilnide surface, two model, cell-adhesive 
pcptides, H-GBy-Arg-G!y-;asp-Se~-~~~~-~~~s-~~ !GRGDSPC) atld kI-Acg-Gly-Asp-Cys-OH 

(RGDC), were immobilized through covalent addition of Ihe cyst&e thioli (-%I) group. 

X-ray photoelectron spectroscopy (XI’S). infrared reflection absorption spectroscopy (IRAS), 

and radiolabeling techniques were applied to characterize the surfaces. The main results are as 

follows: ( i) Silanimtion on Ti surfaces is sho~vn to be the key step in terms of reproducibility 

in the subsequent modification steps. Sampies p~~oduced in one batch with a surface coverage 

of 6 amino groups per ntnl were used for fUrther surface reactions. (2) The maleimidyl group 

int-reduced in the second-step reaction has been charncte~ized using XPS (binding energy of 

C is at 280.0 cV), TRAS (band around 1707 cmmi ). and radiolabeling techniques with [::‘SII- 

cysteine. (3) The atomic ratio Nisi determined by ,XPS is used to estimate the reaction yields 

and to follow the reaction kinetics. The reaction yields m estimated to be about 30% for the 

conversion step of aminosiloxane to maleimicle and about 18% from maleimide to peptide. 

Optimal incubation times are 30 min for the former reaction and 1 h for the latter. (4) The 

grafted peptides, RGDC and GRGDSPC, have been qualitatively and quantitatively 

characterized with XPS, TRAS, ToF-SIMS. and [“Cl-yhcnylglyoxnl radiolabcling 
techniques. The amide bands from IRAS and the specific clea\:ed ToF-SIMS fragments from 

RGDC and GRGDSPC definitely confirm the covalent attachment of these peptides. The 

surface coverage is estimated to be 0 .3-0.-C pcptide molecules per nm’. (5) The preliminay 
cell culture results show positive effects for both the silanized ~2s well as the pcptide (RGD) 

modified titanium surfaces in osteoblastic cell line MC3’1’3-E I culture tests, but negative 

effects for RGD-modified titanium surfaces in rat bone ~narrow cell culture tests. 
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. Surface reactis s of succini mino- 
terminated SAMs on 

ntroduction 

Two different synthesis routes are often chosen. in order to graft hioniolecules onto 

substrate surfaces: 

a) one-step self-assembling process: synthesis, isolation, and cllaracterizatiorl of the final 

functional molecule, followed by self-assembly of the molecule on solid s&Grates. 

b) multi-step reaction: activation of the inert substrate by self-assembling a less complex 

precursor-molecLile with terminal fnnctionai groups such as NH,, COO& and OH, 

followed by a stepwise grafting reaction to bind the biologically active molecule onto the 

pre-assembled substrate surfacc by covalent binding. 

Both methods have their advantages and disadvantages and are worthwhile to be evaluated 
and compared in Table 5 1. 

To summarize: Using method a> may lake longa time and cost more to synthesize and 

purify the goal molecule, but the s~rrhce modification is better controllahk and better 

defined compared to method b). Method b) has the advantage OF higher flexibility regarding 

the choice of biomolecules. 

Surface OH, COOH, and NH, are very us&i11 groups for chemical transformations. 

Monolayers with terminal COOH iilnctionnliry rt’uct rvith alkanoic acids’ IL; and decylaminc 

to form bilayer H-bouding-stabili;e(~ strucrures, \vhich lack long-term stability due to the 

strong electrostatic repulsion in the newly formed charged interface. The carboxyiate group 

can be transformed to the correspondi tig acid chlorides by using SOC1,.115 Further 

reactions with amincs and alcohol yield bilqer structures with amide and ester linkages, 

respectively. Reacting the acid chloride with a terminal thiol provides the corresponding 

thioester. SAMs of OH-terminated alkancthiols have been used in many surface 
modification reactions. They were reacted with octadccqltrici3lorosilane (OTS) to yield a 
well-ordered bilaycr,116 with POCl,.1i7 with glutaric alllqdride.1 I8 and with cl~lo~osulfonic 

acid. 119 
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properties i)r easy to prepare 

-easy md reproducible preparation of the -a yaricty of crosslinking groups (e.g. fhiol-t 

functionalized surfaces and photo-reactive crosslinkers) 

-surface coverage easily nc!justnble available to graft different biomolecules 

-well characterized surfaces -controlled reactions feasible on the surface 

but often impossible in solution (one tailed 
reacti\ye group is blocked by the surface) 

-puri ficntion by rinsing 

-smaIl vohmles of diluted solutions adequat-c; 

therefore lower costs in the case of’ expensive 

-higher costs in case of expensive 

Inolecules 

-only specific substrates 

-restricted availability of target 

-side reactions may produce unwanted 

fLlnctionali ties 

- explanation of observations often difficult 

-surface reactions are generally less well 

For covalent inlnlobilization of proteins onto 5: AILIS, the general procedure involves the 

formation of either a thioether or an nrnidc. One mcthctd for amide bond formation utilizes 

lhc production or termination of SAMs n-ith an N-succininGdyi ester. 120,!z1 Immobilization 
occurs by displacement of the succinimidyl ester ~OLI-F) hy lysine residues of the protein. 

Frey and corn have shotvn that polylysine can be immobilized onto an 1 l- 

mcrcaptouniiecatloic acid SAM by activation of the terminal carboxylate group with an N- 

hydroxysulfosuccitlil~~i~~yl ester intcrnlediate..‘22 Successf~d formation of the ester 

intermediate relies on the accessibility of the terminal carboxylate groups; steric packing of 

these acid groups can limit the rate of formation of intermediates, with full conversion of 

accessible acid groups occurring only after se\-oral repeated reaction cycles. 
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SAMs of alkanethiols with terminal NH 2 ivcre soaked in a solution of the N-carbonic 

anhydrides of L-alanine or L-phenylalanine to initiate polymerization, resulting in the 

growth of virtually defect-free cc-helical poly-L&nine and poly-L-phcnylalanine Glms, 

with the desired thickness being attained by controlling the exposure time to the respective 
N-carbonic anhydridc. i2~.1’-1 They have also been used to immobilize the fluorescence 

probes pyrene? pyrrolinone, and ferro~ene.~‘~ 

The above studies are supporred by compiemenrary surlace analytical techniques, including 

static secondary ion mass spectrometry (SI&E), X-ray photoelectron spectroscopy (XPS), 

infrared reflection absorption spectroscopy (TRAS), and surface plasmon resonance (SPR). 

5.2 Objective 

The reaction of terminal NH, groups on SAMs with succinimidyl esters can bc used to 

introduce a variety of functional crosslinking groups onto solid surfaces such as 

maleimidyl, iodoucetyl, succinimidyl aster, aryl nzido, and benzophenone groups. With 

such groups, a variety of biomolecules can be immobilized on solid surfaces. However, the 

details of the reaction, e.g. regardins turn-over. by-product formation, etc. are often not 

well understood. Tn the previous chapter, lvt 1 grafted the crosslinking group, maleimide, on 
aminosilanized Ti surfaces. There is still some controversy, however, as regards the 
interpretation of the IRAS spectra, specially for the ~naieimidyll~exaaaoyl pendant surface. 

011 the other hand, clue to the poor reproducibiliry oi‘ siloxane film formation and the 

variable degree of polymerization. the IRAS spectra in the region l&50- 1000 cm“ show 

variations. This is a situation rather unsuited for a clear assignment and explanation of IR 

bands of the crosslinking groups, To clarify the IRAS spectral assignments and to study the 

reaction mechanism in detail, two model aminothiol (cystamine and 4-aminothiophe~~ol) 

SA&fs were self-assembled 011 Au surfaces. Different types of thiol-, amino-, and photo- 
reactive crosslinkers were attached to the two terminal NH, SAMs. Based on infrared 

reflection absorption spectroscopy (IRAQ and x-ray photoelectron spectroscopy (XPS) 

measurements, two types of reaction schemes ha\~ been observed: ( I) moditication 

through single group binding. (3) OCCUIT~~C~: of side reactions a~ld production of multiple- 

group-modified surfaces. A typical example for the latter case is the reaction of N-succin- 

irllidyl-(i-nlaleitl~clyl hexanoatc (EMUS) with tcnuinal-NH2 groups, producing a mixture of 

both maleimidyl and succinimidyl ester b groups on the surface. The conclusion is confirmed 

by the study of SAMs of pure N. N’-bi~(n~alcimitiyIhcx~~noyl)cysta~~~illc (BMHC), 
synthesized separately. The functionalizcir surfaces uith speciCc crosslinking groups can 

be used for further attachment of specific biomolecules. 
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5.3 Materials and experimental 

S. 3.1 Materials 

N-Succinirnidyl iodoacetare (SLY) and N-succinimidyl 4-benzoylbenzoate (SB.B j were 

purchased from Molecular Probe (Netherlands). ~-S-Azido-2-nitrobenzoyloxysucciI?inlide 

(ANS) and Di-(N-succillirllidyl) suberate (DSS) were purchased from Pierce. All other 

molecules and crosslinkers were purchased from Fluka. The molecular structures, 

compound names, and abbreviations of all cro~slinkers arc shown in Appendix. 

The different s~~f?~es are defined as follows: AuC: Au-tcystmline; AriB: Au+4-ATP; 
AuCM.3, AuC+SMP; AuCM4, AuC+SMB: AuCM6: AuC+EMCS; AuCM8: AuC+SMO; 

ALCAM 1 1: ALc+SMu; ALaw AuC’+ShlCC; AuCrn: AuC+SNrl3Z; AuChP: 

AuC+SMPB; ALICIA: AuC+STA; ALICAZ: AuC+ANS; AuCBB: AuC+SBB; AuCSC: 

AuC+SC; AuCTP: AuC+DTSP; AuCS8: AuCt-DSS; AuBM3: AuBi-SMP; AuBM4: 

AuB+SMB; AL~BM~: AL~B+EMCS; AuBM8: AuB+SMO; AuBMll: AL~B+SIMU; AuBMC: 

AuB+SMCC; AuBMB: AuB+SMEZ; AuBMP: AuB+SMPB; AuBIA: AL~B+SIA; AuBSC: 

AuB+SC; AuBTP: AuB+DTSP; AuBSS: AuB+DSS; MX (X = 3, 4, 6, 11, B, P): the 

functional group produced by the surface reaction of NH, with the correspondent precursor 

molecule (M3 = maleimidyi propionoyl group. M4 = maleimidyl butanoyl group, M6 = 
multiple groups of hexamyl maleimidc and succinimidyl ester? M8 = multiple groups of 

octanoyl maleimide and succinimidyl ester. M 11 = multiple groups of undecanoyl 

nmlcimidc and succinimidyl ester, MB = unaleimidyl benzoyl group, MP = 
~naleimidylphenyl butnnoyl group). 

5.3.2 Experinlental 

The substrates used for the experiments at mm tetnperature consisted of ZOO-nm-thick, 

gold-sputtered Si( 100) wafers with a 6-nm chromimn interlayer as an adhesion promoter. 

The XPS analysis of the freshly cvaporatcd Au (30 min stored in argon) shows about 20 

at% of hydrocarbon contamination. Oxygen can also be detected in ;1 range of 1 to 3 at% if 

the Au samples are stored for a long time (e.~. > -F h), 

The SAMs of 4-aminotl~iol~l~enoi (&ATP) acre pepad by immersing the polycrystalline 

gold substrates in a 2-mM solution of 4-ATP in ethanol for 3 h> then rinsing with ethanol 3 

times. The SAMs of cystamine were prepared by immersing gold substrates in a 2 mM 
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solution of cystamine dihydrochloride in rnerhanol or ethanol for 24 h, then rinsing with 

methanol, 1 n&l NaOH aqueous solution, and water. The solubility of cystamine 

dihydrochloride in ethanol is very low. Therefore some solid powder sediments can be 

even seen in 2 mYM solution of cystamine dihydrochloride in ethanol. However, this does 

not- interfere with the SL&! formation. NC> difference was found between the SAMs 

prepared in methanol or ethanol. 

Standard procedure of the reaction of terminal amino groups with succininlidyl-bearing 

crosslinkers: The SAMs were immersed in 0.5 nlhj solution of individual crosslinker in 

acetonitrile for 30 min, with sonication for 1 nlin every 10 min. After reaction, the 
substrates were washed with acetonitrile at least 3 times. 

5.4 SAT\/]& of cystamine and 4-~minothio~)~~nol 

5.4.1 Cystamine SAMs (AuC) 

ALIC 

Tt has been reported that cystamine dihycirochioridi: fomrs a loosely packed S/&l on Au 

substrates and the nlasirnun~ surface c~overa~c is about 35% .I26 This is due to the ~~bsence 

of Van der Waals interaction, which is necessary to produce a dense SAM. Our observation 

also confirms the submonolayer deposition, The IRAS spectrum of cystamine SAMs on Au 

surfaces does not show any distinguishable peaks in the region 700 - 2000 cm“. Its 

multilayers prepared without thorough washing, ho~vever~ exhibit some obvious peaks in 

Figure S-2. The stretching mode of amino group at -3.100 cm“ is very broad and can not. be 
clearly distinguished from the background. The 0-1, synmetric stretch is at 2855 cmm’, and 
the asymmetric stretch at 2926 cm“. The peaks 7S83 ct11‘l and 2964 cm-* are attributed to 

the stretching modes of contaminated mcthyi groups. The XH, deformation mode exhibits a 

medium peak at 1665 cm-‘, The wagging mode of methylme CH,(S) exhibits a sharp and 

narrow peak at 1257 cm“. 
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Table s-2 shows the XPS resuits of c?;stmine SXMr;. Xx C is can bc fitted into two 

peaks at 285.1 and 287.4 eV. The main peak at 285.1 eV is attributed to cystamine C-S 

carbons and contaminated hydrocarbons and the peak 287.4 eV attributable to part of C-N 

(cystamine) and oxidized sulfur species (C-SO,) carbons. The oxidized sulfur is also 

detected in the S 2p spectrum at 168.0 eV, in addition to a do&let at 162.3 and 163.6 eV 

from disulfide. Additional 0 Is at 532.0 eV is attributed main!y to a possible surface gold 

oxide and oxidized sulfur species. The N 1s is fitted with two peaks at 399.8 and 401 .S 

eV, which are generally assigned to free NH, and protonared NH,“. Althou(~h 399.8 eV is 5 
the main peak, its changeable percentage. from SO to 50 %, may be caused by compiexation 

between N and Au, in addition to the protonated nmines. The atomic ratio of N/S is close to 

the theoretical value of 1, However, the curbon content (compared to S and N) is much 

higher than theoretically expected because of the carbon contamination. 

AuB 

In contrast to the intense attention devoted to SAMs prepared from aliphatic thiols or 

disulfides, corresponding aromatic co tnpounds ha\~~ received relatively little interest. 

Pioneering work on the adsorption of pure at‘ornatic thiols was done by Hubbard et al. 1J7.12x 
who studied the adsorption of thiophenol, hcnzyl mercaptan, 2,5-dihyd!.oxvthiophenol, 4 
2,5-clil~ydroxy-4-methylbenzyl mercaptan. j-,,l~l.c;li?t”pS’ricrille, and var!oe~ flnorinarcd 

thiophenols on piatinum and sil1.u. These studies lurre showu that adsorption takes place 

through the sulf~ir atom instead of the aromatic ring. Nevertheless, a variety of structural 

details are proposed. It is noted that for the simplest member of the alylthiol, thiophenol, 

the detailed structure has not been un,lnlbiguously determined. It has been suggested that 

thiophenol forms poorly defined monolayers. The formed monolayers did not, however, 

possess long-range order, excepr on Ag( i i I) surf~es. A well-ordered lattice structure was 

not found by high-impedance scanning tunt~eling microscopy for thiolphenol monolayer 

ei the1 .Ix 111 addition, aromatic moieties incorporated \s.ithin a iong aiiphatic hydrocarbon 

tail do not interfere with the thrmnrion of a11 ordered SAM.; ‘(! The aromatic molecules had 
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smaller tilt angles with respect to surface normal than alkanethiols. In all cases, interactions 

between the aromatic moieties play an important role. 

Although SAiVIs prepared using tlCophcno1 do not exhibit high order, 4-aminothiophenol 

(h-ATT) seems to form well-ordered monolayers on gold suri’aces. Scanning tunneling 

microscopy (STM) studies suggest that it forms a (,v’Tx tf?)R300 monolayer on Au(1 I 1) 

surfaces, with the nearest and next nearest nei@bor spacing of 4.9 k 0.3 and 8.9 & 0.5 A, 

respectively. 13’ Surface-enhanced ramall and infrared spectroscopy studies indicate that 
4-ATP has a near-vertical orientation with the principal axis of the molecule nearly normal 

to the surface.“” 4-Amit~otl~io~~her701 SALUs arc also used to bind negatively charged 
solution-phase probe molecules when solution pH is low enough so that the surface-bound 

alzrino group is proton~ed.~J:~ The pKa val-crc of -t-arllilzothiophelol on gold surface has 
been determined by diffcremia! capacitance measurunenrs to be 6.9 & 0.5 (at +0.2 V versus 

Ag/AgC1).i”4 In mixed mo~~~iayers of thiophenoii-l-ATP and octadecanethiol/4ATP, two 

phase regions exist: 4-ATP domains separate from its partner-rich regions. 132.135 4-ATP 

SAMs have been applied to produce densely packed polyanilinc films with improved 

adhesion, optical and electrochemical properties. In particular, the charge transfer processes 

in the polyaniline film are greatly facilitated. Thcreforc. it has been used for “Llliderpotential 

polymerization” of aniline on gold electrodes. Yanometer scale polyaniline patterns call be 

grown on mixed SAM of 4-ominothiophellol and nctadecanethiol because of the existence 
of phase-separated 4-ATP dornains.lj’ 

1 

I +-.w.-y-.l-&.l -_.- T~“il’ -....,-,- ‘,---.. r..- -,.. “-..i”‘7‘..-,~-,1-,-.11~“-.l--‘,---,--:-”-. 
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Wavenumber (cm-l) 

The vibratiotls characteristic of p-disubstituted benzcncs are given by notions of the 

corresponding vibrations of benzene (refer to Figure 3-S) together with the symmetry 
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species under assumption of C,, symmetry? \\.here the axes arc chosen such that the 

molecule is in the yz plane and z is the C, axis. The benzene ring vibrations are classified as 

a,, a,,, _ b,, and b, species. The a1 and b2 species are in-plane modes, and a2 and b, species 
out-of-plane modes. All but a, are infrared active. 

Frequency (cm-‘) of 4-ATP 

in KBr on Au 

3335 s7 

3036 s 

2564 111 

l620 s 

15% vs 

1393 s 

1423 w 

1284 s 

1 176 m 

Ill9w 

3367 w 

3030 VW 

3000-2800 

1633 s 

1591 vs 

1488 s 

1286 Ill 

I179 w 

111s w 

NH, stretching 

CH stretching, 13 (a,) 

CH stretching (hydrocarbon contaminants) 

SH stretching 

SW, defolmation 

CC stretching. &a (a) 

CC strerching + CT-1 bending, 1% (a,) 

Cc’ stretching + CH bending, 19b (bJ 

CM stretching, 3 (b?) 

CH bending? 9a (a,) 

CH bending, I8b (b,) 

Three prominent absorption bands are obser~~i in this spectrum at 1488, 159 I, and 1623 

cm-’ and al-e assigned to the benzene riots \-ibration bands (1388: CC stretching + CH 
bending, 1921; 1591: CC stretching. Sa) and the NH hcnding band (1623 cm-‘), 

respectively. The other bands are the stretching mode of NH, at 3367 cm“, the in-plane 

bending of CH at 1286 (3), 1 179 (C)a). and 11 15 cm” ( 18b). The observed frequencies and 

relative band intensities IUZ nearly identical to u%at has been observed for 4-ATP on Ag 

surfaces. I36 As noted by these workers for 4-ATP on A g, all of the bands appearing in the 

lRAS spectrum are of a, symmetry; in particular, the b, ring mode that appears at -1420 

~111‘~ in the bulk spectrum is entirely absent from the surface spectrum, indicating that the 

principal axis C, of adsorbed 4-ATP is oriented along the surface nortnal. However, as 

shown in Table S-3, we assign the in-plane C-H bending hands 1286 to vibration mode 3 
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(b,) and 1 I IS cm-’ to vibration mode 18b (b,), different from the assignments to a, modes 
by the above authors. Since the transition dipole moment of a, modes is parallel to the C, 

axis and that of b, is perpendicular to it, we su,, (reest that there is a small tilt angle between 

the C, axis and the surface normal. 

We carried out measurements with XPS on r?iuB, The results for elemental analysis are 

presented in Table S-4, The C Is spectra are proved to be the most informative for the 

chemical nature of the organic SAMs, The eluncutal ratio for N and S is close to the 

theoretical value, but the ratios C/N and C/S (=: IO) are higher than the theoretical value (6) 

due to hydrocarbon col?tamination. In addition, some oxygen was observed, attributable 

mainly to oxidized sulfur species and a possible P wld oxide. The S 2p spectra showed. in 
addition to the doublet at 162.1 and i 63.4 cV due to thioiate hound to gold, a small 

contribution (- 10%) from trxygeu-cont,2inin g sulfur species, probably sulfoaate, at 168.2 

eV.‘j7 The higher oxidation states of s~~lfirr have not usually been detected in SAMs formed 

from aliphatic sulfides or disulfides, but a recent study of an aromatic disulfide SAM 

revealed a substantial amount of sulfonate species on the surface.1~~ The C Is spectrum can 

be fitted using three peaks at 284.3 , 285.5, and 257.0 eV> \\%ich are assigned to the aryl C- 

C and Cc,,,,,-S, C,,,,,-N and contaminated C-f-4:‘:. and CA,,,,-SO3 carbons? respectively 
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(compare literature values 284.6 and 285.6 eV for aryl C-C or C1:,t.,,-S and C,,“,-N, 
respectively). l.3i.II;9 Two nitrogen species were found in the N 1 s spectra of 4- 

al~~itlothiophenol SAMis. The major COtQOtleilt ar 399.5 elf can be attributed to neutral 

amino groups and the lower component at the higher binding energy (40 1 .O eV> to charged 
amino groups (- 14% of the total nitrogen). In si~mnmy, XPS data confirm the formation 

of a 4-aminothiophenol SAM on gold. 

5.5 E’unctional crosslinking groups attached to a~i~lo-te~~~~~~~at~~ 

SAMs on gold surfaces 

In the following text, WC will discuss the results of the different functional crosslinking 

groups attached to NH,-terminated Au sutfxcs: 

1. Amino-reactive crosslinking groups 

2. Photo-reactive crosslinking groups 

3. Thiol-reactive crosslinking groups 

The amino group is a strong nucleophile in peptides and proteins. Because of its abundance 

and omnipresence in peptides and proteins. it is the most important target for chemical 
modification, particularly in cases where cysteinc residues are absent. Since the protonated 

species are not active, the rate increases Lvittl increasing pH as the free amine is formed. 

L>ue to the relatively high pKa of the anmoniunr ion: most of the reagents that react with rhe 

amino group will also react with other fimctionaiities. However, many stable acylated 

products are formed only with the amino c Wmps, providing the biISiS of selectivity. The 

most common reactions of amines are alkq‘lation and acylation reactions. Here we only 

discuss the often used reagents, N-succininnidyl esters. They react preferentially with amino 

groups eliminating N-hydroxysuccininli~le as the Icaving group. The reaction is complete 

within 10 to 20 min at pH 6 to 9. 

I, StltfbCC TC?ilCfiOll lt’itli hi-~ll’-,~~l~‘~~‘iilill~iii~~‘l~~~ii:?’i3~~~l~~iti~ 

Bi-(N-succinirnici)c~~~~o~ate (SC ) has oniy a calbonyi proup &tween two succinirnidyi 
groups. The question is wherher it forms a bridge of carbamicle of not; in this case both 

succinimidyl esters are replaced by amino groups. In fact, the succinimidyl group is still 

detectable with IRAS and XPS. Therefore it is likely that some, SC molecules only react 

with one free NH, group. The terminal succinimidyl ester can be used for inmohilizatio~~ of 

biomolecules with free amino groups. 
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AuC AU0 

AuCSC AuBSC 

Figures 5-6 and 5-7 show the IRAS spectra of AuCSC and AuBSC respectively. On the 

AuCSC surface, the significant peaks are uccinimidyi ester stretch at 1744 (strong) and 

179 1 cm“, amide I at l670 cm“ (strong and broad), and amide TI at 1530 cm-‘. The strong 
amide I indicates formation of a bridge of carhamide. Otherwise, there will bc no amide I 

peak because the tnotl(~-substituted~ group -SH-C(=O)-O- has a strong c’=O stretch band at 

1744 CIE’.I~~ Thus the product on surface AuCSC is a mixture of succinimidyl esters and 

carbamides (Figure S-S). The formation of bridge is most likely thought as a two-step 

reaction: One amino group replaces the first succitiitnidyl group; then the second amino 

group attacks the carbonyl group and replaces the second succinimidyl group. However, 

the spectrum of AuBSC is different from ,\uCSC. The significant peaks are: 1745 and 

1781 WY’ attributable to succinimidyl ccter, I592 cm“ to benzene (4-ATP) stretch, and a 
strong and sharp amide 11 at 1533 cm“. The obvious difference from AuCSC is the absence 

of amide I and the strong amide II. The strong amide I1 peak indicates that the orientation of 

N-C bond is nearly perpendicular to the surface plane. The absence of amide I indicates that 

the bridging structure of carbamide does not exist on the surface. Otherwise, the c&amide 

C=O group would be present on the surface and e111mms the amide I intensity. The strong 

steric hindrance from the benzene group may be the rcaso11 of not forming such a bridge. It 
is suggested that only one product, succinimidyl ester, is present on the surface (Figure 
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5-S). ‘The disappearance of NH, defomntion at 1627 ud’ indicates the nearly complete 

conversion efficiency. 
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The XPS C 1 s spectra are shown in Figure 5-S. On AuCSC or AuRSG, the newly 

introduced carlxmidyl groups NC(=O)N. NC(=O)O and imidyl group C(=O)NC(=O) have 

C 1 s around 2S9 eV. The C I s peak on both surfxec can be deconvoluted into 3 peaks. 
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The only difference is that the alkyd C Is on AuCSC occm at -2SS.0 eV, while the 

aromatic C Is on AuBSC occurs at -284.4 eV. The largcv portion of C Is at 285. I eV on 

AuCSC and 284.4 eV on AuBSC may be attributed to hydrocarbon contaminants. 

Surface E,, of e IS (ev) Assignment 

c-s, C-H”’ 

ALlCSC 2S6.5 (23) C-N, c,-C=O 

289.0 ( I’)) irnidc-, carlmniclo-C 

284.4 (71) aryl C, C-H’!’ 

AuBSC 286.2 (1-i) c-c=0 

imide-C. NC(=O)O 

DTSP has a disulfide bond iletwecn t\vo succinimidyi esters. The advantage is that the 

disulfide bond can be cleaved with thiol compounds, The reaction of DTSP with terminal 

NH, is similar to that of SC. The products can be a disulfidc bridge and/or a terminal 

succinimidyl ester. The IRAS slxctrun~ of AuCTP (Figure 5- 10) shows only the broad 

amide I ( 1660 cm-‘) and amide I1 (1535 cm-‘> bands, indicating fhrmation of the disulfide 
bridge, but no or n trace of succinimiciyl estm on the surtbce (Figure S-9). Ch AuBTP, the 

characteristic lxmds of succinimidyl ester at 1735. 17S5, and 1820 cm’ arc clearly seen. 

The amide I and II bands can be txxasionally detected. In this case, both products are 
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possible, but the donkmnt product is the teminal succinimidyl ester (Figure S-9). These 

structures in Figure 5-9 are further confirmed by XPS measurements. AuBTP has an 

increase of S and 0 contents and the imide C 1s exists at 289.0 eV. AuCTP has an increase 

OF S and 0 contents, but no imide C 1 s is detected at 289.0 eV. 

AUB 

AuCTP AuBTP 

Wavenumber (cm-“) 
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3. Su@ce mrction with di-(N-sMccinimi~~,l) subcrtrtc: (IISS) 

The reaction of DSS with both AuC and AuB forms bridgin, e structures on the surface, 

which are confirmed by the appearance of amide bands in IRAS spectra and the increase of 

C and 0 contents from XPS measurements. Neither succinimidyl ester stretch bands nor 
imide C 1 s signals were detected by IRAS and XPS respectively. 

v 

5.5.2 Photo-reactive crossllinking groups 

Photosensitive heterobilhnctional crosl;lillkers represent a large portion of the 

beterobifutlctional reagents. Because these functionalities are inert until they arc photolyzed, 

these reagents are first linked to a protein or solid matrix in the dark through a group 

directed reaction. The photolabeled materials arc then irradiated to activate the 

photosensitive group which reacts indiscrilninativcly with its environment. 

The photosensitive labels are, generally classified according to the active species they 

produce. Nitrenes are generarcd from uides whereas carbenes are derived from diazo 

compounds and benzophetlotles. Azido derivati\Tes constitute the majority of the 

photoactivable cross-linking agents. ‘Three types of azides, the aryl, alkyl and acyl azides, 

are often used. Among them, aryluides have been extensively used in photoactivable 

crosslinkers. Aryl nzides have a low acti\,ation energy and can he photolyzed in the soft UV 

region. The presence of electron-withdr~t~~,in~ substitutes such as nitro- and hydroxyl 
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~onps further increases the wavelength of absorption into the 300 - 400 nm region. The b 

principal reactions for nitrenes are outlined in Figure 5-12. The aiylnitrenes have a half-life 

reaction time in the order of 10” to 10.” seconds 141 and, therefore, the cross-linking reaction 

is expected to be finished after a very short period of time. 

Addition 

Renrrangement 
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Two typical 1mde1 photocrosslinkers, N-S-azido- 3-tlitrobet~zoyloxys~lccinimidc (ANS) and 
N-succininmidy4 4-benzoylbenzoate (SBB), are chosen for remion with AuC and AuB. No 

reaction was found on AuP3 because ol” the bulky size of the two groups and the strong 
steric hindrance fron-r the benzene group on ~4~13. Uoth aide and benzophenone groups can 

be covalcntly attached on AuC. 

AuCBB 

2500 2100 1900 1600 1300 1 

Wavenumber (cm-l) 

gi 
10 6 1800 1600 1400 1200 
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strongly at 1538 and 1310 cm-‘. For the henz.ophenonc group, a strong peak at 1670 cni is 

due to the aromatic carbonyl group and/or amide I. Other peaks at 1600 and 1527 cm-’ 

correspond to the benzene ring stretch and amide II respectively. 

XPS spectra of AuCAZ show very informative signals in the N 1 s region. It can be fitted 
into 3 peaks: the nrlcin peak at 399.6 eV (60%‘) is attributed to NH, NH-CO, and NNN, the 

second peak at 401.2 eV (30%) to N~5~ the ihid peak at 406 eV (30%) to NO,. The azido 

group is sensitive to x-rav radiation. therefore after 1 h radiation, the peak intensity at 401.2 

eV decreases significantly. 

27800 
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z 27400 
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410 408 4x 4m 402 4GO 398 3Q6 394 
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5.5.3 Thiol-reactive crosslinking groups 

The thiol moiety, with the thiolate ion ;IS the active species: is the most reactive functional 

group in a protein. With a pKa of about S.6. the reactivity of the thiol is expected to 
increase with increasing pH, toward and above its pKa. There are many reagents that react 

faster with the thiol than any other groups. The thiol-reactive functional groups arc 

prinmily alkylating reagents, including cr-iodoacetamidcs, nlaleimides, benzylic halides and 

blomol?lethylketones. We introduced a-iodoacetamide and a series of maleimides on gold 

surfaces through the reaction of amino groups with succinimidyl esters. 

lodoncetamides readily react \vith all thiols, including those in peptides, proteins, and 

thiolated polynuclcoticics, to fom thiolethers (~Figure S- 17): they are somewhat more 
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reactive than brolnoacetamides. The reaction in\.ol\.es nucleophilic attack of the thiolate ion 

resulting in a displacement of iodine. However? when a protein’s cysteine residues are 

blocked or absent, iodoacetamides can sometimes react with methionine residues. They 
may also react with histidine or potentially ryrosine. hut generally only if free thiols are 

absent. Although iodoacctamides can react n,ith the free base form of amines, most aliphatic 

ami nes, except the tr-amino group at a protein’s N-terminus, are protonated and thus 

unreactive below pH 8. Iodoacetamides are intrinsically unstable in light, especially in 
solution; reactions should therefore be carried out ~tnder subdued light. 

cx-Iodoacetamide was attached on both ALIC and AuB, forming surfaces AuClA and AuBIA 

(Figure S-18). The TRAS spectrum of AuCIA itI Figure 5- 19 shows three dominant peaks 

at 1721, 1676 (amide I), and IS3 I (amide II) ctnWi. ‘The peak at 1721 cm” is unexpected and 

tnay be attributable to CHO since part of CH ,I can he oxidized to CHO under daylight. On 

AuBIA, insides the peaks from the background AuB (159 1, 1486, and 1286), a strong 

atnide II around 1521 cm-’ indicates the amide bond. Additional peaks at 1745 and 1780 

cm-’ from succinimidyl esters point to the side-reaction of iodoacetyl groups 

H,N, I-‘,N,H,N, He’\, W’!, HzN, “2N, H2N 

AuClA 

with amino 
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5.5.3.2 Malehides 

Maleimide is the crosslinking group primarily used and discussed in this thesis. The 

molecular stmctures of crosslinkers are shown in Appendix. We selected the analogous 
derivatives with different alkyl chains (3, 3, 6, 8, and 11 carbons) between the 

succinimidyl ester and maleimidyl groups. Additional three crosslinkers with cylcohexane 
and benzeau3 groups between the two crosslinkiu, 0 groups were also studied. 

‘Before discussing the results. the basic IR q?cctra of n~aleilllide-derivatives are introduced 

below. Maleimide has the following structural parameters: 

Most of the authors apply the CJY symmetry on tnaleinlicte-derivatives,‘-” although other 

people use C, instead of C,, for the N-subst itutcd maleimide. The 24 fundamentals will 
accordingly split up into the s~~mmetry species: Oa,+3a,+4b,+%,. The a, and b2 

fundamentals represent in plane, ai>d a, and h, out-of-piane modes. All the modes are _ 
Raman active, and all hut a, are infrared active.. ‘There are 3 main JR-active groups: imidyl 

gro~~p (-CONCO-), =C-H, and C-N-C, The imidyl group generally shows more than 2 

stretching vibration bands between 1700 and 1 SO0 c11i’. The intense peak at lower 

frequency is attributed to the asymmetric stretchin, (7 mode, and the weak peak at higher 

frequency to the symmetric stretching mode. The tnaleimide =C--E-I exhibits the stretching 

band at -3 100 cm*' and the out-of-plane bmditlg bmd nt -830 cm“. The symmetric C-N-C 
stretching band around 1350- 1440 cm-’ is suggested because very strong Raman lines 

appear for the imide-derivatives around the sam region? where no phenyl and carbonyl 
modes are expected. LU The stretchincT mode of’ ;t C-N group adjacent to a C=O group also b 
appears around 14X- 1300 cn-’ . The coupling bettveen the different types of C-N 

stretching modes may split this mode into se\~al mediulll-intensity bands in this region. 

5.5.3.2.1 IRAS results 
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AuCM3, AuCMG, AuCM8, and ALICM I 1 are enllectcd together in Figure 5-33. The spectra 

of the same functional g~+o~~ps grafted on AuB are shown in Figure S-25. Three regions: 

1500-2700 (C-H stretching), IOOO- 1500 (imide and amide bands), and 1500-I 000 cm-’ are 

the most interesting areas to be discusscci ill detail. 

AuCM3, AuCM4, AuCM6, AuCMR, AuBM3, AuBM4, AuBMG, AuBM8, 
AuCMl I, A&MC, AuCMB, AuCMP AuBMll, AuBMC, AuBMB, AuBMF’ 

: SMP. SMB. EMCS. SMO, SMU, SMCC, SMBZ, SMPH 



5. Surface reactions 

2500 2000 
Wavenumber (cm-i) 

AuBMB 

AuBMP 

I /---,-.--,-..- 7 ---I----- ,-~._-._- _,... ,. __,-_-)-.._ .__( ___ ___l-- ,.... -.-I ...--_ r”_--,-.- . . . ..-.. . -j 7 

3500 3000 2500 2000 1500 
Wavenumber (cm-l) 



5. Surface reactions 109 

“i ( / / ,: / .,-~---“~“-. “--,~‘-“-:-‘>‘~ .-.. lr-- i I j-77-TI_ -T-‘- --i--l-- 
3500 3000 2500 2000 1500 IO 

Wavenumber (cm-l) 
1 

The C-H stretching vibrations can pro\-ide information about conformation and orientation 

of hydrocarbon chains. Studies of bulk and self-organized alkanethiols with different chain- 

lengths have shown that the asymmetric and symmetric CH, stretching bands are sensitive 

indicators for lateral interactions between long alkyl chains. Idi Their precise positions can 

be used to distinguish the all-tram (clystallinc-like) and garrche (liquid-like) conformations 
of alkyl chains. It was suggested that the arrangement of hydrocarbon chains of the n- 

alkanethiol SAMs on Au and Ag with ;1 chain-lcngrh between hexadecylthiol co docosylthiol 

is very similar to that in the bulk crystalline phax. 

Table 5-6 lists the valuus from literature for the band positions of the symmetric and 

asytnmetric CH, stretching vibrations of some nlkylthiol SAW on gold. It can bc seen that 

the wavenumber decreases with increasing the hq’drocarbon chain. By comparing band 

positions of bulk crystalline and liquid alkylthirtls, it has been concluclcd that the 
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wavenumber correlates with the degree of orders of the h)*dtvcarbon chain: crystalline-like 

layers show absorption maxima between 39 I7 and 2920 cm-’ for the asymmetric and 

between 2849 and 285 1 ctli’ for the symmetric CT-i, \%rations whereas very disordered 
layers show band positions up to 2928 cni’ for the as\rmtnetric and 28% cm-’ for the ” 
symmetric CH, vibrations. Both the symmetric and the asymmetric CH, Wet-thing 

vibrations thus show a similar trend, but in the case of the symmetric mode it is usually less 

pronounced. 

Self-assembled on 

The CH, symmetric and asymmetric stretch bands of the maleilllide-modified surfaces al-e 

listed in Table S-7. These values are in the region of liquid alkylthiols. Therefore we 

conclude that the alkyl chains of these ultrathin films are randomly ordered. 

It is worth noting that careful attention must bc paid to assigning and explaining the peaks 

in the C-H stretching regions because the peaks from the goal molecule often combine with 

those from the contaminants. If the reference Au sample is not fresh, negative peaks are 

often observed in this region. However, if the refrrcnce Au is fresh, stored not more than 

30 min in argon after coating, C-F-I stretching peaks from the contaminants are often 

obscrvahle in this region. 
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AuCM3, AuBM4 

ALlCM, AuBM6 

AuCM8, AuBM8 

A&Ml I, AuBMl 1 

AuCMC, AuBMC 

AuCMB, AuBMB 

AuCMP, AuBMP 

The tletelobifLlnctiotla1 crosslinkers bearing succinimidyl ester and malcimidyl groups 

(SMP, SMB, EMCS, SMO, SMU, S1\/ICC, SMBZ, and SMPB, see Appendix for 

molecular structures) have 4 peaks in the C=O stretch region (1700-1900 cnl-‘) around 

1710 (sj, 1740 (s), 1780 (m), arld 1830 (1~) UK’. The peak 17 10 CIC’ is assigned to the 

asymmetric stretch of maleimide-C=O, 17-N cm-’ to the asymmetric stretch of succinimide- 

C=O. 1780 cm” to the ester group -(C=C))O-? and IS20 cfKi 10 the symmetric stretch of 

succinimide-C=0. The symmetric stretch band of maleimide is weak and may bc hidden by 

the above 4 peaks with higher intensity. The expected structures after reaction with terminal 

amino groups are shown in Figure S- 2 1. The maleimidyl groups are immobilized on the 

surface but the succinimidyl ester groups are replaced by amide gro~qx, From the 

suggested structures, the strong R-active L‘ croups shnulci be maleimide and amide. 

Therefore it is expected that: 

* The maleimide stretching bands around 1710 cni’ will be observuhle but the 

succinimidyl ester stretching bands abo1~2 17N cell! wiil disappear. 

* The amide I around 1660 cm-’ and/or amide IT hound 1540 cm-’ will be observabk. 

In fact, the experimental results in Figures 5-23 and S-25 show some differences from the 

above suggestions. They are discussed below. (Tn order to avoid repetition, the fklctional 

groups attached on AuC or AuB surfaces exhibit the similar behavior in TTTAS spectra and 
are discussed together, since the backgrn~~ncl spectra of :!.uC and AuB are different.) 
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Firstly, the band at - 17 10 cm-’ is observable for ail malcirl?ide-rnoctified surf~es, pointing 

to the existence of maleimidyl groups. The t~~~~‘number of this band decreases from 

maleimidyl propionoyl group (M3) at 17 17 cm.’ to rnaleimidyl octanoyl group (M8) at 1705 

cm“, and then increases to 1710 cm-’ for tnalcimiclyl undccanoyl group (Ml 1). This may be 

r&ted to the interaction between the maleimide group and the amide group. The shorter 

alkyl chain stiffens the maieimide bond and thus I nc:ast)s the strercb band. The maleimidyl 

phenyl group (MB or MP) modified surinccs shun this l-uci ;troLulct 6720 UC’ due lo the 

direct connection of benzene to the imide group (Figures 5-22 and 5-X). Surfaces with 

M3, M4, MC, MB, and MP groups have only this band it? the region 1700 ++ 1900 cm-‘. in 

agreement with the suggested structures in Figure 5’21. However, s~ufaces AuCMG, 

AuCM8, AL~BMG, and AuJ3M8 show additional multiple bands in this region, similar to 

their prazursors, EMCS and ShdO, respcctiyely. Ml 1 pendant suk~es show 

polymorphisn~ in this region. AuCMl I shows a single peak at 1710 cm-‘, while AuBMll 

has two peaks at 17 10 2nd 1736 cm”. 

Surface Frequency (CXI-‘) Surface Frequency (cm-‘) 

AuCM3 

A&M4 

ALlCM6 

ALICMX 

AuCMl 1 

AuCMC 

AUCMB 

AuCMP 

1716 

1710 

1706> 1735, 1786, 152 1 

!707, :74s, 1783, 1821 

1710, 1736 

1714 

1719 

1721 

Secondly, the weak intensities or disappc;ararlce oil amide I a~~~ut~ci I670 crrii ar-dior amide 

II around 1530 CIX for rualeirnide-rnodifie~l surtkes are unexpected. Amide II bands are 

somewhat stronger than amide I. Sometimes a medium and broad band of amide II can be 

found on AuCM6 (Figure S-26) and AL~~M/IC~. The SAMs bearing amide groups on ALI 

surfaces have. been reported to exhibit strong or medium peaks of amide I and/or amide 
11.1~” However. the amide bonds here LLYY(: produced from the surface reaction, different 
from the self-asscmbiinp proce5\;, The orientaLions ni‘ amide groups can be quite different. 

We believe that the orientation of amide groups m&c‘; amide I and II bands weak 01’ 

missing. Similarly, the very tweak or Eden missin, (7 bands of the benzene ring stretching 
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modes at - IS90 and - 1488 cm“ on AuCMB and ALICMP surhces may also be attributed to 

the orientation of the benzene group (Figures 5-22 and 5-23). 

The remaining important bands arc the C-N and/or C-N-C stretching modes. M4, M6, and 

M8 pendant surfaces show two peaks at - 14 ~()‘45.‘4” & - 1370 cm-’ with medium 

intensities. They can be assigned to the C-N-C symmetric stretch and C-N stretch modes. 

-----.----,-----.- ..,.. .^._.__ 7----.- ,_-_ ---- -T--“..““‘-._. .““_. I i ..-, _.-.__ 1----7--‘- _.-. -I- ---,.-.---- 
1800 1600 1400 1200 1000 800 

Wavenumber (cm-‘) 

Why do the spectra oi‘ MB, LM8, and Ml 1 pendant surfaces show multiple bands in the 

region 1700-1900 CIII~‘. different from othu deri\xt ivc.s’? We compared the IRAS spcctmrn 

of the typical surface AuCMG with the IK spectrum of’ its precursor EMCS (in KBr), md 

found that nearly every peak on ALICM~ has its correspondent one in EMCS (KBr) (Figure 

S-26 and Table 5-C)). In the region 1700- 1900 cm“, all four peaks at 1707, 1745, 1754, 
and 182 1 cm-’ on AuCM6 match those peaks in EMCS (KBr). Even in the lower frequency 
region, 1442 (CH, bending). 14 10 (symmetric mnleintide C-N-C stretching), 1370 (C-N 
stretching), I2 IO (:~synunerric succinimide C-N-C stretchingj, and IO7 1 (ester C-O-N 

stretching) cm“ also have their correspondent peaks in EMCS, Does it just mean a physical 

adsorption of EMCS on anlino-tomlinated surface ? ,~lthoLigh we can not exclude this 

assumption absolutely, the foliorving evidences support the chemical reaction but not the 

physical adsorption, These arguments are: The decrease or disappearance of the NH, 

deformation band at 1623 cm“ 011 AuB-based surfaces points to the chemical conversion of 

NH, to other amine types, either secondary or tertiary xnines: the amide 11 band on AuCMG 

(Figure 5-26) definitely confirms the formation of peptide bond; the incubation of samples 
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Frequency (cm”) 

EMCS in KBr AuCM6 

3504 w 

3092 III 

2946 s 

2871 1-11 

18 17 111 

1784 nrr 

1741 s 

L701 s 

1445 w 

14 13 Ill 

1372 111 

1205 s 

1065 s 

X63 111 

833 111 

69s 111 

650 Ill 

1821 IV 

L784 Ill 

1745 5 

1707 s 

1540 w, b 

1442 w 

I 4 10 n-t 

1370 w 

1210 111 

1071 w 

Another possibility is the formation of bg’-pmduct~ from side-reactions. It is well known 

that the main organic reaction in bulk states is acconqxmied by many side reactions. The 

surface organic reaction should have 9 similx behavior. The possible reactive sites for 

EMCS are the succinimidyl ester and the double bond of the rnaleimidyl group. As pointed 

out before, the reaction of amino groups Lvith maieimides becor~~es significant only when 

the pfI is larger than 7.0, However, here the reactiorl is cmicd out in organic solution, the 
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reaction mechanism could be more complicated. For EMCS and SMO, maybe the molecular 

structures approaching the surface have strong interactions with the surface and thus 

promote the side reaction. Tn this case, both reactions occur, and the resulted bonds are 

-C(=O)-NH- and -CH-NH-, The pcptidc bond has been definitely confirmed by the 

amide llI baod from YRAS spectra; there is no direct e\?dence, however, to prove the bond 

-CH-NH-. The indirect evidences can Lx obtained from the yielded products. Three 

products can be anticipated: rrlaleilllictyl-r?eilctant, succinimidyl ester-pendant. and bridging 

structures. The succinimidyl ester is definitely confirmed by the ester stretching bands at 

1745, L784, and 1821 cm-‘. The existence of maleimide is definitely confirmed by 

combination of IRAS. XPS, and NEXAFS measurements: the maieimide IK band at I707 

cm“, the imide-C in XPS (C is at 280.0 cV), and the double bond C=C from NEXAFS 

measurements (Figure S-27). The ankle-dependenr NEXAFS measurements (Figure S-27) 

also indicate that all groups are randomly xranpecl. Although the bridging structure can not 

be excluded definiteiy. we suggest that the steric hindmnce blocks the formation of such a 

bridge with a very high tension. Thus, even if it exists, it will be a small portion on the 

surface. As described above, the, surface reactions ot’ amino groups with EMCS and SMO 

product a mixture of both nxlleimidyl and succininlidyl ester groups (Figure S-28). The 

molar ratios of maleimide to succinimidyl ester can be estimated to 1 and 4 for MG and M8 

pendant surfaces, respectively, according to the intensity ratios of the peaks at 1707 and 

174s Cn.l’. 

3 i--- -^-. -.-_- .-,--- - _____ __-_---- .--.. - -. -r-- ._..._- ~I .-. .~- __..? 

n:i: cc=o,~ 288.2 eV 

-0 5 l-.. -_._. - .” 210 .- -...-.. . . ~.~-. . --._.!_ .--- 
270 290 300 

-...-- 3;” ._.~__..._ &I -^--- -.... J 
330 

Photon energy (eV) 
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Additional reactions were carried out to esatnine the side re:kcrion. The reaction of amino- 

terminated SAMs with molecules bearing the single succinimidyl ester group such as N- 

succinimidyl hexadecanoate (SH) ~CCLII’S easily under the mild reaction conditions. In the 

case of maleimidyl moiccuies such as N-ethyl maleirnide. no reaction occurs at room 
temperature, but reactions do occur at a higher temperature (above 50 “C). The side-reaction 

of terminal NH, with maleimide is also observed on M3 and M4 pendant s~~rfi~cs if the 

reaction temperature is raised to SO “C. Figure S-29 shows the IKAS spectra of M3 and M4 

pendant surfaces produced at 50 “C, The shoulder peak around 1740 cm’ is clearly 

observable. This hints that the relative rare of side reaction relates not only to the molecular 

structure (e.g. E~MCS) but also to the reaction tcrnpcrature. 

AuC 
AuB 

I 

S S 

AuCM6 AuBM6 
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5.5.3.2.2 Reaction yields 

The reaction yield cm be calculated froru RAS spectra. Specially for 4ATP, the 
unchanged benzene ring stretching peak ar 159 1 cm -’ is an internal ref’erence. The decrease 

or disappearnncc of the NH, deformation peak at I623 cm cm be used to calculate the 

reaction yield. The absorbance ratios for the tm~~ bands on AuB are from Beer’s law: 

A&4, = ;I, bc/a,bc = +I, 

After the reaction with crosslinkers, some or all znino cpups are transformed to amide 

groups. This C~USL‘S the intensity of the NH, defommtion at 1623 cmw’ to decrease or 

disappear. It is reasonable to assu~ne that the reaction has no large effect on the benzene 

ring structure and that no arninothiol SAMs xc released during the reaction. Therefore, the 

nbsorptivities ~1, and I L ‘, and the benzene concentration c’ of the SAM are the same as that 

before the reaction (we use c’ instcnd of c because the individual san~plc does not have the 

icteiltic~~l surface concentration). 
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AJA, = a,bc,/a,bc’ = a,c,/a,c’ = (A,/A,)(c,/c”I 

where A,’ and A?’ are the absorbances of peaks 1 and 2 after reaction, c, the surface 
concentration of NH,, and c’ the surface concentration of benzene. 

The above formula can only be applied to AuB-based surfaces and are not suitable for the 

calculation of AuC-based reactions. We estimatt‘ the reaction yields of AuC-based reactions 

by using the formula in Section 4.3.4. cieciuced fioni the XPS neasurements. The atomic 

ratio (N/S or others) of each Au@-based surface is utnployecl to calculate the reaction yield. 

Reaction Yield (%) Reaction Yield (%) 

ALIB -+ AuBM3 

AuB --+ AuBM4 

AuB + AuBM6 

AuB --+ AuBM8 
ALIB -3 AuBMi 1 
AuB -+ AuBMl3 
AuB --+ AuBMP 

AuB --+ AuBSC 

AuB -i AuBTP 

AuB -+ AuBS8 

AuB -+ ALIBIA 

40 - 70 
40 - so 
so - 90 
30 - 45 
20 - 40 
40 - 80 
40 - so 
GO - 90 
30 - so 
40 - 60 
40 - 70 

AC -3 ALlCM3 

AuC --+ AuCM4 
AUC ""-3 AuCMG 

AuC “-3 ALlCMS 

ALIC -3 AuCMll 

AuC -+ AuCMB 

ALlC -3 ALlCIvfP 

ALlC -3 AuCSC 

AuC -+ AuCTP 
AuC’ -+ AuCS8 
i-IUC --+ ALlUA 

SO - SO (via N/S) 
50 - 90 (via N/S) 
GO - IO0 (via N/S) 
30 - 60 (via N/S) 
30 - SO (via N/S) 
SO - SO (via N/S) 
50 - SO (via N/S) 
GO - 90 (via N/S) 
40 - GO (via N/S) 
40 - GO (via C=O/N) 
50 - 90 (vii? I/N) 

The reaction yields of AuB- and AuC-based s~ufxcs are listed in Table S-10. They are in a 

rnnge of values, similar to the chemical rextim in solution. Although the complete 

conversion can be achieved through extending the reaction time and/or via other stringent 

conditions such as stronger sonication and/or higher temperature, the molecular loss from 

the surface also gets greater, and thus the surfxe coverage becomes smaller. 

5.5.3.2.3 XPS characterization 
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respectively, ALICM~ has the highest C content and the lowest Au content on AuC-based 

surfaces in Figure 5-30. The same tendency is shown in Figure 5-31 for AuBM6 on AL&- 

based surfaces. These point to the highest surface coverages of NE pendant species among 

rnaleil7lide-modifed surfaces. 

80 

60 

tlAuC 

-. EJ AuCM3 

AuCM4 
EI AuCM6 

LYALICM~ 

q AuCM1 1 

N 0 s 
Element 

Au 

a Au6 

q AuBM3 

fa AuBMG 

EJ AuBM8 

ia AuBMl 1 -- 

q AuBMB - 

pi AuBMP 

N 0 S 
Element 

Au 
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The chemical shifts indicate the oxidation states of the cletnents. Before giving the fitting 

results, the chemical shifts of C 1 s, 0 Is, and N Is are described below. 

c Is E~ir~dXing energies 
1. Alkyd carbon bound to itself and/or hydrogen only, no mater what hybridization, gives 

C Is = 285.0 eV (often used as a binding energy reference). 

2. Aryl carbon bound to itself and/or hydrogen only gives C 1s = 284.5 cV. 

3. Oxygen and nitrogen induce shifts to higher binding energy by 1.5 eV per C-O (or 
C-N) bond. 

4. Carhonyl carbon (C=O in aldehyde. ketone. and amide) gives C 1s = 288.0 eV. 

S. hide carbon gives C Is = 289.0 cV. 

Xyl-C 
dkJM~ 

c-o, C-N 

c=o 

imide-C 

- 3S4.S eV 

- 28S.O ev 
-256.5 c\’ 

- ‘SX.0 ev 

- 2s9.0 ev 

The deconvolution results of C Is spectra are based on the carbon oxidation states in Table 

S-l 1. On AuC-based surfaces, the carbon oxidation state can be deconvolutcd into 4 peaks 

except the aryl-C. On AuB-based surfaces. C Is can bc deconvoluted to S peaks. The 

exceptions are ALIBMB and AuBMP fitted Lvith only 4 peaks without the alkyl C 1s. Tt is 

worth noting that the variabie reaction yields make the reproducible evaluation difficulr. 

0 Is from most organic firnctionalities fall Lvithitl a narrow range of -2 eV around 533.0 

eV. The extremes are seen in carboxyl and carbonate groups in which the singly bound 

oxyge~l has the higher binding energy, In our case, the carbonyl 0 Is f?om amidc and imide 

is around 533.0 eV. 

Many common organic nitrogen functionalities give N 1 s binding energies in the narrow 

region 399 - 401 eV. These include -CN, -NH,. amide -CONH, and imide-N. 

Quarternization, as in -NH,‘, only increases the binding energy by - 13 eV above that of 

the free amine, 
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The binding energies of S and Au are similar to those on ALIC and ALIT and not discussed 

again. 

Among the 5 detectable elements, C, N. 0. S, and Au, the most inflormative peak is C 1 s. 

The other 4 elements do not show significant teatures from AuC (or AuR) and the lower 

contents of N, 0, and S enable the deconvolution uncertain. Thus the deconvolution results 

of N, 0, and S are omitted. The fitting results of c‘ 1s on the maleimide-modified surfaces 
are shown in Figures S-32 and 5-33 and listed it) Table 5-12. On AuC-based surfaces, 

ALKIM? and AuCM4 have similx C Is shapes and the fitting results are also similar. 

hCM6 showing the best resoiurion of C i s 3 X9.0 eV indicates the highest coverage of 

imide groups on the surface. Wit12 incrtxsin, ‘1 the ixbon chains to AuCM8 and ALCMII 1, 

the hydrocarbon contents increase. On the two phenyl maieimide-modified surfaces, 

AuCMB and AuCMP. the aromatic C, 1 s at X-t.5 eV merges together with hydrocarbons at 

285.0 eV. On AuB-based surfaces, an additional peak of aromatic C Is at 284.5 eV is 

isolated. They show the similar deconvolution trends to AS-based surfaces. 
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17ow 
i AuBM3 

300 2Qi 210 iril 75 
Binding&&y [aV] 

290 m xc 
Binding Energy [eW 
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lb000 i 
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Surface C Is region 
E,,(eV), 92 
285.1 (45) 
286.2 (24) 

ALlCM? 287.7 (li) 
289.0 (20) 

285.1 (3Sli 

286.2 (33) 
ACM-C 287.7 (9) 

289.0 (2 LI, 

2s5.1 (40) 

286.2 (32) 

AUCM6 2ss.o (7) 
x9.0 (2 1) 

285.0 (671 
286.3 ( 19) 

AuCM8 387.5 (6) 
2s9.0 (23) 

285.1 (63j 

286.3 ( 17) 

AuC,Mll 287.S (9) 
289.0 ( 13) 

C 1s region 
E,,(eV), % 
284.6 (43) 
285.5 (30) 
286.8 (13) 
288.2 (8) 
289.4 (6) 

x4.4 (38) 
285.5 (25) 
286.5 (13) 
237.2 (8) 

289.0 (I 6) 

284.0 (19) 
285.1 (43) 
286.3 (17) 
287.8 (7) 

289.0 (14) 

284.4 (52) 
285.4 (18) 
286.5 (IS) 
287.8 (4) 
289.0 (I 1) 

284.6 (43) 
285.5 (30) 
286.8 (I 3) 
287.8 (8) 
389.4 (6) 

284.5 (67) 
286.0 (18) 
257.7 (5) 

289.0 (10) 

384.X (64) 
286.2 (20) 
287.9 (6) 

289.0 (10) 



5. Surface reactions 125 

5.5.3.2.4 Film thickness and contact angk measurements 

The film thickness was measured with ellipsometry. Normally, if the film is homogenous 

and densely packed, the film thickness will increase with increasing the alkyl chain. The 

measurements, however9 showed that AuCM6 and AuBM6, not AuCMl 1 and AuBMl 1, 
had the thickest films on AuC- and AuB-hseci surfaces respectively. This is in accordance 

with XI’S and IRAS measurements, pointing to the largest surface coverages on M6 

pendant surfaces. 

The advancing contact angles on these surfaces :arc around SO:‘. 

Surface 

AUC 

AuCM? 

A&M4 

AuCMh 

AuCM 8 

AuCM 11 

Contact angle 
* -4” 
45” 

56” 

s7O 

60° 

SP 

51” 

AuB to SO” 

AuBM3 23 58” 

AuBM4 26 s”7O 

AuBMG 36 58” 

AuBMS 37 54O 

AuBM 11 25 5.3” 

5.6 Self-assembled monolayers of N,N’-bis(maleinlictyll~exano3il) 

cystamine (AuBMHC) 

In Section 5.5.3.2, we discussed the possible smface structures of AuCM6 and AuBM6 

mainly based on comparitl g their IRAS spectra n,irh the IR spectrum of their precursor 
molecule EMCS in KBr, We suggested a mixture of maleimide and succinimidyl ester 

groups on the surfxc due to the side reaction of N’H, with maleimide. HoLvever, other 
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factors such as molecular orientation can also influence the ELLS spectrum. ln order to 

prove our suggestion, two compounds, N,N’-bis(maleimidyll~ex~~~~oyl)cyst~~~~ine (BMHC) 

and N-(maleimidylhexanoyl)aniline (MHA) were synthesized and purified. BMHC is the 

product expected on AuCM4 and can be self-assembled on ALI (briefly as AuBMHC). 

Studies of the IR spectrum of BMHC in KBr and the TRAS spectrum of its SAMs on Au 

surfaces give the detaiis of the peak assignments and the orientation of tnaleirnidyl gro~rps. 

Ql~~tI~~~~~CX~:~~ of the 3WA5 spccm kw3h cc.‘11 AuCM6 and AtnB MHC provides more evidence 

rl:r the mixed species 011 Auil!Vl6. The orientation of maleimide on AuBMHC is estimated 

by us3ng a method developed by K. 1ida.s’ MHA is just a model compound synthesized for 

comparison of the maleimide C=O stretching bands with AuBM6. 

5.6.1 Synthesis of N-(maleimicl~lhexanoyl)ani~ili~e (MHA) and N,N’- 
his(malein~idylhexanoyl)cystarnine (B3fHC) 

1. N-(Maleimidylf~exanoyl);luiline (MHA) 

0 8 
~t.-.-&~--/ + HO*tiN -...-.- 

c 

NH2 

MHA is a new compound synthesized according to a method used by Collioud et al.. 147 

6-Maleimidylhexanoic acid (0.3 1 p. 1 nmol~ was dissolved in IO ml of DMF and cooled to 

- IO OC under nitrogen. 7’riethylarnine (16s 111, 1.2 nnnol) was added to the stirred solution 

followed by dropwise addition of ethJ,l chlolofomnte (1 13.4 ~1, 1.2 TIII~O~) in 1 ml of 

DMF. l’he reaction nlixture nas stirred for 15 ulin and the aniline (103.3 111. 1.1 mnol) in 1 

ml IL)MF was slowly added. After 20 tnin stirring, the solution was allowed to warm to 

ambient temperature and was stirrcci for 1.5 11. The reaction mixture was poured into 20 ml 

of 1 M NaCl on ice under vigorous stirring, The solid product was collected by filtering 

and washed with enough water. After dryin g, a white solid of 0.1 g was obtained. 

NMR (CDCI,) 8 7.55 (d , 2 H, ArI-I), 7.38 (t, 2 H, ArX-I), 7.19 (s, I H, NHC=O), 7.16 (t, 

1 H, ArH), 3.53 (t , 2 H, CH,N), 2.37 ct. 2 H, CH,C==O). 1.72 (m, 4 H, CH,, CH,), 1.38 

(m, 2 H, CH,) 
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Frequency Assignment 
(cd) 

3442 w 1704+17-10 

33 10 1x1 asym antidc NH stretching 

3306 s sync amide NH stretching 

326lw amide I + aryl CC ( 1601) 

3094 s ma1 CH stretching 

307ow aryl CH stretching 

2937 s asym CH, stretching 

2866 111 sym CH, srretching 

1770 w sym ma1 C=O stretching 

1704 vs asym ml C-0 stretching 

1664s amide I 

1620 w NH defonuation 

syrn C-N-C stretching 

C-N stretching 

a-y1 cc stretching 

asynr C-N-C stretching 

ma1 CH bending 

aryl CC bending 

ma1 CC bending 
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2. N, _nl’-Bis(maleimidyIhexanoyl)cyskarmaine (BMHC) 

DIEAiCH*CI, 

NMR (CDCl,) 6 6.70 (s, 4 H, ma1 H,. G.-t-! (t. CONH>, 3.52 (m, 8 H, CHINH, CH,N), 

2.82 (t, 4 H, CH,S) , 2.2 1 (t, 4 H, CH,C=O). I .63 (m. 8 H, CH,, CH,), 1.32 (m, 4 H, 

CH,). 
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5.6.2 Infrared spectra of BMHC in KBr and in SAMs 

Frequency (cm-‘) 
RMHC in KBr on Au 

Assignment 

3450 b 

3310 VS 

3093 m 

2940 s 

2866 m 

1767 VW 

1700 vs 

1646 s 

1546 s 

1443 w 

1418 111 

1375 w 

1337 w 

1307 w 

1’254 w 

1210 W 

1186 w 

1129 w 

838 111 

698 Ill 

1774 v\v 

1712 s 

1543 Ill. h 

1443 \v 

1412 III 

1377 w 

12 17 vw 

1700 + 1745 

amide NH stretching 

inal CH stretching 

xym CH, stretching 

sym CH, stretching 

syrn imide C=O stretching 

asym imidc C=O stretching 

amide I 

anticlc IT 

CFT, bending 

syrn C-N-C stretching 

C-N stretching 

CT-T, bending 

CH, bending 

amide TII 

nsytn C-N-C stretching 

s30 \v ma1 CH bending 

ml CC defbrniation 

3500-2700 cm-’ region: The bulk spectra of RMHC (Figure S-35 and Table 5- 1s) show a 

broad band at 3470 cm“ attributable to the overtone of imide C=O stretching mode (1700 
+1767); a weak, sharp peak at 3450 and a strong one at 3310 cm’ are attributable to the 

amide N-H asymmetric and symmetric (amide i-2) htretchin, (* vibrations: three weaker bands 

are around 3 100 cm“ (3 104, 3OSX, 307(l), in lvhich 3 104 cry! can be assigned to the amide 



B caused by the Fermi resonance-enhanced overtnnc of the amide II band at 1546 cm-‘, and 

3088 and 3070 CI~’ to the asymmetric and symmetric vibrations of maleimidyl =C-H 

stretching mode; the peaks at 2939 (strong) and 2866 (medium) cni“ are attributed to the 
asymmetric and symmetric stretching vibrations of tnethylene groups. Both of these 

methylene stretches are in close agreement with the reported values for a more liquid-like 

state, rather than the expected ideal crystalline-like state. 

I SOO-1500 cm“ rqion: The imide group -C~i=O)N(O=)C- exhibits a strong asymmetric 

stretching band at 1700 cm“ and a weak 13~11 broad shoulder around 1770 cm-’ attributable 

to the symmetric stretching mode. The amide carbony (C=(1) functionality usually exists in 

a trans configuration with the N-H group. Lvith the C=O stretching band (amide I) 

appearing very strongly at 1646 cni’ and amide II at 1546 cm-‘. The different torsional 

motions involved in the amide II hand for such a trans L’onfiguration are also believed to be 

~xsponsiblc for the amide 111 band (1?54 cm‘!), although it is rrsuaily much weaker 

compared to the amide I and 11 bands, 

1500-l 000 cm.’ region: It is difficult to exactly assiFt every peak in the fingerprinting 

regions. However, based on the references, WC tentatively assign the peak at 1443 cm-’ 

(weak) to CH, deformation band, 14 1 S cnl-! imedium) to C-N-C symmetric stretching 

band, 1375 cm-’ (weak) to C-N stretching band, 125-C cm-’ to amide III, and 1210 cm“ 
(weak) to the C-N-C asymmetric stretching band. Here the assigmnents arc uncertain but 

reasonable. 

1000-600 cm- region: The maleimide alkeny1 C-H out-of plane bending mode of species b, 

is observed at 83s cm-‘. The strong infrared band 698 cm-’ is connected with a ring 

deformation mode of species b 2 * This vi bration seems characteristic for five-membered 

hetcrocyclic ring systcnis.lJL) 

The peak frequency shift observed in the imide band ( 17 13 vs 1700) to higher values 

suggests that the interchain interactions. c.g.. the Van der Waals interaction within the bulk 

KBr and the monolayer on gold, are different, The amide I1 band around 1540 cm-‘? which 

was reported by Tam-Chang ct al.‘sn to indicate the presence of hydrogen bonding, 
correlates well with the experimental value obtninect in this study (1543 cm“). It is possible 

to assign the other absorption Gcquencies from the surface spectra that seem to correlate 

well with the characteristic pt‘aks observed in tha hulk spectra. The 1443 cnl- is assigned to 

the CH1 deformation. 1412. cnl“ to the C-N-C symmetric stretch. 1377 cm-’ to the C-N 



5. Surface reactions 131 

stretch, 1260 cm-’ to the amide III? and S30 cni’ to the maleimide C-F-T bend. The 

possibility of making these unique peak assignments implies that the maleitnide moiety is 

not lying parallel or standing perpenclicular to the gold substrate surface. The exact 

orientation of the maleimide group will bc discussed later on in detail. 

We observed the absence of the amide I hl>ild in AuBMHC, similar to that observed by 

Lenket al.ls~ and Clegg ct al.. ij? A conclusion can be deduced from the surface selection 
rule that both the N-H and C=O bonds within the monolayers are possibly parallel to the 

surface plane. This is different from some other reports. in which both amide I and II are 

visible. Two possible reasons may be responsible for the discrepancies: OX is the alkyl 

chain length of the monolayer system: the other is the position of the amide functionality. 

Generally, when there are longer alkyl chains and the amide functionalities locate close to 

the gold surface, the n~~nolaycrs sh~lci h;u*c far~~rcti orientations in which the alkyl chain 

axis is nearly perpendicular to the surfact plane. In this case the amide group is in trans- 

form and the amide I band is often absent. 

5.6.3 Estinlation of maleimide orientation 

A method was suggested by Kaz~m lida. et, al. S I to estimate the orientation of molecules i ti 

ultrathin films. This method is easier than other methods when used in the orthogonal 
systems, i.e. there are 3 transition ciipoie momenrs perpendicular to each other. The 

principle is as follows. 

The TR absorption intensity 5 of the ith vibration mode is proportional to the mean square of 

inner product of the transition moment /l and field component E of IR light. 

Ratios of peak intensities, I,, I;, and IL. due to the ~nolecular orientation with trnrlsition 

moments perpendicular to each other are described by the following equation: 

where 6, is the angle betlveetl ,I1 and i:‘. Since oosd is the direction cosine in the rectangular 

coordinates, 
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<cos%; > -t” <cos26)1> -I” <cos’O;> = 1 

For organic molecrlles i:? the unoriented bulk st;ite such as in KBr pellets, 

<cos%i > = <cos26),> = <cos-dn > = Ii? 

Thus, ratios of peak intensities, ri;Di’>I;“r. I?” are expressed as follows: 

This equation meitns thai the ratios of the ptxll intensities in the spectrum of KBr pellets 

correspond to the ratios of the square of the tr;ulsition dipole moments. Since there is only a 

perpendicular field component nt the surfkx in IRAS spectroscopy, only molecules with a 

finite transition moment component perpendicular to the substrate are observable. Ratios of 

peak intensities, 17,‘. IF,‘. 1,~~’ in IRAS spectrum are given by 

Therefore, <cos’@~>, ax~s2$,>, and <cos’Hk> can be determined as follows: 

13ased on these cquationsT the molecular orientation of organic compounds on metallic 

substrate can be qumtitati\~eiy evaluated from the IRAS spectrum and the transuksion 

spectrum of the same molecule in the unoricnted bulk state such as in KBr pellets. The three 

transition dipole moments are not necessarily perpendicular to each other, but, if so, 

<cos+b should be represented by means of a more complicnted expression, Fortunately, 
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rigid molecules may usually have three vibrlttion modes with transition dipole moments 

perpendicniar to each other. 

Here we apply this theory to our modei ~~~0iec~~ie. As poinred out in the i[R assignment 

tables, the sigid maleimide group has enough vibrational modes with transition dipole 

moments perpendicular to each other (Figure 5-X). 

The directions of the transition dipole moments of maleimide (20 symmetric stretching at 

1774 cni’ and of C-N-C symmetric stretching at 1412 cm-’ are perpendicular to the C=C 

double bond. The direction of the transition dipole moment of C=O asymmetric stretching 

at 17 12 cm-’ is parallel t-o the C=C double bond. The direction of the transition dipole 
moment of the maleimide C-H out-of-plane bending at S30 cm-’ is perpendicular to the 

maleimide ring plane. Two groups of vibration modes can be used to calculate the 

orientation of maleimide. One consists of 1771. 17 12, and 830 cn1..‘, and the other consists 
of 1414, 1712, and 830 cm“. Ho~ve~er, both IR intensities of C=O symmetric stretching at 

1774 cm“ in KBr and on Au surfaces are too low to be precisely determined. As the peak 

intensity at 14 12 cm is much stron_cer. it is satisfied for calculation. Therefore, the second 
group is used to evalure the orientation of the tnaicimidyl gro~~p. 

Two problems must be noted when using this evaluation method, One is the sample 

thickness. We described that there is only ;1 perpendicular field component in IRAS 

measurements. This is valid only if the film thickness is suf‘ficiently small as compared with 

the IR wavelength. Even the shortest wavelength of peak used in above estimation, 5.8 ilm, 
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couesponding to 17 12 cm“, is much larger than the SAM thickness, -2 nm. The other 

problem is how the peak intensity is evaluated. The peak intensity is evaluated from peak 

height in this thesis. For the accuracy of the orientation analysis, the evaluation of the peak 
intensity f-Yom peak area may be, if anythin g. reasonable, but is inconvenient. 

direction of electric field in IRAS 

normal of the maleimide ring plane 

The calculated results are shown in Table 5- 16 and Figure S-37. The angle between the 

maleimide ring plane 2nd the Au plane normal is 27”, i.e.. the ring is nearly standing on the 

cc dd surface. Simple calcuiations sho~z. that the outermost atom is oxygen from one 

carbonyl group. This structure is not beneficial for further reactions with proteins bearing 

thiol groups because the cto~~ble bond C=C can not be easily reached due to the hindrance 

by the oxygen. This may be one of the reasons for that ;t 100% conversion efficiency can 

not be achieved when coupling proteins and peptides with this type of structures. 
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5.6.4 Comparison of AuBMHC and A\rrCRffi 

The differences of their IRAS spectra between AuBMHC and A&M6 (Figure S-38) xc: 

1) The amide II (1543 cm-‘) is a sharp and strong peak on AuBMHC, however a weak and 

broad peak on AuCM6. 

2) The asymmetric stretching vibration peak of maleimide on AuBMHC is at 17 12 cm“? 

however it is at 1707 cni’ on AuC~Th. possibly due to the hydrogen bond formation 

between the amide groups on AuBMHC or between the maleimide carbonyl group and 

the unreacted amino group on AuCh46. or a single maleimidyl arm on AuCM6 but 

double maleimidyl arms on AuBMHC regarding the disulfide bond which may not he 

broken although the broken one is generally acccptcd~ or the oriented packinLg. way of 

maleimidyl groups, or the different l~~icroet1t-irotlulent;~ts around maleimidyl gro~lps such 
as the neighboring groups of succinirnidyl esters on AuCM6. The higher frequencies 

1745, 1782, and 1831 cm! on AuCM6 from succinimidyl ester do not appear on 

AuBMHC. 

3) The maleimide C-H out-of-plant bcncling peak at 8.30 cm“ appears on Au B MHC, but 

not on AuCM6. possibly attributable to the orientation of malcimidyl group. 

4) The frequencies. 12 10 and 107 1 c& on AuCM6, related to succinimidyl ester CNC 

and C(=O)-O-N vibrations do not appear on AuBMHC. 

Ill sumnary, all peaks except 8.10 cn-! cm .&IB,MHC can be found on AuCM6. On the 
0th~ hand, the peaks from the succinitnidyl ester ic wmp on AuCM6 do not appear on 

AuBMHC. These strongly support the presence of a mixture of maleimidy 1 and 

succinimidyl ester groups on AuCM6. 

-7800 1600 ---:-- T----i’-- 1400 / 1200 
Wavenumber (cm-l) 

1000 --i----r- 800 
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The XPS results of AuBMHC are shown in Table 5-17. The atomic concentrations from 

experiments are very close to those of theoretical values. The ratio of imide-C to amide-C is 

1.8, close to the ideal value 2. The XPS results of AuCM6 have been shown in Figures 

S-30, S-32, and Table 5- 12. The atomic concentrations and binding energies of all elements 
are sitnilar to AknBMEaC. However the conrcnt of imide-C (C Is at -289 eV) on AuCM& is 

larger than that on AuBMHC, and amide-C (C I s at -288 eV) is less than 

AuBMHC. This also indicates the existence of succinimidyl ester on AuCMci. 

Element 

(orbital) 

c (Is) 

ALL W,,,) 

(4fyJ 

q, (eV> Assignment Atomic concentration 

rel. peak area 

285.0, (42) 

286.0, (30) 

287.7, (10) 

289.0, (1s) 

162.0, (70) 

1 63*4y (30) 

experimental theoretical 

that on 

5.7 Suu1u1ary 

In this chapter, we described the surface reactions of succinimidyl ester groups with two 

aminothiol SAMs (AuC and AuB) on Au surfaces. The main studies are as follows: (1) The 

cystamine and 4-anrinothioghenol SAMs on Au were chnractcrized with IRAS and XPS 

respectively. Cystamine forms a loosely packed submonolayer, while 4-aminothiophenol 

forms a dense and oriented monolayer. (3) The surface reactions of AuC and AuB with the 

homobifL~nctiotla1 crosslinkcrs hearing bi-s-Ltccinilnici~l esters form a bridge, or a terminal 

succinimidyl ester group, or both on the surface. (3) ‘I’\Yo model photocrosslinking groups, 
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N-S-azido-2-nitrobenzoyl and benzophenone. ~vere yafted on AuC, but not on AuB 

because of the bulky size of the two groups and the strong steric hindrance from the 

benzene group of AuB. (4j The thiol-reactive crosslinking groups, a-iodoacetamide and 
maleimide, were grafted on both AuC and Au!3 surf‘;\ces, (S) A series of lileterobif~~nctional 

crosslinkers with different alkyl chains between malcimide and succinimidyl ester were 

studied and compared. The following conclusions can be deduced: At room temperature, 

tbc reactions with SMP, SMB, SMCC, SMBZ and SMPB product the fnnctionalizcd 

surfaces with predominant maleimide-peudallt groups whit h are specific for grafting thiol- 

bearing proteins; the reactions with E?LICS and SMO, however, produce surfaces with both 

mateimide- and succinimidyl ester-pendant ~ ~~roups which arc nonspecific for grafting 
proteins: the reaction with l3MCS has the highest conversion efficiency; the reaction yields 
of Au B-based prod~ms arc caiculared irom thi: intensity ratios of the NH, deformation band 

(1622 cm-‘) to the benzene ring stretching band ( 1 SC) 1 cm-'). (6) 111 ordei to understand the 

specific reaction of EMCS with amino-telminnted SAMs, the target molecule, N,N’-bis(G- 

Inatei~llidylhexanoyl)cystaminc (BMEIC), ~~1s synthesized and self-assembled on Au 

s~dxxx By comparing the lR spectra of AuCMC; with its precursor EMCS, and the IRAS 

and XPS results of AuGM6 with those of AuBMHC, we corlclude that both maleimidyl and 

succinimidyl ester groups are grafted on AuCM6 due to the side reaction of‘ maleimidyl 

groups with amino cL soups. (6) The orientation of tnaieimide on AuBMHC is estimated 
from its TK spectra in KBr and on Au accordin, 0 to a method developed by K. Iida, but 
mxteimidc on AuCM6 is believed to he randomly oriented according to NEXAFS 

measurements. 



6. Grafting PEG 138 

. Grafting poly(ethylene glycol) to amino-terminated 
surfaces 

6.1 Introduction 

Poly(ethylene glycol) (-PEG) coatings are \\*ell known for their protein resistance.“’ They 

enhance the wettability of surfaces, COLW and hide surface charge groups, and 

significantly reduce the nonspecific adsorption of proteins and ceils. PEG coatings may be 

used in biomateriais, chrcPmatograE7hy, eiectwphoresis, biosensors, and other applications. 

In this work, two kinds of PEG cou~poL~n& have been covaiently bound to titanium and 
gold surfkes via reaction of succinimidyl esters ufith primary amino groups respectively: 

C>-[2-(N-succinin~iclyloxycc?rbonyl)-eth~l]-O’-metl~yl~~~~lyethyle~~e glycol 5000 (MW 5000, 

methoxy-PEG-SPA) (Fluka) and Di-?(‘-hyd~osysuccinin~idyl ester poly(ethylene glycol)- 

propionic acid (MW 3400, SPA-PEG-SP,L\) (Shearwater Polymers Europe). Figure 6- I 

shows the grafting reaction of methosy-PEG with surfaces AuC and AuB. The methoxy- 

PEG should have a freely mobile PEG chaitl and the methoxyl group shoulcl be located at 

the, outermost layer, 
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As discussed in Chapter 5, the reaction of NH,-terminated surfaces with succinimidyl 

esters at both ends of a homobifunctional crosslinker (in the present case SPA-PEG-SPA) 

may result in two products. One is the bridgin g form, the other is the molto-succinirilidyl 
ester pendant product. With the long pol\,(ethylene glycol) chain between the two 

succinimidyl esters, SPA-PEG-SPA is expected to easily form bridging structures (Figure 

6-2). The mono-succinimidyl ester pendant strucnlres can be excluded from both XPS and 

IRAS measurements. 

I I i I I I i / \ \ / 

AuCEGb AUREGb 

6.2 Experimental 

Ail surface modification experiments were carried out according lo the scatldd procedure 

described in Chapters 4 and 5, The contact angles of all PEG modified surfxes are in the 

range of 38 to 48 degrees. 

Opticirl ~vmcguide lightmode .~~,~‘c,tr’c7,9col?\ 7masure7~w7~t~ 

The protein resistance of PEG coatings has been evaluated in this thesis using optical 

waveguide lightmode spectroscopy (OWLS? I.“-) The waveguides wcrc first coated with a 

IO nm TiO, film? then silanized in toluene with APTES, and finally grafted with PEG. The 
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parallel experiments were run on coated titanium metal samples and characterized with 

XPS and IRAS. The results are similar to PEG-grafted Au surfaces and are omitted. 

The measuring principke of OWLS is sho~9 in Figure 6-3. The laser beam enters from 

below through the transparent supporting giass and is then incoupled into the waveguiding 
layer by the diffraction grating. Any adsorptiot~ on the surface in contact with a gaseous or 

liquid phase results in a phase shift or‘ the guided modes and can be measured by varying 

the angle a at which the laser beam hits the grating. From the phase shift, quantitative data 

retarding the time-dependent amount of adsorbed species and hence the adsorption a 
kinetics can be deduced. 

In a typical experiment, buffer is first pumped through the flow-through cell to establish a 

baseline. Then the input is switched to the test soiution (e.g. proteins dissolved in the same 
buffer) and the formation of the adlayer on the surface is monitored. Assuming the adlayer 

of proteins is homogeneous, the mass of the proteins in the adlayer can be calculated as 
follows: 

where d, is the mean thickness of the adlayer. II,, and nc are the refractive index of the 
adlayer and the cover media respectively, &I/& is a coefficient depending on the molecuPes 

and has a quasi universal value of 0.182 for most proteins. 

laser light 

incoupling angle 
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The experimental procedure is described according to Figure 6-7. After 5 h incubation of a 

PEG-modified chip in a 10 mM HEPES buffer (pl-1 7.4), the waveguide chip was installed 

in a IOS- 1 instrument (ASI, Ziirich, Switzerland). Mcasurenlents were started using a IO 

rnM HEPES (pH 7.4) buffer for baseline control, then switched to Serum N (human) 

(Roche) for protein adsorption, and finally switched to HEPES buffer again for evaluation 

of tightly bound proteins. 

6.3.1 Infrared spectroscopy measurements 

Since AuC has no IRAS peaks that interfere \vith the subsequent grafted surface layer, the 

IRAS spectra of AuCEG and AuCEGb are chosen and discussed in details. The other 
PEG-grafted surfaces on At33 and on ami nosiianizcd Ti have similar charactkstics and arc 
therefore ornittcd in tile discussion. 

L- ~-...--.~ ---. --T -..-- “. .,,... 1-~------r---. --T----- -‘i---r--T’- 
3000 2600 2200 1800 1400 1000 

Wavenumber (cm-l) 
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Mode assignment PEG, crys. PEG, amor. AuCEG AuCEGb 

PEG Ct-1, asym stretching 
alkyl CH, asym stretching 

PEG CH,, syrn stretching 

alkyl CH, sym stretching 

amide I 

amide II 
PEG CH, bending 

PEG Cl%, wagging ._ 
PEG CH ! wagging 

PEG CfI, twisting 

PEG CH, twisting 

C-O, C-C stretching 

1470 11-l 

1460 m 
134s s 

1283 1-n 

1244 111 

1149 s 

1119s 
1102 vs 

1062 111 

963 s 

ca. 2930 Sll 

2865 b 

1460 111 

1107 s 

103s 111 

94s 111 

2965 sh 
292s s 

2958 w 
2926 w 

2S67 sh 2868 sh 

2859 s 2859 s 

1677 s 1675 111 

1535 w 1536 w 

146s s 

1344 1-n 

1242 w 

11SOm 1147 s 

1118s 

963 w 

For the discussion of the vibrational spectra of the PEG-terminated surfi~es~ WC: will refer 

to the band assignments of LlnfL~Il~tioIl~~l~zed poly(ethylene glycol). The IRAS spectra of 

AuCEC and AuCEGb are sho~vn in Figure 6-4. The bands at 2859 and 2926 cm-’ are 

ascribed to the symmetric and asymmetric CH ,-stretching bands of’ the methylene units, 

respectively. The methylene strctchin g frequencies at-e representative for a liquid with 
gauche and trans confi,rmations in the aikvi compoirnds. The a%-stretchirl~ l4x1ri0ns cd 

the PEG molecular entities are expected to gi\e ~1 broad band x ca. 2890 cm-i and a 

shoulder at 2930 cm“, but these features are masked by the sharper alkane CH,-stretching 

bands. 

The amide bond formed during the reaction is confirmed by the strong bands around 1677 

(amide 1) and 1535 cm’ (amide II), The C-0-C stretchin g vibration band on AuCEG is 

very strong 21 1 1 1S cm“ ) but \vcak On ALICEcal hecause nlost of c-o-c chains are parallel 

to the Au surface (Figure 6-Z). The PEG CH, bending, \vagging, and twisting bands at 
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1465, 1344, and 1242 ~111~’ are present on AuCEG. howler absenr on AuCEGb, mainly 

attributable to the surface selection rule. The band 961 cm-’ is associated with the ether 

CH,-rocking mode. 

(i. 3.2 X-ray photoekctron spectroscopy (XPS) measurements 

F’ive &;n’lef]t?: yy(y,$ <&pcyd ;>!I TB re SWihccs .SuCEG. ALCEG~> AuBEG, and AuBEGb: 
CT N. 0, S, and An. Their atomic concenrrations are shown in Figure 6-5. Compared to 

the s&rting sUrfaccs hC’ and hB disctisscd in Section 5.5, the PEG-modified wfaces 

have more oxygen contents (S to 10 c/;-J. Considerin(r the theoretical atomic ratio O/C t 
(=O.S) of PEG, tl le q 1 ’ h er carbon contenrs (-30%) indicate the incomplete conversion of 

amino groups. The binding energies of N 1 s. 0 1 s. S 2p. and Au 4f are similar to those on 

AuC and AuB surfaces and not discussed. 

N 0 S Au 
Element 

The most informative peak is still C is hecause the alkyd. aryl, and ether carbons can be 

distinguished by their binding energies at -285.0, -284.5, and -286.5 eV, respectively 

(Figure 6-6). C 1s can be fitted to the alkvl (arvl), polyether, and amide fractions. The 

deconvolution results of C 1s are sho~vn in Table 6- 1. The ratios of ether carbon to alkyl 

(aryl) carbon are close to 1. From these ratios, it is easy to deduce that the conversion 
efficiency of NH2 to amide is quite iow becsuse one polymer molecule contains -100 

ethylene groups, If the conversion is complete. the ratios would be in the range of ten to 

hundred. One oligomer of methosy-PEG-SPA (MW S.000) contains - 1 IO ethylene 

groups. therefore the conversion efficiencies for AuCEG and AuBEG are estimated to be 
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-I% and -A%, tyxcriveiy. One oligomet- of SPA-PEG-SPA jM%’ 3,400) contains -77 

ethylene groups, corresponding to the conversion efficiencies of -2% and -7% for 

AuCEGb and AuBEGb, respectively. Since the molecuk~r weight of the PEG polymer is 

several thousand times larger thm that of cystamine, the geometric size must also be 

correspondingly larger. Thus, the estimated conversion efficiencies are plausible if the 

PEG chain is not linear. From the above estimations5 we can speculate that the methoxy- 

PEG chain forms a stack of rope on AuCEC and AuBEG surfaces with exposed methoxyl 

gronps. For the hdging PEG, it is remm~hk to conch& that most PECJ &aim are’ 
parallel to the surface. 

Surface E,$ (eV), c/c, assignment Surface E,, (eV), %, assignment 

AuCEG 285.2, (42), alkyl-C 

286.7, (SO)? ether-C 

288.5, (8), amide-C 

ALlBEG 284.2, (40), aryl-C 

286.4, (56), ether-C 

288.7, (4), amide-C 

Ad.333 285.3, (SO), alkyl-C k\~Bk!Gb 284.4, (48), aryl-c 

286.7, (3S), ether-C 286.4, (44), ether-C 

288.5, (12), amide-C 288.7, (8), amicte-C 



6.3.3 Protein resistance evaluation 

As discussed on AuC surf&es, the methoxy-PEG and bridging PEG can be grafted on 

APS modified waveguide surikes (TiCI,). The protein adsorption on TiO,, APS, 

rnethoxy-PEG, and bridging PEG modified surfaces are compared in Figure 6-7. The 

tightly bound protein nms can be calclt/:~ed from the height between the last plateau after 

buffer rinsing and the baseline. The srmm adsorption region is difficult for evaluation 

because the serum solution has changeable ref‘tactive i&es. 

APS 

ethoxy-PEG 

Bridging PEG 

I I , I I 1 

0 50 100 153 200 250 30 

time [min] 
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Surface Slass of proteins 

TiO, 

APS film 

iMethoxy-PEG 

Bridging PEG 

The reference surface, Ti02, has a protein adsorption mass of 0.2 pg/cn? aftcr buffer 

washing. As discussed in Section 2.1, the surface of TiO, contains weakly negatively 

charged hydroxyl b oroups at pH 7.4. which initially tend to repel molecules (most 

noncollageneous proteins possess a negative charge), and the interfacial free energy 

between clean surfaces and protein-containin, ~7 media is relatively low. However, clean 

TiO, surfaces are extremely hydrophilic and possess a high surface energy. Therefore, 

there is a driving force for protein deposition to take place on clean surfaces and 
subsequently lower the energy of the surface. APS has the highest adsorption mass of 

0.58 &cm’, which is nlaitlly attributable to its positive surface charges. Although the 

surface energy of APS is lower than that of the TiO, surface, there is a high interfacial free 

energy between the APS surface and the protein-containil7g medium. The APS surface will 

attempt to lower its irlterfacial free energy with the medium by allowing molecules to 

adsorb to it. Methoxy-PEG does not show any protein resistance and the adsorption nmss 

is 0.32 @~nl’~ higher than on TiO,? hut lower than on the APS modified surfax. This 

may be caused by the partial coverage of mine groups. The bridging PEG has the lowest 

protein adsorption of 0.12 &cn?. As generally accepted, the protein resistance of PEG is 

due to the steric repulsion effect, where the polymer prevents the adsorption of proteins 

from reaching the substrate surface. The balance anmng three forces: steric repulsion, Van 

der Waals attraction, and hydrophobic interaction between proteins in solution and the 

PEG surface influence the protein adsorption, One of the reasons that PEG surfazes do not 

adsorb protein is bccause of the unique \vay that PEG molecules bind water. Hydrogen 

bonding between water and PEG oxygen nlolecules is thought to form a protective 

hydration shell around PEG molecules. On the bridgin, n PEG grafted surface, water is 

tightly bound to each ethylene glycol repcat unit (-CH,CH,-0-j. Since the polymer chain _ - 
of PEG is parallel to the surface. the hound water is just on the outermost layer and has the 

largest steric repulsion among these surfaces. Also. PEG’s neutrality, chain mobility, and 

associated excluded volume effects are responsible for steric stabilization of a surface and 
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subsequent prevention of protein adsorption. When any type of molecule attempts to 

adsorb to a PEG-rich area, the energetic result is a negative entropic contribution due to the 

confinement of the PEG chain. The overal’i relevance to the system is that the adsorption 
event is improbable. 

6.4 Summary and outlook 

In this chapter, two types of PEG were grafted to amillo-terminated surfaces, methoxy- 

PEG in a “standing-up” con~igurati ) c n and bridging-PEG in a “lying-down” configuration. 

They were characterized wiih IRAS and XPS. The ci‘tvbnt bonding through the -C(=O)- 
NH- bond is confirmed by the amide I band in IKAS spectra, The so-called “standing-up” 

or “lying-down” configuration of the PEG chain can be deduced from the appearance or 

disappearance of the C-O-C stretching band at 1 1 18 cm“. The XPS measurements showed 

the evidence of the ether carbon (C 1s at -2S6.S eV). and the turn-over can be deduced 

from XPS data in the range 1 - 10 9;. The protein resistance of PEG-coatings was 

evaluated with the optical waveguide iightmocie spectroscopy (OWLS): and only the 

bridging PECJ exhibited a good protein resistance. 

Future work on grafting peptides or proteins can be done by using the heterobifunctional 

crosslinkers bearing succinimidyl ester and maleimide (or other amino-resistant 

crosslinking groups) with the PECr chain between them. In such a case, the PEG chain is a 

flexible spacer in which the chain length can be in variable ranges from several to several 

thousand ethylene glycol groups. The PEG chain is also as a resistant background to 

protein adsorption, cdl and bxteria adhesion, PEG-tethered proteins may exhibit 

enhanced activity due to reduced protein-surface internction, b crreater moiecular freedom, 

and shielding frown local s~~facc charge and pH effects. They may be used in 

chronlatography, electrophoresis. biosensors. and other applications. 
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7. Summary and outlook 

The reaction of amino-telminatcd ultrathin organic films with succinimidyl esters can be 
used to introduce a variety of functional crosslinkitlg groups onto solid surfaces such as 

maleimidyl, iodoncetyl, succinimidyl ester, aryl azido, and benzophenone groups. With 

such groups, the immobilization of many kinds of biomolecules on solid surfaces is 

feasible, and thus it provides potential techniques for applications in bioscnsors, 

bioreactots, chromatographic supports, and biomarerials. The advantages of this method 
XC: 

1. Mild reaction conditions 

2. A variety of possibilities to graft different functional crosslinking groups on solid 

surfaces and thus enabling the inlmobilization of hiomolecules feasible 

3, Higher surface coverages of bound biomolecuies compared to other available methods 

4. No polymerizntion problems which art: very common for other crosslinkers such as 
diglutnraldchyde 

The main work done in this thesis can be di\+ded into three parts: 

1. Covalent attachment of RGD-containing peptides to titanium (oxide) surfaces for 

biocompatibility improvement 

2. Investigation of the surface reactions ot‘ succinimidyl esters with aminothiol SAMs on 

Au SulfXCS 

3. Immobilization of poly(ethylcne , glvcol) on ,?I~Lino-terrninatecl surfaces for protein- 

resistance studies 

In more details, a three-step reaction pmcd~~re was applied to introduce RGD-containing 

peptides to the titanium surface. Water-vapor-l~lastna-pretreated titanium surfaces were 

first silanized with (3-aminop~opyl)triethoxysil;lne, resulting in a multilayer film of poly(3- 

aniinoprol~yl)siloxi~ne. In n second reaction step, the free primary amino groups were 
linked to the maleimidyl groups via amide bonds. Onto the resultin, 0 terminal maleimide 

surface, two model, cell-acdhcsive. peptides, H-C;ly-Arg-(;ly-Asp-Ser-Pro-e’ys-OF-B 

(GRGDSPC) and F-I-Ark-Gly-Asp-Cys-OFT (RGDC) were immobilized through covaient 

addition of the cysteine thiol (-SH) group. X-ray photoelectron spectroscopy (XPS), 

infrared refktion absorption spectroscopy (IRAQ, time-of-flight secondary ion mass 

spectroscopy (ToF-SVMS), ellipsometry, and radiolabcling techniques were applied to 

characterize the surfaces, From independent quantitative analyses, at1 approximate 

coverage of 0.2-0.4 peptides per nm2 was calculated. The RGD-modified samples were 
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tested with the osteoblastic cell line MC3T3-El and the rat bone marrow cells irt vitro. 

Preliminary cell culture results show positive effects for osteobiastic ccl1 lint MC3T3-El 

but negative effects for rat bone marro~v cells in cell adhesion, differentiation and 

integration. For further studies to impro\,e the biocompatibiliy of titanium surf&es, the 

future work should be done in: 

1. Use of other specific proteins or peptides such as bone sialoproteins for specific 

interactions with bone cells 

2. Use of cyclic RGD-containing pcptidcs for controlling their configuration and 

conformation on the surface 

3. Building up the standard biological protocoi to assess the function of RGD-coated 

surfaces 

3. Use of the OWLS technique to investigate the kinetic mechanism of cell adhesion and 
spreading 

As presented in this thesis, the surface reaction of succinimidyl esters with amino- 

terminated surfaces is the key step of this n~ethod. Although this type of crosslinking 

reactions have been thoroughly studied in solution. the surface reactions are .jnst at the 

beginning stage and are not yet well understood regarding the turn-over, steric hindrance, 

and side reactions. Some rules used in the bulk chemistry may be not suitable or riced 

modifications when applied to the surfxe chemistry. During grafting maleimidyl groups 

onto aminosilanized Ti surfaces, we found some controversy regarding the interpretation 

of the IRAS spectra, especially for the m~~leituidylt~ex;uloyi pendant surface. In order to 

clarify the IRAS spectral assignments and to study the detail of this reaction, two model 

aminothiol (cystamine and 3-aminot~liophenoi~ SAMs on Au surfaces were used as the 

amino-terminated surface instead of the aminosilanized titanium surface. Different types of 

crosslinking groups suc11 as thiol-, amino-, and photo-reactive groups were attached to the 

two terminal amino SAMs. Based on IRAS and XPS measurements, two types 01 reaction 

schemes have been observed: (1) modification through single group binding, (2) 
cxcurrence of side reactions and production of multiple-group-modified surfaces, A typical 
example for the latter case is the reaction of N-succinimidyl-6-maleimidyl hexanoate 

(EMCS) with terminal amino groups, producing a mixture of both maleimidyl and 

succinimidyl ester groups on the surface. The conclusion is further confirmed by the study 

of SAMs of pure N, N’-his(n~aloimiciyll~exat~oyl)cystat~li~~e (BMHC), synthesized 

separately. The functionalized surf,?ces with crosslinking groups can be used for specific 

or non-specific attachment of biomoleculcs. 

From the above investigations. it is obvious that the main surface, organo-biochemical 

reaction is often accompanied bv some side reactions. similar to the bulk reactions in 

solution or in solid states, specially \vhen there arc sc\~ral reactive sites. Unlike in the 
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bulk reaction, however, where the pure producr can be separated and definitely identified 

by many analysis methods such as NMR, elementai analysis, and X-ray single crystal 

diffraction, the molecular structure of the surface product can only be deduced from the 

surface sensitive techniques such as IRAS. XPS, ToF-SIMS, NEXAFS, and AFM. These 

methods only provide partial information of the molecular structure. Therefore, the surface 

molecular structure deduced from the above mentioned techniques is very reasonable but 

not absolutely definite. 

Although we deduced some s~uface molecular structures~ there are still many questions to 
be answered jn the future: 

1. What is the general relationship bet\yeen the hulk chemistry and the surface chemistry? 

How to apply or modify the rules of the bulk chemistry to the surface chemistry? 

2. Why is the reaction of succinimidyl esters with amino gloups in organic media is easier 

on the surface than in the bulk? 

3. Why is the surface reaction of amino c soups \vith EMCS obviously different from its 

analogs? (The 3-D structures of the heterohii‘llnctiollal crosslinkers and the reaction 

mechanisms tmsI be built up ro answer this question). 

Finally, two types of poly(ethylene _ glvcol) (PEG) were grafted to anlino-ternlillated 

surfaces, methoxy-PEG in a “standing-up” configuration and bridging-PEG in a “lying- 

down” configuration. The protein resistance of PEG-coatings was evaluated with the 

optical waveguide lightmode spectroscopy (OWLSJY and only the bridging PEG exhibited 

a good protein resistance. Future work on grafting peptides and proteins should be done 

by using the heterobifunctioIla1 crosslinkers bearing succinimidyl ester and rnaleimide (or 
other amino-resistant crosslinking groups) with lhe PEG chain between them. In such a 

case, the PEG chain is as a flexible spacer whose chain length can be in variable ranges 

from several to thousand ethylene glycol groups. The PEG chain is also as a background 

resistant to protein adsorption. cell and bactcrja adhesion. PEG-tethered proteins may 

exhibit enhanced activity due to reduced protein-surface interaction? greater molecular 

freedom, and shielding from local surface charge and pEl effects, They may be used in 

chroriiatographies, electrophoreses, biosensors, and other applications. 
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Crossliuker structures, uames, and abbreviations 

e Hetersbifunctional crosslinkers 

N-SuccilliIllidyl-4-maleinlidylblltyrate (SMB) 
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‘b 
N-Succinirllidyl-3-mnleimidylbenzoate 

.o 0 
0 

II - 

G- 

-0’ \/ N’ 
D 

0 
0 

/O O -4 II ir -cy-%H21 

0 

N-Succinitnidyi iodoacetate (SlA) 



9. Appendix 160 

Di-(N-succinimidyl) carbonate (SC) 

Dithiobis(N-succinimidyl propionate) (DTSP) 

Di-(N-succinimidyl) suberate (DSS) 

0 

N-Succinimidyl hexadecanoate (SH) 

0 I’hotocrosslinkers 
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Mollo-methyl-polyethylene glycol 5000 propionoic acicl-N-succinimidylcster 
(Methoxy-PEG-SPA) VW 5000 
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