ABSTRACT

SHEN, FEI. Affinity Interaction between Hexamer Rde Ligand HWRGWV and
Immunoglobulin G Studied by Quartz Crystal Micradnade and Surface Plasmon Resonance.
(Under the direction of Dr. Ruben G. Carbonell.)

Immunoglobulins (lg), also referred to as antibsdiact as protective agents against
pathogens trying to invade an organism. Human inoglobulin G (hlgG), as the most
prominent immunoglobulin presented in serum andemthuman fluids, has broad
applications in fields like immunotherapy and aali diagnosticsStaphylococcus aureus
Protein A andStreptococcusProtein G are the most common affinity ligands fg6G
purifaction and detection. However, drawbacks dased with these two protein ligands
have motivated searches for alternative affinityatids. The hexamer peptide ligand
HWRGWYV identified from a one-bead-one-peptide camakorial library synthesized on
chromatography resins has demonstrated high affand specificity to the Fc fragment of
hlgG. A chromatography resin with HWRGWYV can putiiyman IgG (higG) from complete
minimum essential medium (cMEM) with purities an@lgs as high as 95%, which are
comparable to using Protein A as affinity ligandl. As a short peptide ligand, HWRGWV
can be produced at relatively low costs under gooahufacturing practices (GMP)
conditions, it is highly robust, less immunogennc allows for milder elution conditions for
the bound antibody (3, 5). Although this short ptligand has exhibited promising
properties for IgG capture and purification, linditenformation is available on the intrinsic
mechanisms of affinity interaction between the mkpligand and target protein.

In this study, the affinity interaction between BGlgnd peptide ligand immobilized on

solid surfaces was studied by quartz crystal migianice (QCM) and surface plasmon



resonance (SPR). Compared with previous methods logeg for the peptide
characterization, QCM and SPR can provide dire@suements of equilibrium adsorption
isotherms and rates of adsorption, allowing a cetepkinetic and thermodynamics analyses

of the ligand-target interactions.

New methods were developed to modify gold and ssikurfaces of QCM and SPR
sensors for the immobilization of peptide ligandishwow nonspecific binding. The silica
surface was first modified by the formation of sedsembling monolayer (SAM) of 3-
amino-propyl triethoxy silane as an anchor lay&orgchains of poly(ethylene glycol) (PEG)
with Fmoc-protected amino groups at one end anabggt groups at the other end were then
coupled through the carboxyl terminal to the amgmoups on the silane. The short PEG
chains served as spacer arms to reduce nonspaaifimg to the substrate. The gold surface
was modified by a two-component SAM using mixtuoédHS(CH)1:(CH.CH,O)sNH> and
HS(CH,)11(CH.CH,0)s0H. The advantage of using a modified silica swafecits relatively
higher stability than the SAM on gold during theppee functionalization step, however the
SPR sensors do not work on silica surfaces. Intiatglithe modification process of the gold
surface is relatively simple compared with that tbie silica surface. The peptide
immobilization process was optimized with silicarfages and the best conditions were
applied for the immobilization on gold surfaces.eTitesults of surface modifications and
peptide immobilizations were characterized by uasisurface analysis techniques including,
ellipsometry, contact angle goniometer, chemicatcdo microscopy (CFM), x-ray
photoelectron spectroscopy (XPS) and time of flggdondary ion mass spectroscopy (ToF-

SIMS).



QCM and SPR results indicated that this peptidanig HWRGWYV immobilized on
modified silica or gold surfaces has high affingigyd specificity to hlgG binding even in a
complex medium such as cMEM. Both thermodynamic kinétic parameters of affinity
interaction were obtained by the analysis of QCM 8FPR data. Comparedth QCM, SPR
is more suitable for quantitative analysis of thet@n binding, which is essential for the
investigation of thermodynamics and kinetics par&nse The maximum binding capacity
(4.15 mg nf) and the dissociation constant (1.83 pM) derivethf SPR data are both close
to those obtained with chromatography techniqudse @ssociation and dissociation rate
constants (0.68 frmol™* s* and 1.24 3§ respectively) were acquired for the first time foe
affinity binding of IgG on peptide ligand HWRGWV iationalized surface. Although QCM
is not as quantitative as SPR, it provides addii@mformation on the status of the adsorbed
layers. For instance, the dissipation measuremér@M indicated that no significant
denaturation of adsorbed hlgG occurred during tfeoiotion process. In addition, it was
shown that the peptide ligand immobilized on maeadlifisilica surfaces has similar affinity
and binding characteristics for IgG adsorption msnodified gold surfaces.

In summary, new surface modification strategiesewaeveloped to study the affinity
interaction betweepeptide ligands and target biomolecules. The udecedpecific binding
peptides on QCM and SPR sensors could result in dewices for IgG concentration

determination and also have promise as platformghéodevelopment of immunosensors.
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Chapter 1. Introduction



1.1 Motivation

Short peptide ligands are of great interest asaogphents for monoclonal or polyclonal
antibodies in protein isolation and purificatiorrofein detection, pathogen removal, and
many other applications (1). In the last ten yeaws,group has made significant progress in
the identification of ligands with sufficient spécity and affinity to separate proteins
specifically from complex media (2-28). These peptligands were well characterized to
deepen the understanding of the mechanisms of tifiséy interactions between peptide
ligands and target biomolecules and also to opénilze performance of these peptide
ligands for separation or detection purposes. Busly, the kinetics and thermodynamics
parameters described the affinity interactions lketw peptide ligands and targets were
obtained by chromatography techniques (2, 6, 8-%, 18-19, 23, 26-28). The
thermodynamics parameters were derived from isothesbtained from batch adsorption
experiments with chromatography resins and the ratiea amounts at equilibrium were
calculated by mass balance. Complex kinetics modadse employed to describe the
dynamic adsorption processes occurring within clatmgraphy resins and columns to
guantify the intrinsic adsorption rates and desorptates. These methods provided useful
information for the practical characterization @ppide ligands on resins, however it is also
of interest to determine the fundamental adsormiwh binding mechanisms between peptide
ligands and target proteins at well-characterimeerfaces.

Recently, biosensors have been applied widely ébgthe binding events at solid-liquid
interfaces for studies of DNA assembly and hybaton (29), blood plasma coagulation

(30), pathogen detection (31), enzyme analysis, (@@tein conformation analysis (33-34),



DNA-protein interaction (35) and protein-proteirtaraction (36). Biosensor techniques can
monitor surface evenia situ and directly measure adsorption amounts on solithses in
real time. The other merits of biosensors lie ia thact that the labeling of biomolecules is
avoidable; consequently, the experiments are sigote faster when compared with the
traditional techniques such as radioimmunoassalsjrRind enzyme-linked immunosorbent
assays (ELISAs). Biosensors can be divided intersgv¥ypes according to their transduction
mechanisms: thermal, optical, electrochemical, siiouor piezoelectric (24). Recently,
combining biosensor techniques based on differamstuction mechanism have attracted
more attention, since different transduction medras can provide different perspectives
on adsorption events (29, 34-39). In this reseasthface plasmon resonance (SPR)
spectroscopy and the quartz crystal microbalan€&&MQwere chosen since they can provide
complementary information of affinity interactions.

Immunoglobulin G (IgG) is the predominant immundmgitn in blood and other body
fluids (40). Quantification of human IgG (hlgG) aamtration in human fluids currently is a
common test for the diagnosis of diseases (41-A@)arified higG has been widely used to
treat patients with primary and secondary immurfecdecies (40, 44). The hexamer
peptide HWRGWV was identified using a radiolabetatget screening technique from a
combinatorial linear hexamer peptide library budibh chromatography resins for IgG
purification and detection. This Fc-binding peptiigand HWRGWYV demonstrates the
ability to purify IgG. It can isolate higG from manalian cell culture media containing 10%
fetal calf serum (CMEM) with more than 95% of bgthrity and yield (26). Although the

short peptide ligand HWRGWV has exhibited promisapgplications for IgG separation and



concentration determination, limited informationargailable on the intrinsic mechanisms of
affinity interaction between this short peptidealgl and target protein. In this research, two
biosensor techniques, QCM and SPR, were employ@avastigate the affinity interaction
between peptide ligand HWRGWYV immobilized on sddigifaces and higG in fluids. In
addition, these peptide functionalized sensorscctalve two potential applications. First,
they could result in a new method for IgG detectaomd concentration quantification.
Detection and quantification of IgG concentratiae aritical for both disease diagnostics
(41-43) and for quality control in the biopharmatieal industry (45-47). Second, these
peptide-functionalized biosensors could result innew platform for immunosensor
fabrication. The peptide ligand immobilized on sensurfaces can capture IgG through its
Fc fragment and leave the fraction of the IgG malegesponsible for interaction with its
epitope free to react. Currently, protein A andtgiro G are generally used as the anchor
proteins for immunosensor. The Fc-specific ligaHlyRGWYV, could be an alternative of

these protein ligands for this purpose.

1.2 Goals

The primary goal of this project is to develop newethods for the study of affinity
interactions between peptide ligand and biomolecul@CM and SPR were chosen to
monitor the higG adsorption process on hexamerigeepigand HWRGWYV functionalized
solid surfaces. This hexamer peptide ligand wakepicsince QCM and SPR sensors
functionalized with this ligand could have broadequdial applications in quantification of
IgG for both clinical diagnostics and manufacturiggality control, as well as in the

fabrication of new types of immunosensors.



The hexamer peptide ligand HWRGWV was immobilized raodified silica or gold
surfaces. The processes of surface modificatiodspaptide immobilization were optimized
and the resulted surfaces were extensively chaiazetieby multiple techniques. The affinity
and specificity of the peptide to human IgG bindimgs investigated by QCM and SPR.
Thermodynamics and kinetics parameters were defieea quantification analyses of QCM
and SPR data. Finally, preliminary experiments weeeformed to test the possibility to

determine IgG concentrations in bio-media.

1.3 Overviews of this thesis

This dissertation focuses on the study of the #éffimteraction between hexamer peptide
ligands HWRGWYV and immunoglobulin G (IgG) by QCMd&SEPR.

Chapter 2 reviews the capacities and the advantafjassing biosensor techniques
including QCM and SPR for the study of affinity enactions between peptide ligands and
target biomolecules. The achievements and possitde/backs of the previous methods
employed in our groups for the characterizationpeptide ligands are summarized. The
critical issues of the fabrication of biosensorttoe study of affinity interaction are examined
and the potential applications of the hexamer dedtinctionalized biosensor are discussed.

Chapter 3 exhibits a new silica surface modifiaatioethod to introduce amine group for
peptide immobilization and to reduce non-specifioding. The characterizations of the
resulting surface by multiple methods indicate thatsilica surface was modified as desired.

Chapter 4 presents the study of affinity interawtiobetween the peptide ligand
HWRGWYV immobilized on silica surfaces and IgG iduimn by QCM. The affinity and

specificity of the peptide ligand to 1gG bindingeaexamined. The thermodynamics and



kinetics parameters of this affinity interactiontaibed from QCM data are presented. The
effects of the overestimation of adsorption amoumsQCM on the obtained values of
parameters are discussed. The role of PEG spaceriraraffinity interaction between
HWRGWYV and IgG are also analyzed.

Chapter 5 shows a new strategy to modify gold sedafor the study of affinity
interactions between peptide ligands and targemnbiecules. The formation conditions of
SAMs of HS(CH)11(CH2CH0)sNH>, HS(CH)11(CH,CH0);s0OH and mixtures of these two
species are presented. The best conditions fdoth®ation of SAMs are summarized.

Chapter 6 presents an investigation of IgG bindamgthe peptide ligand HWRGWV
immobilized on gold surfaces by the parallel expemnts with QCM and SPR. The affinity
and specificity to IgG binding are presented. Quatite thermodynamic and kinetics
analyses are performed using this QCM and SPR d@amadvantage and disadvantages of
QCM and SPR for this application are discussedlirfireary experiments to test the
possibility of rapid measurements of IgG concerdret are presented.

All above results are summarized in Chapter 7 wvatommendations for future work.
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2.1 Short Peptides as Affinity Ligands

2.1.1 Overview

Affinity techniques are among the most efficient thoels to purify and detect
biomolecules (1). Due to their high specificity, moalonal antibodies are the most common
ligands currently used in affinity techniques. Shmmptide ligands with sufficient specificity
can have many advantages over antibodies for patidin or detection purposes. Short
peptides are more stable than monoclonal antibdzBeause they do not require a specific
tertiary structure to maintain their biologicaliaity. The manufacture of short peptides can
be scaled-up under good manufacturing practicesR{dbnditions at relatively low cost.
The interactions between small peptides and pretieind to be moderate so that the target
protein can be eluted under mild condition withautetrimental influence on protein activity
2).

Short peptides have already been successfully rsetleand identified from peptide
libraries in our group for the purification or detien of S protein (3), von Willebrand factor
(4), alpha-1 proteinase inhibitor (5), fibrinoge®),(alpha-lactalbumin (7), staphylococcal
enterotoxin B (8), human IgG (9) and porcine pamus/(10).

Although the peptide ligands identified for thefeient proteins were screened using the
same general methodology, the final results obthwmere somewhat variable. Some peptide
ligands identified by library screening show higgtspecificity to their target protein. That
is the case for peptide YNFEVL and s-protein (3théD peptide ligands behave as pseudo-
affinity ligands, displaying dissociation constaiks) in the range of 10 to 10° M with

their target proteins. An example of this behavsthe peptide ligand RLRSFY and von
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Willebrand factor (vWF) (4). In general, pseudéirafy peptide ligands are more suitable
for the capture or concentration of the target ke at an early stage in purification, while
the more specific peptide ligands can be efficfentpurifying the protein in one step, but
usually it is placed in the later stages to maxanitze efficiency of the affinity column (2).
Generally, ligand-target interactions for short fi ligands are stronger than the pure
ion exchange or pure hydrophobic interactions, esitiee affinity interaction between the
peptide ligands and target biomolecules is thelre$uhe interactions of each amino acid in
the peptide sequences with the biomolecules. Am@yged amino acid in the peptide ligand
tends to form ionic interactions with the targetlecole, while the amino acids in the ligand
with hydrophobic groups interact with the hydropiwopatches on biomolecules (2). For a
specific peptide ligand, the interaction could ba-interaction dominated or hydrophobic-
interaction dominated and, in some cases, the dorthilorce could change with the solvent
conditions. For instance, the interaction betweedWRRKR and alpha-lactalbumin at low
temperatures is dominated by electrostatic intemast while, as the temperature increases,

hydrophobic interactions become the dominant bigdirechanism (11).

2.1.2 Characterization of Peptide Ligands by Kinetis and Thermodynamics Analysis

As mentioned above, peptide ligands with differBit-selectivity to targets biomecules
could play different roles in purification processén addition, these affinity interactions
between peptide ligands and target biomoleculekidwave different characteristics. In order
to optimize the performance of these peptide ligafud bioseparation or detection, these
peptides need to be well characterized. Our reBegmgup has made extensive efforts to

characterize these peptide ligands by quantifioatdd the thermodynamic and kinetic
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parameters of the interaction between peptide tigasn chromatographic resins and target
biomolecules under different conditions. It hasrb&mind that the affinity of the peptides to
target biomolecules can depend on the variatiaexp&rimental conditions including peptide
density (2-4, 8, 12), pH (4, 11-12), temperaturkg, 13), and salt concentrations in the buffer
(4).

In previous studies of the adsorption isotherm avfyét proteins to ligands on porous
chromatography resins the adsorbed amounts of ttaogemolecules under different
conditions were determined by mass balance (3,2114-16). This is an indirect method of
measuring the amount of protein adsorbed, and emergte a significant error when the
change of protein concentration due to adsorpsosmall compared to the unbound protein
concentration. The kinetic parameters of affinitpyding to peptide ligands on resins were
studied by dynamic adsorption experiments carriexingy high performance liquid
chromatography (HPLC). Different models have beempleyed to describe the solute
transport within the chromatography column to etintrinsic kinetic parameters. A lumped
kinetic model was employed for the study of theoapison kinetics of fibrinogen that binds
to the short peptide FLLVPL (13). In this work, aoins with varying peptide densities were
challenged with a fibrinogen solution at a constow rate. The concentration of the exit
stream was measured continuously as a functiomdd. tThe shapes of the breakthrough
curves were modeled using the lumped kinetics mitdeltook into account axial dispersion,
interparticle mass transfer and intraparticle diifm, and the rates of adsorption and
desorption of the protein to the surface. All thesstransfer parameters were estimated from

correlations or measured directly, and the onlyai@mg parameter in each run was the
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adsorption rate constant onto the resin. The ratstant for adsorption was obtained by
finding the best fit to the breakthrough curve. Tiesulting analysis showed that the
adsorption rates were indeed rate-limiting and that rate of adsorption was relatively
independent of peptide density. Although the lumgatetics model threw a light on the
understanding of the relationship between adsarptibe and peptide density, it was found
that the capacity and association constant derivech the fitting of the experimental
breakthrough data with this model was inconsistgtit equilibrium experiments (13, 17). A
more sophisticated effort using the General Ratedflof chromatography was shown to fit
well with experimental results in the analysis tdhylococcal enterotoxin B (SEB) binding
with peptide ligand YYWLHH (15, 18). Generally, theliability of the final results for the
kinetics of adsorption and desorption depend oratieeiracy of the transport models and the
estimation of the mass transfer parameters.

In summary, the affinity interaction between pegtidjands and biomolecules have been
studied by indirect methods, batch adsorption mextte chromatography techniques, which
may lead to significant errors under certain sitwet. New methods that can directly monitor
the affinity interactions occurring at liquid-solicthterface can lead to more detailed

information on the nature and rates of these inteEnas.

2.2 Study Affinity Interactions by Quartz Crystal Microbalance and

Surface Plasmon Resonance

2.2.1 Overview
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Biosensors have been playing an increasingly inaporble in research on biointeractions
during recent years (19-20). Compared with traddlodetection methods, such as filter
binding assays, radioimmunoassays and enzyme-limk@sunosorbent assays (ELISAS),
biosensors are fast, simple and relatively inexipensBiosensor systems can directly
monitor the macromolecular interactions happeningalid-liquid interface in real time. In
addition, the mass transport processes within tegseems are generally simpler than those
in a chromatography column; consequently, the pmetation of the dynamic adsorption
behavior could be relatively easier.

A biosensor is basically a chemical or mass semsarhich the analytical signal is
generated by the bio-affinity elements immobilizedphysically adsorbed on a transducer
(21-22). During the design of an affinity biosensthe following aspects need to be
carefully taken into consideration: the propertigls the affinity recognition elements
(ligands), the mechanism of signal transductiord #re method of immobilization. This
research focuses on short (hexamer) linear pepiggads. The mechanism of signal
transduction and the method of immobilization aseukssed in the following paragraphs.

Biosensors can be divided into several types depgndn the different transduction
mechanisms: thermal, optical, electrochemical, siiouor piezoelectric (23). Currently,
there is a trend to combine surface detection igaes based on different transduction
mechanism, which provides different perspectivesbming events occurring at interface
(24-26). In this research, attention is focusedwa kinds of techniques: surface plasmon
resonance (SPR) and quartz crystal microbalande dissipation (QCM-D). The features of

QCM and SPR techniques are summarized in Table Th&. most important difference

17



between SPR and QCM methods is that SPR measueesirthmass of biomolecules
adsorbed on the surface, while QCM measure thé méas on the surface, including the
water and ions associated with the biomass (27H&)eneral, SPR is more quantitative than
QCM, while the advantage of QCM over SPR is itsatéliy to provide a qualitative
measure of the viscoelastic properties of the ddsbprotein layer (24). The combination of
these two techniques can provide more reliablecamaplementary data. The principles and

applications of these two techniques are presentddtail in the following sections.

2.2.2 Principle of QCM and Its Applications

QCM sensors consist of a thin slice of a singlestayof quartz sandwiched between two
metal electrodes, housed in a sealed packagernhadtips a means of connection to a circuit.
An alternating electrical voltage applied to thedectrodes causes the quartz to vibrate, or
oscillate, at its resonant frequency. This freqyaaaependent on the mass of the crystal as
well as the mass of any layers confined on theaserbf the electrode areas of the crystal.
When the electrical field applied to the quartzstay is turned off, the oscillation of the
crystal attenuates as a result of the energy lastgl oscillation. The dissipation factor, D, is
the sum of all the energy lost in the system paiillaion cycle (29). The dissipation
depends on the interaction between the film, thes@esurface and the properties of the
adsorbed film. When the film on the electrodes sl is slippery or when the film is
viscous, more energy will be dissipated by frictauring the oscillatory motion induced in
the film. As a result, the dissipation factor D yides an indirect measure of the flexibility of

the adsorbed film.
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The merits of the QCM technique are primarily ita@icity and sensitivity (in the ng cm
% range). Sauerbrey reported a linear relationsteifvéen the frequency decrease of an

oscillating quartz crystalf) and the bound elastic mass of deposited métal30),

2f Am

Af =— 2-1
(pq/Jq )1/2A

wherefy is the fundamental resonance frequency of thetzjuaystal, g, is the specific

density of the quartz (2.648 g & u,is the shear wave velocity in quartz (2.840" g

cmts? for AT-cut quartz crystals) anilis the measuring area.

The Sauerbrey equation was derived based on twongg®ns: (1) the film is rigid (no
internal friction in the added mass); (2) the fisrcoupled perfectly to the oscillatory motion
of the quartz crystal (no slip between the film émel crystal electrode).

For rigid, evenly distributed, and sufficiently thadsorbed layers, the Sauerbrey equation
has indeed been shown to provide a good approxamésil-32). However, for soft adsorbed
films, this is not the case anymore, due mainlytwio potential reasons: the first one is
connected with the propagation of the shear aaowstive in a viscoelastic film. For a
sufficiently thin and rigid adsorbed film, the adsed layer acts as a “dead” mass on the
piezoelectric oscillator. On other hand, for a wiEastic or thicker film coupled on oscillator,
the change of frequency is not directly proportidimachange of mass. In other words, the
effectively coupled mass depends on how the osmiflamotion of the crystal propagates
into and through an adsorbed viscoelastic film 333- The second reason of the failure of
the Sauerbrey relation is the solvent, which, irsteases, is water. In QCM measurements,

water (or any other liquid or solvent molecules)yncauple as an additional mass via direct
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hydration, viscous drag, or entrapment in cavitiethe adsorbed film, which contributes to
the overestimation of the mass from the Sauerbgenateon. The typical amount of coupled
water in different systems has been shown to aigraficant variation and it depends on the
nature of the film. The mass-uptake estimationdccdne 1.5 to 10 times larger than the
molar mass (27, 29, 34-37).

Early chemical applications of QCM involved monitgy of mass and film thickness in
coating equipment in vacuum and on investigatirg dablsorption in gas phase (32). In the
1980s, solution-based QCM was developed and itdauore applications in mainly two
fields: electrochemistry ar@otechnology. In the area of biotechnology, QCM baen used
to measure protein adsorption kinetics (38), proteinformation analysis (24, 39), antibody-
antigen interactions (40-41), nucleotide hybridimat(26), nucleotide-protein interactions
(42-43), and bacteria (44) and cell adsorption.(Bb)iquid-phase measurements, the QCM
is not a simple mass sensor, but provides valuafidemation about reactions and conditions

at the liquid-solid interface.

2.2.3 Principle of SPR and its application

Surface plasmon resonance is an optical technltptes widely recognized as a valuable
tool in the investigation of biomolecular interacts (45). It can monitor the dynamic
processes occurring on the surface in real timeprodide kinetic and thermodynamic data
(46-47).

A surface plasmon is a longitudinal charge wavé frapagates along the interface of
two media with very different optical densities Buas metal and water. The attenuated total

reflectance (ATR) configuration developed by Krestinn (as shown in Figure 1) is widely
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used in most SPR instruments. A monochromatic, larized light traveling through an

optically dense medium (glass) reaches an interbsteveen this medium and an optical
medium with lower density (buffer) and then reffeblack into the denser medium (Figure
1). Under conditions of total internal reflectionpst of the light will be reflected back into
the higher-density medium but there is still a $rpattion of light, the evanescent wave, that
penetrates the interface into the less-dense mediuniistance of approximately one

wavelength (48). The evanescent wave vector caxpeessed in the form,
ev

K, = %/79 sind 2-2
C

where,w, is the frequency of incident light,is the speed of light in a vacuury,is the

refractive index of the dense medium, ahds the angle of incident light. The wave vector

corresponding to the surface plasmon is expresgdaelformula,

_ W | Edfle
Ksp—?oqg P 2-3

where, 7, is the refractive index of the dielectric mediumtbe top of the sensor surface,

and &, is the dielectric constant of the metal film.

When the incidence angle of the light is chosesuoh a way that the magnitude of the
evanescent wave is equal to that of the surfacsr@a wave vector,

Ke, =K -42

ev sp
the evanescent wave of the light can couple withglasmon in the metal film. In other
words, the surface plasmon is resonantly excitdd. this situation, the incident light

dissipates energy into the metal film. As a resil, intensity of reflected light is reduced
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and forms a dip (49). SincK,, is a function of the refractive index of the duthec
mediun),, 17,can be measured by recording the change of thidentangle satisfying the

condition required for surface plasmon resonance.

When binding events occur on the surface, the &dsoprotein molecules replace the
buffer solution close to the sensor surface. Tlffer@dince between the refractive index of the
adsorbed protein molecules and that of the bufiertion replaced will be detected by SPR.
There is no difference between the water molecatesched on the surface of proteins or
entrapped in the adsorbed protein layer and thobeffer solution replaced by the adsorbed
protein layer. Consequently, water molecules witthiea adsorbed protein layer cannot be
detected by the SPR. In other word, the mass meddyr SPR is “dry mass”.

As an optical technique used for the study of d#ffinnteractions, SPR has been
developed in the 1980’s (50). After that, SPR Hagqa a significant role in the research of
biomolecules and their interactions. In the pasiades, SPR has also been increasingly used

for detection and identification of chemical andlbgical substances (45).

2.2.4 Importance of Surface Preparation for Ligandmmobilization

Biomolecules can be immobilized on sensor surfdnephysical adsorption, covalent
bonding, crosslinking, entrapment, or encapsulathmong those methods, adsorption and
covalent bonding are the most commonly used (28, 5Physical adsorption of the
biocomponent based on van der Waals attractiveeois the simplest method available and
it is feasible for various substrates. Howevers tiiethod does not provide high surface
density of affinity elements, and the adsorbed loi@cules could be lost through changes in

pH, ionic strength, or temperature due to adsompteversibility (51-52). Covalent bonding
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to the surface can lead to slight modificationshaf biomolecules, but, this approach results
in more stable surfaces, and is more reliable apdoducible DNA-based formation of a
supported, three-dimensional lipid vesicle matrieled by QCM-D and SPR (53-55).

For covalent bonding, generally the substrates riedoe modified to introduce active
groups such as carboxyl, thioacetyl, hydroquinamespoxide groups for the immobilization
of biomolecules (56-59). Self-assembled monolag@sgVis) are one of the most convenient
methods to modify the sensor surface. A SAM is depswar assembly obtained by
immersion of an appropriate substrate into a smhutif a surfactant in organic solvent (60).
This simple process makes SAMs technologicallyaative for the functionalization of
sensor surfaces with active groups.

There are several types of SAMs and among them kimds, organosilicon on
hydroxylated surfaces, and alkanethiols and dialiiglulfides on gold and other noble
metals, are the most common methods for biomoldoubeobilization (60-61). Due to their
simplicity and versatility, the SAMs of alkanettsobn gold have been the most studied
SAMs.

The structure of these SAMs is now well establisi@?). Sulfur compounds have a
strong affinity for transition metal surfaces (68pr an alkanethiols with an alkyl chain
longer than 10 carbon atoms, it is possible toinbiary ordered layers, with few defects,
depending mostly on the irregularity of the goldface (31, 62, 64-65). The terminal
functional groups of o-substituted alkane thiolsndtwate the properties of the interfaces
between the SAMs and the contacting liquids andehgroups offer great versatility to

covalently immobilize biological molecules, suchpeptides or proteins on sensor surfaces.
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Chemisorption of alkanethiols as well as of dialkjisulfides on clean gold gives
indistinguishable monolayers. The rates of formmated SAMs from dialkyl disulfides or
alkanethiols are also indistinguishable, but thesaf replacement of molecules from SAMs
by thiols are much faster than by disulfides (60).

SAMs of alkylchlorosilanes, alkylalkoxysilanes, andlkylaminosilanes require
hydroxylated surfaces as substrates, such asrsibgale, aluminum oxide, quartz, glass,
mica, and zinc selenide, for their formations. Thing force for this self-assembly is the
formation of polysiloxane, which is connected toface silanol groups (-SiOH) via Si-O-Si
bonds (61). The control of the quality of the SAMssilanes is generally harder than that of
alkanethiols. The formation of silane SAMs is séwmsi to water. While incomplete
monolayers are formed in the absence of moistursulstrate, the excess water results in
facile polymerization in solution and polysiloxameposition of the surface (60). The
advantage of SAMs of silane over those of alkaoéshis their relatively higher stability

(61).

Besides the introduction of active groups for imrhipation of biomolecules, there are
other two objectives of surface modification. Fistiding a spacer arm on top of a substrate
is desirable to enhance the availability of theafids on the surface of the modified layer.
Spacer arms have been widely used in affinity clatography or membranes for
bioseparations. They can play a significant roléhm affinity interaction between ligands on
solid surfaces and biomolecules in solution, egdlgdor small ligands, and this effect could
be even more critical when the active site of Hrgdt molecule is located in a pocket (1, 66).

A good spacer arm should have just enough lengthdittate the formation of ligand and
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target biomolecule complex. If no spacer arm, argbort a spacer arm is used, it might be
hard to form the complex of ligand and target molealue to steric hindrance; if it is too
long the density of ligand could be low and nongjebinding to spacer arm could become
predominant over the affinity interaction (66). Tdiber objective of surface modification is
to minimize the background noise from the nonspebihding of proteins and other species
in the bulk solution. Poly (ethylene glycol) (PEiS)well-established as one of the primary
components in nonfouling film chemistry. The remmte of PEG coated surfaces to
nonspecific binding is dependent on the moleculaight of the PEG and the resulting
packing density of the PEG chains (67). In additiB&G is also a good candidate spacer
arm, since PEG brushes have a high flexibility imldpical media. Consequently, materials
including PEG composite have been widely appliedntmdify surface for bio-application

(68-72).

2.3 Potential Applications of Fc-specific HexamelPeptide Functionalized

Biosensor

2.3.1 Fc-specific Peptide Ligand for IgG Purificatbn

Antibodies, also known as immunoglobulins (Ig), atgcoproteins produced by white
blood cells, each having a special antigen-bingiogket that is sensitive to specific parts of
an antigen protein. The human immunoglobulins actdar approximately 20% of all
proteins in human plasma, and can be divided in® dlasses or isotypes: IgG, IgA, IgM,

IgD, and IgE. Among them, IgG is the most abunddas$s of Igs in the body, constituting
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approximately 75% of the total immunoglobulins atawverage concentration of 12 mg/ml in
adult blood (73).

As shown in Figure 2.1, IgG has a Y-shaped strectuth the molecular weights of the
heavy (H) and light (L) chains being 50 and 25 KDespectively. Although the general
structures of IgGs are very similar, a small regainthe tip of the protein is extremely
variable, allowing millions of IgGs with slightlyiffierent tip structures, or antigen binding
sites, to exist. As shown in Figure 2.1, thé" label indicates a variable region where the
amino acid composition varies with the responseégans, while the'C" label denotes a
constant region where the amino acid compositiorelgtively invariant for IgGs. Starting
from the amino terminus, the L chains include tHeand CL domains while the H chains
encompass the VH, CH1, hinge, CH2, and CH3 regidhs. V regions of both heavy and
light chains are responsible for antigen bindingfdmyning a pocket with six loops. The C
region is engaged in a variety of effector funcsign4).

IgG and its fragments have found a wide array opliegtions as pharmaceutical
compounds, in addition to their common usage imptindication and localization of proteins.
Conventionally, IgG preparations have been produedlusively by precipitation
techniques, preferably involving cold ethanol fracation. In recent years, however,
chromatographic steps have been introduced intddlastream of the ethanol fractionation
steps (75). lon-exchange chromatography, hydroghotieraction chromatography, size-
exclusion chromatography, and affinity chromatobsaave all been involved in IgG
capture and purification and, among them, afficityomatography allows the possibility of

obtaining several fold purification with high re@y in fewer steps (76).
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Staphylococcus aureuBrotein A andStreptococcusProtein G are the most common
affinity ligands for IgG purifications and deteat® (76-77). However, the drawbacks
associated with these two protein ligands, inclgdirgh cost and low stability, have given
rise to the searching for alternative affinity ngks for antibody purification (76, 78). Special
attention has been paid to the use of small ligdadaffinity purification of antibodies due
to their advantages of being more stable (no theeensional structure), less immunogenic,
and less expensive than large protein ligands. Seym¢hetic small ligands have been
extensively studied for IgG purification and deteicf such as the hydrophobic charge
induced ligand MEP (4-mercapto ethyl pyridine) (#8g Protein A mimetic peptide Kaptiv-
GY based on the sequence (RIKG (TG19318) (80) and a synthetic ligand MAbSorbant
A2P derived from a triazine derivative ligand 2283). However none of these ligands that
bind to antibodies behaved like Protein A in theirding specificity to the Fc fragment. The
ability to bind through the Fc fragment is an intpat function since it allows the ligand to
be used as a universal ligand for whole antibodied Fc-fusion proteins, potentially
diminishing the time required to develop separatioztesses for new antibodies.

Three hexamer peptide ligands, HWRGWV, HFRRHL, ahtFKFD, identified by our
group, were the first reported short peptide ligatisat were able to mimic the binding
specificity of Protein A to the Fc fragment of humigG (hlgG) (9). The performance of the
peptide HWRGWYV for the purification of higG in coteg fluids has been extensively
studied and characterized. An HWRGWV resin witteptjtle density of 0.08 med‘@f dry
resin was able to purify higG from mammalian ceiltere media containing 10% fetal calf

serum (CMEM) with both purity and yield as high96, comparable to Protein A and A2P
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agarose gels (12). The ligand also demonstrateabitigy to isolate higG from Cohn I+l
paste and yields of 82% and purities of 73% wertinbd in one step. Bound IgG can be
eluted under milder conditions than with Proteinwith the target molecule being released
from the resin at pH 4, in contrast to the typighl 3.0 elution using Protein A. The ligand
was found to bind to IgG from different organisms;luding bovine, murine, goat, and
rabbit IgGs. The peptide also displayed affinitydifferent subclasses of 1gG, such as HIgG1,

HIgG2, HigG3, and HIigGA4.

2.3.2 Potential Application for IgG Concentration Quantification

Quantification of immunoglobulin concentrations serum is one of the basic tools
commonly used for investigating abnormalities ia@to the immune system and exposure
to infectious disease in humans and domestic spé¢i® 82). Besides serum, other body
fluids, including urine, saliva, milk and especyallolostrums are all possible samples that
can be subjected to immunoglobulin quantificatiesays (73). Classical measurements of
hlgG involve techniques such as fluorescence immassays, radioimmunoassays (RIA) and
enzyme-linked immunosorbent assays (ELISA). Howethay are time-consuming and need
labeling of biomolecules. For clinical diagnostiosrposes, ELISA-based assays are only
employed for the measurement of antibody produdigainst defined pathogens or antigens
for the investigation of suspected immunodeficie(88). There are three types of assays,
(immunodiffusion, nephelometric, and turbimetrignamonly used by clinical immunology
laboratories to quantify human 1gG, IgA, IgM, Igkdathe kappa and lambda light chains of
Igs (73). The principle of these assays is simiaih) highly avid antibody reagents added to

the sample containing immunoglobulins to form im@womplexes, which are subsequently
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detected visually or by light-scattering techniggesh as immunodiffusion, nephelometry,
or turbimetry. A variety of immunological reagerdse used in clinical assays for the
guantification of human immunoglobulins. In the lgayears, polyclonal antibodies were
extensively used and more recently, well documemtedine monoclonal antibodies have
become available. They are highly specific for harmmamunoglobulin and especially useful
in quantifying the amount of human IgG and IgA dabses, where maximal specificity is a

requirement (73).

Besides diagnostic applications, the quantificatdbimmunoglobulin is also important
for antibody production and dairy production. Seveynline immuno-monitoring systems
have been successfully developed for the measuterhbigG based on turbidimetric assays
(83) and fluorescence measurements (84).

Biosensors have attracted wide-spread attentionthm field of immunoglobulin
guantification in recent years for many reasonshsas simple instrumentation, fast
operation, and high sensitivity and selectivity. afie/hile, several biosensors have been
developed for measurement of hlgG, including piéztigc (85) and piezomagnetic
biosensors (86), surface plasmon resonance biasen@®Y-88) and electrochemical
biosensors such as amperometric biosensors (89paiaihtiometric biosensors (90). The
majority of hlgG detection methodologies employadsbnsor techniques are based on the
protein A or protein G sensing platform. However spite of its high selectivity, protein A
has some drawbacks such as its high cost, rehatiesV stability and the difficulty to
immobilize it in the proper orientation (91). As niened early, the hexamer peptide ligand

HWRGWYV has a similar binding capability as proteMy and as a small ligand, the
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immobilization of HWRGWV in the right orientatiors imuch easier. This ligand is a good
candidate to replace protein A for the productidnaobiosensors for immunoglobulin

guantification.

2.3.3 IgG Oriented Immobilization and Potential Application in Immunosensor
Fabrication

As mentioned earlier, the peptide ligand HWRGWYV v@asd to bind the Fc fragment of
IgG, which is the conserved part of the moleculee Binding site was, however, different
from that for Protein A and Protein G attachmeri)(#According to mass spectrometry data,
the hexamer peptide ligand HWRGWV binds to the péiion of higG. Figure 2.3 shows
the result of a docking calculation using the HADOKO (High Ambiguity Driven Docking)
program indicating that HWRGWYV binds to the Ser32&3t389 (SNGQPEN) motif on the
Fc fragment of higG. The binding of the loop to HGWR/V is specific, involving several
forces of hydrogen bonding, hydrophobic, and pdg®tectrostatic interactions (92). Since
the binding site is at the base of the Fc fragmierg,possible that when HWRGWV binds to
hlgG it may orient the antibody at the interfacesirch a way that the variable region for
antigen binding, the Fab fragments, will be moreeasible to binding antigen in solution.

Orientation of 1gG is critical for its applicatiorier immunoassays and immunosensors.
For immunoassay or immunosensor applications, ntibadies need to be immobilized onto
a solid surface. The simplest method is a non-emtadsorption of antibodies on surfaces.
However, many studies over the past few years paveen that these types of procedures
generally denature the majority of adsorbed antdg®(P3-95). Alternatively, proteins can be

covalently coupled to chemically activated surfaitesugh the reaction of lysine side chains
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on the protein surface. IgGs can be directly calipteamine-reactive surfaces (41, 96) or
they can be biotinylated using NHS-activated biathd then immobilized onto streptavidin
(SA)-coated surfaces (95). Covalent immobilizatonild reduce the chances of denaturation,
but the random attachment can cause the lost difgractivity of IgGs to antigens due to
the following reasons. First, the antigen-bindiitg sould be modified during the chemical
modification of IgG. Second, the steric hindrangenf the substrate and adjacently
immobilized antibodies reduce the availability afimobilization IgG to antigens. Third,
since there are multiple binding sites on the pnoseirface, 1IgG could be immobilized by
multiple covalent bonds which could increase thencle of denaturation. For these reasons,
antibodies are sometimes specifically immobilizettoosurfaces such that the antigen-
binding site is oriented away from the surfacefit&pecific orientation can be accomplished
by using an intermediate protein that binds to Heeregion of antibodies (97-99). The
intermediate protein can be protein A or proteito@apture and orient IgG on solid surface.
This type of immobilization strategy can resultarsignificantly higher fraction of active
antibodies. As mentioned earlier, the short peptt#RGWV has similar IgG binding
behavior as protein A, while has several advantagesr these protein ligands.
Consequently, it could be an alternative to repfaogein A and protein G for the application

of immunoassay and immunosensors.
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Table 2.1Comparison of QCM and SPR

QCM SPR
Measurement Total mass Dry mass
Response range A-um A - 300 nm
Intrinsic
sensitivity* 1Hz ~ 17.7 ng cin 1 millidegree ~ 0.64 ng ch
Environmental
effect Sensitive Less sensitive

Any coating with a viscosity
and viscoelasticity contrastAndy coating with an optica
with the surrounding constrast with the surrounding
Applicability medium medium
QCM damping is reflectivé
of the viscoelasticity of :
Other functions coating

Liguid phase frequencyRefractive index of the coating
response is complicated fomust be known if a simple
thin film thickness| measurement is to provide the
Limitation measurements thickness and mass
* The intrinsic sensitivities of QCM and SPR depeandthe instrument fabrication and the
value provided here is for the devices used in shusly: QCM-D apparatus (model E4, Q-
Sense AB, Gothenburg, Sweden) and SPR-Navi deW&Y ( Instruments OY, Helsinki,
Finland).
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2.1 Short Peptides as Affinity Ligands

2.1.1 Overview

Affinity techniques are among the most efficient thoels to purify and detect
biomolecules (1). Due to their high specificity, maglonal antibodies are the most common
ligands currently used in affinity techniques. Shmeptide ligands with sufficient specificity
can have many advantages over antibodies for patidn or detection purposes. Short
peptides are more stable than monoclonal antibdzkeause they do not require a specific
tertiary structure to maintain their biological igityy. The manufacture of short peptides can
be scaled-up under good manufacturing practicesRizébnditions at relatively low cost.
The interactions between small peptides and protieind to be moderate so that the target
protein can be eluted under mild condition withautetrimental influence on protein activity
2).

Short peptides have already been successfully reede@nd identified from peptide
libraries in our group for the purification or detien of S protein (3), von Willebrand factor
(4), alpha-1 proteinase inhibitor (5), fibrinoge®),(alpha-lactalbumin (7), staphylococcal
enterotoxin B (8), human IgG (9) and porcine pamus/(10).

Although the peptide ligands identified for theferent proteins were screened using the
same general methodology, the final results obtbwere somewhat variable. Some peptide
ligands identified by library screening show higghhspecificity to their target protein. That
is the case for peptide YNFEVL and s-protein (3)heD peptide ligands behave as pseudo-
affinity ligands, displaying dissociation constafi&) in the range of 1®to 10° M with

their target proteins. An example of this behavsthe peptide ligand RLRSFY and von
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Willebrand factor (VWF) (4). In general, pseudéirafy peptide ligands are more suitable
for the capture or concentration of the target malke at an early stage in purification, while
the more specific peptide ligands can be efficfentpurifying the protein in one step, but
usually it is placed in the later stages to maxenie efficiency of the affinity column (2).
Generally, ligand-target interactions for short g ligands are stronger than the pure
ion exchange or pure hydrophobic interactions, esitie affinity interaction between the
peptide ligands and target biomolecules is theltre$uhe interactions of each amino acid in
the peptide sequences with the biomolecules. Aayged amino acid in the peptide ligand
tends to form ionic interactions with the targetlecole, while the amino acids in the ligand
with hydrophobic groups interact with the hydropilwopatches on biomolecules (2). For a
specific peptide ligand, the interaction could ba-interaction dominated or hydrophobic-
interaction dominated and, in some cases, the duorhilorce could change with the solvent
conditions. For instance, the interaction betweedWNRKR and alpha-lactalbumin at low
temperatures is dominated by electrostatic intemast while, as the temperature increases,

hydrophobic interactions become the dominant bigpdirechanism (11).

2.1.2 Characterization of Peptide Ligands by Kinetis and Thermodynamics Analysis

As mentioned above, peptide ligands with differBigt-selectivity to targets biomecules
could play different roles in purification processén addition, these affinity interactions
between peptide ligands and target biomoleculekldwave different characteristics. In order
to optimize the performance of these peptide ligaftd bioseparation or detection, these
peptides need to be well characterized. Our reBegmoup has made extensive efforts to

characterize these peptide ligands by quantificatid the thermodynamic and kinetic
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parameters of the interaction between peptide tigaan chromatographic resins and target
biomolecules under different conditions. It hasrb&mind that the affinity of the peptides to
target biomolecules can depend on the variatiaexp&rimental conditions including peptide
density (2-4, 8, 12), pH (4, 11-12), temperaturk, 13), and salt concentrations in the buffer
(4).

In previous studies of the adsorption isotherm arfjet proteins to ligands on porous
chromatography resins the adsorbed amounts of ttdogemolecules under different
conditions were determined by mass balance (3,211-4-16). This is an indirect method of
measuring the amount of protein adsorbed, and emergte a significant error when the
change of protein concentration due to adsorpsaosmall compared to the unbound protein
concentration. The kinetic parameters of affinitgding to peptide ligands on resins were
studied by dynamic adsorption experiments carriexings high performance liquid
chromatography (HPLC). Different models have beempleyed to describe the solute
transport within the chromatography column to getintrinsic kinetic parameters. A lumped
kinetic model was employed for the study of theoapitson kinetics of fibrinogen that binds
to the short peptide FLLVPL (13). In this work, eoins with varying peptide densities were
challenged with a fibrinogen solution at a constémw rate. The concentration of the exit
stream was measured continuously as a functiomrdd. tThe shapes of the breakthrough
curves were modeled using the lumped kinetics mib@ltook into account axial dispersion,
interparticle mass transfer and intraparticle diidmn, and the rates of adsorption and
desorption of the protein to the surface. All thessitransfer parameters were estimated from

correlations or measured directly, and the onlyaiamng parameter in each run was the
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adsorption rate constant onto the resin. The ratestant for adsorption was obtained by
finding the best fit to the breakthrough curve. Tiesulting analysis showed that the
adsorption rates were indeed rate-limiting and that rate of adsorption was relatively
independent of peptide density. Although the lumpagktics model threw a light on the
understanding of the relationship between adsorptide and peptide density, it was found
that the capacity and association constant derfvech the fitting of the experimental
breakthrough data with this model was inconsistétit equilibrium experiments (13, 17). A
more sophisticated effort using the General Ratedflof chromatography was shown to fit
well with experimental results in the analysis tdhylococcal enterotoxin B (SEB) binding
with peptide ligand YYWLHH (15, 18). Generally, theliability of the final results for the
kinetics of adsorption and desorption depend oratieiracy of the transport models and the
estimation of the mass transfer parameters.

In summary, the affinity interaction between pegtidjands and biomolecules have been
studied by indirect methods, batch adsorption mextte chromatography techniques, which
may lead to significant errors under certain sitret. New methods that can directly monitor
the affinity interactions occurring at liquid-solicthterface can lead to more detailed

information on the nature and rates of these inteEnas.

2.2 Study Affinity Interactions by Quartz Crystal Microbalance and

Surface Plasmon Resonance

2.2.1 Overview
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Biosensors have been playing an increasingly inaporble in research on biointeractions
during recent years (19-20). Compared with tradalodetection methods, such as filter
binding assays, radioimmunoassays and enzyme-limk@dunosorbent assays (ELISAS),
biosensors are fast, simple and relatively inexpensBiosensor systems can directly
monitor the macromolecular interactions happeningalid-liquid interface in real time. In
addition, the mass transport processes within tegseems are generally simpler than those
in a chromatography column; consequently, the pmé&tation of the dynamic adsorption
behavior could be relatively easier.

A biosensor is basically a chemical or mass semsarhich the analytical signal is
generated by the bio-affinity elements immobilizzdphysically adsorbed on a transducer
(21-22). During the design of an affinity biosensthe following aspects need to be
carefully taken into consideration: the propertigs the affinity recognition elements
(ligands), the mechanism of signal transductiord #re method of immobilization. This
research focuses on short (hexamer) linear pepigéands. The mechanism of signal
transduction and the method of immobilization aseukssed in the following paragraphs.

Biosensors can be divided into several types depgndn the different transduction
mechanisms: thermal, optical, electrochemical, stouor piezoelectric (23). Currently,
there is a trend to combine surface detection igoles based on different transduction
mechanism, which provides different perspectivesbmding events occurring at interface
(24-26). In this research, attention is focusedwa kinds of techniques: surface plasmon
resonance (SPR) and quartz crystal microbalandedissipation (QCM-D). The features of

QCM and SPR techniques are summarized in Table Th&. most important difference
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between SPR and QCM methods is that SPR measueesirthmass of biomolecules
adsorbed on the surface, while QCM measure thé mégas on the surface, including the
water and ions associated with the biomass (27H28)eneral, SPR is more quantitative than
QCM, while the advantage of QCM over SPR is itsatélly to provide a qualitative
measure of the viscoelastic properties of the ddsbprotein layer (24). The combination of
these two techniques can provide more reliablecamiplementary data. The principles and

applications of these two techniques are presantddtail in the following sections.

2.2.2 Principle of QCM and Its Applications

QCM sensors consist of a thin slice of a singlestadyof quartz sandwiched between two
metal electrodes, housed in a sealed packageriatps a means of connection to a circuit.
An alternating electrical voltage applied to thedectrodes causes the quartz to vibrate, or
oscillate, at its resonant frequency. This freqyaaaependent on the mass of the crystal as
well as the mass of any layers confined on theaserbf the electrode areas of the crystal.
When the electrical field applied to the quartzstay is turned off, the oscillation of the
crystal attenuates as a result of the energy lashgl oscillation. The dissipation factor, D, is
the sum of all the energy lost in the system paillaon cycle (29). The dissipation
depends on the interaction between the film, thes@esurface and the properties of the
adsorbed film. When the film on the electrodes wfstal is slippery or when the film is
viscous, more energy will be dissipated by frictauring the oscillatory motion induced in
the film. As a result, the dissipation factor D yades an indirect measure of the flexibility of

the adsorbed film.
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The merits of the QCM technique are primarily ita@icity and sensitivity (in the ng cm
% range). Sauerbrey reported a linear relationsteifvéen the frequency decrease of an

oscillating quartz crystalf) and the bound elastic mass of deposited m#tal30),

2f Am

Af =— 2-1
(pq/Jq )1/2A

wherefy is the fundamental resonance frequency of thetzjuwaystal, g, is the specific

density of the quartz (2.648 g & u,is the shear wave velocity in quartz (2.84G" g

cm*s? for AT-cut quartz crystals) anilis the measuring area.

The Sauerbrey equation was derived based on twongg®ns: (1) the film is rigid (no
internal friction in the added mass); (2) the fiscoupled perfectly to the oscillatory motion
of the quartz crystal (no slip between the film #@nel crystal electrode).

For rigid, evenly distributed, and sufficiently thadsorbed layers, the Sauerbrey equation
has indeed been shown to provide a good approxomésil-32). However, for soft adsorbed
films, this is not the case anymore, due mainlywo potential reasons: the first one is
connected with the propagation of the shear aaowstive in a viscoelastic film. For a
sufficiently thin and rigid adsorbed film, the adsed layer acts as a “dead” mass on the
piezoelectric oscillator. On other hand, for a giastic or thicker film coupled on oscillator,
the change of frequency is not directly proportidlmachange of mass. In other words, the
effectively coupled mass depends on how the osmilfamotion of the crystal propagates
into and through an adsorbed viscoelastic film 333- The second reason of the failure of
the Sauerbrey relation is the solvent, which, irstoases, is water. In QCM measurements,

water (or any other liquid or solvent molecules)yncauple as an additional mass via direct
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hydration, viscous drag, or entrapment in cavitethe adsorbed film, which contributes to
the overestimation of the mass from the Sauerbgenateon. The typical amount of coupled
water in different systems has been shown to agigraficant variation and it depends on the
nature of the film. The mass-uptake estimationdiccdae 1.5 to 10 times larger than the
molar mass (27, 29, 34-37).

Early chemical applications of QCM involved monitgy of mass and film thickness in
coating equipment in vacuum and on investigatirg absorption in gas phase (32). In the
1980s, solution-based QCM was developed and itdauore applications in mainly two
fields: electrochemistry arlotechnology. In the area of biotechnology, QCM baen used
to measure protein adsorption kinetics (38), proteinformation analysis (24, 39), antibody-
antigen interactions (40-41), nucleotide hybridmat(26), nucleotide-protein interactions
(42-43), and bacteria (44) and cell adsorption.(b)iquid-phase measurements, the QCM
is not a simple mass sensor, but provides valuafidemation about reactions and conditions

at the liquid-solid interface.

2.2.3 Principle of SPR and its application

Surface plasmon resonance is an optical technltptes widely recognized as a valuable
tool in the investigation of biomolecular interacts (45). It can monitor the dynamic
processes occurring on the surface in real timepaodde kinetic and thermodynamic data
(46-47).

A surface plasmon is a longitudinal charge wave prapagates along the interface of
two media with very different optical densities Blas metal and water. The attenuated total

reflectance (ATR) configuration developed by Krestnn (as shown in Figure 1) is widely
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used in most SPR instruments. A monochromatic, larized light traveling through an

optically dense medium (glass) reaches an interfsteveen this medium and an optical
medium with lower density (buffer) and then reffetlack into the denser medium (Figure
1). Under conditions of total internal reflectianpst of the light will be reflected back into
the higher-density medium but there is still a $rpattion of light, the evanescent wave, that
penetrates the interface into the less-dense mediunistance of approximately one

wavelength (48). The evanescent wave vector caxpeessed in the form,
ev

W, .
K, = ?0/7g sin@ 2-2

where,wo is the frequency of incident light,is the speed of light in a vacuur,is the

refractive index of the dense medium, ahds the angle of incident light. The wave vector

corresponding to the surface plasmon is expresgéoetformula,

_ W, 1S
Kap==210, /5 o 2-3

where, 7, is the refractive index of the dielectric mediumtbe top of the sensor surface,

and &, is the dielectric constant of the metal film.

When the incidence angle of the light is chosesuoh a way that the magnitude of the
evanescent wave is equal to that of the surfacsra wave vector,

Ko =K -42

ev sp
the evanescent wave of the light can couple withglasmon in the metal film. In other
words, the surface plasmon is resonantly excitdd. this situation, the incident light

dissipates energy into the metal film. As a redsilg, intensity of reflected light is reduced
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and forms a dip (49). SincK,, is a function of the refractive index of the datlec
mediun),, 7,can be measured by recording the change of thidentangle satisfying the

condition required for surface plasmon resonance.

When binding events occur on the surface, the adsoprotein molecules replace the
buffer solution close to the sensor surface. THermince between the refractive index of the
adsorbed protein molecules and that of the bufirtion replaced will be detected by SPR.
There is no difference between the water molecateched on the surface of proteins or
entrapped in the adsorbed protein layer and thobeffer solution replaced by the adsorbed
protein layer. Consequently, water molecules witthia adsorbed protein layer cannot be
detected by the SPR. In other word, the mass medsyr SPR is “dry mass”.

As an optical technique used for the study of #ffinnteractions, SPR has been
developed in the 1980’s (50). After that, SPR Hagqa a significant role in the research of
biomolecules and their interactions. In the pastdes, SPR has also been increasingly used

for detection and identification of chemical andlbgical substances (45).

2.2.4 Importance of Surface Preparation for Ligandmmobilization

Biomolecules can be immobilized on sensor surfdnephysical adsorption, covalent
bonding, crosslinking, entrapment, or encapsulatfomong those methods, adsorption and
covalent bonding are the most commonly used (2§, 5Physical adsorption of the
biocomponent based on van der Waals attractiveesoic the simplest method available and
it is feasible for various substrates. Howevers thmethod does not provide high surface
density of affinity elements, and the adsorbed lnl@eules could be lost through changes in

pH, ionic strength, or temperature due to adsonpteversibility (51-52). Covalent bonding
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to the surface can lead to slight modificationshaf biomolecules, but, this approach results
in more stable surfaces, and is more reliable aprdoducible DNA-based formation of a
supported, three-dimensional lipid vesicle matrialjed by QCM-D and SPR (53-55).

For covalent bonding, generally the substrates nedae modified to introduce active
groups such as carboxyl, thioacetyl, hydroquin@mespoxide groups for the immobilization
of biomolecules (56-59). Self-assembled monolag®@AiMs) are one of the most convenient
methods to modify the sensor surface. A SAM is alemdar assembly obtained by
immersion of an appropriate substrate into a smiutif a surfactant in organic solvent (60).
This simple process makes SAMs technologicallyaative for the functionalization of
sensor surfaces with active groups.

There are several types of SAMs and among them kwmads, organosilicon on
hydroxylated surfaces, and alkanethiols and dialiiglulfides on gold and other noble
metals, are the most common methods for biomoldoubeobilization (60-61). Due to their
simplicity and versatility, the SAMs of alkanettsobn gold have been the most studied
SAMs.

The structure of these SAMs is now well establisf@2). Sulfur compounds have a
strong affinity for transition metal surfaces (68pr an alkanethiols with an alkyl chain
longer than 10 carbon atoms, it is possible toinbtary ordered layers, with few defects,
depending mostly on the irregularity of the goldface (31, 62, 64-65). The terminal
functional groups of o-substituted alkane thiolsndwate the properties of the interfaces
between the SAMs and the contacting liquids andehgroups offer great versatility to

covalently immobilize biological molecules, suchpeptides or proteins on sensor surfaces.
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Chemisorption of alkanethiols as well as of dialldisulfides on clean gold gives
indistinguishable monolayers. The rates of formated SAMs from dialkyl disulfides or
alkanethiols are also indistinguishable, but thesa@f replacement of molecules from SAMs
by thiols are much faster than by disulfides (60).

SAMs of alkylchlorosilanes, alkylalkoxysilanes, andlkylaminosilanes require
hydroxylated surfaces as substrates, such asrsibgade, aluminum oxide, quartz, glass,
mica, and zinc selenide, for their formations. Thieing force for this self-assembly is the
formation of polysiloxane, which is connected toface silanol groups (-SiOH) via Si-O-Si
bonds (61). The control of the quality of the SAbssilanes is generally harder than that of
alkanethiols. The formation of silane SAMs is sBwsi to water. While incomplete
monolayers are formed in the absence of moistureutastrate, the excess water results in
facile polymerization in solution and polysiloxamkeposition of the surface (60). The
advantage of SAMs of silane over those of alkaoéthis their relatively higher stability

(61).

Besides the introduction of active groups for imfhnétion of biomolecules, there are
other two objectives of surface modification. Fiedlding a spacer arm on top of a substrate
is desirable to enhance the availability of theahids on the surface of the modified layer.
Spacer arms have been widely used in affinity clatography or membranes for
bioseparations. They can play a significant roléhm affinity interaction between ligands on
solid surfaces and biomolecules in solution, esdgdior small ligands, and this effect could
be even more critical when the active site of Hrgét molecule is located in a pocket (1, 66).

A good spacer arm should have just enough lengthdititate the formation of ligand and
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target biomolecule complex. If no spacer arm, orghort a spacer arm is used, it might be
hard to form the complex of ligand and target molealue to steric hindrance; if it is too
long the density of ligand could be low and nongpebinding to spacer arm could become
predominant over the affinity interaction (66). Tother objective of surface modification is
to minimize the background noise from the nonspebihding of proteins and other species
in the bulk solution. Poly (ethylene glycol) (PEiS)well-established as one of the primary
components in nonfouling film chemistry. The remmte of PEG coated surfaces to
nonspecific binding is dependent on the moleculaight of the PEG and the resulting
packing density of the PEG chains (67). In additiBEG is also a good candidate spacer
arm, since PEG brushes have a high flexibility imldgical media. Consequently, materials
including PEG composite have been widely applieantmdify surface for bio-application

(68-72).

2.3 Potential Applications of Fc-specific HexamelPeptide Functionalized

Biosensor

2.3.1 Fc-specific Peptide Ligand for IgG Purificaton

Antibodies, also known as immunoglobulins (lg), gigcoproteins produced by white
blood cells, each having a special antigen-bingiogket that is sensitive to specific parts of
an antigen protein. The human immunoglobulins actdar approximately 20% of all
proteins in human plasma, and can be divided in® d¢lasses or isotypes: 1gG, IgA, IgM,

IgD, and IgE. Among them, IgG is the most abunddass of Igs in the body, constituting
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approximately 75% of the total immunoglobulins ataaverage concentration of 12 mg/ml in
adult blood (73).

As shown in Figure 2.1, IgG has a Y-shaped strectuth the molecular weights of the
heavy (H) and light (L) chains being 50 and 25 KBespectively. Although the general
structures of IgGs are very similar, a small regainthe tip of the protein is extremely
variable, allowing millions of 1gGs with slightlyiffierent tip structures, or antigen binding
sites, to exist. As shown in Figure 2.1, thé¢" label indicates a variable region where the
amino acid composition varies with the responségans, while the"C" label denotes a
constant region where the amino acid compositiorelgtively invariant for IgGs. Starting
from the amino terminus, the L chains include tHeand CL domains while the H chains
encompass the VH, CH1, hinge, CH2, and CH3 regidhs. V regions of both heavy and
light chains are responsible for antigen bindingfdayning a pocket with six loops. The C
region is engaged in a variety of effector funcéign4).

IgG and its fragments have found a wide array opliegtions as pharmaceutical
compounds, in addition to their common usage imptindication and localization of proteins.
Conventionally, 1gG preparations have been produeegtiusively by precipitation
techniques, preferably involving cold ethanol frachation. In recent years, however,
chromatographic steps have been introduced intddlastream of the ethanol fractionation
steps (75). lon-exchange chromatography, hydroghotieraction chromatography, size-
exclusion chromatography, and affinity chromatobsaave all been involved in IgG
capture and purification and, among them, afficityomatography allows the possibility of

obtaining several fold purification with high re@y in fewer steps (76).
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Staphylococcus aureuBrotein A andStreptococcusProtein G are the most common
affinity ligands for IgG purifications and detect® (76-77). However, the drawbacks
associated with these two protein ligands, inclgdiigh cost and low stability, have given
rise to the searching for alternative affinity ingks for antibody purification (76, 78). Special
attention has been paid to the use of small ligdodaffinity purification of antibodies due
to their advantages of being more stable (no threwnsional structure), less immunogenic,
and less expensive than large protein ligands. Ssym¢hetic small ligands have been
extensively studied for IgG purification and detect such as the hydrophobic charge
induced ligand MEP (4-mercapto ethyl pyridine) (#8g Protein A mimetic peptide Kaptiv-
GY based on the sequence (RIRKG (TG19318) (80) and a synthetic ligand MAbSorbant
A2P derived from a triazine derivative ligand 2283). However none of these ligands that
bind to antibodies behaved like Protein A in theirding specificity to the Fc fragment. The
ability to bind through the Fc fragment is an intpat function since it allows the ligand to
be used as a universal ligand for whole antibo@died Fc-fusion proteins, potentially
diminishing the time required to develop separapootesses for new antibodies.

Three hexamer peptide ligands, HWRGWYV, HFRRHL, &FKFD, identified by our
group, were the first reported short peptide ligatidat were able to mimic the binding
specificity of Protein A to the Fc fragment of humigG (hlgG) (9). The performance of the
peptide HWRGWYV for the purification of higG in coteg fluids has been extensively
studied and characterized. An HWRGWV resin witheptjtle density of 0.08 meq‘®f dry
resin was able to purify higG from mammalian celltere media containing 10% fetal calf

serum (cMEM) with both purity and yield as high%#6, comparable to Protein A and A2P
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agarose gels (12). The ligand also demonstrateabitdy to isolate higG from Cohn I+l
paste and yields of 82% and purities of 73% wertaiobd in one step. Bound IgG can be
eluted under milder conditions than with ProteinwAth the target molecule being released
from the resin at pH 4, in contrast to the typighl 3.0 elution using Protein A. The ligand
was found to bind to IgG from different organisms;luding bovine, murine, goat, and
rabbit IgGs. The peptide also displayed affinitydtfierent subclasses of IgG, such as HigG1,

HIigG2, HIgG3, and HIgG4.

2.3.2 Potential Application for IgG Concentration Quantification

Quantification of immunoglobulin concentrations serum is one of the basic tools
commonly used for investigating abnormalities ia@to the immune system and exposure
to infectious disease in humans and domestic spd¢i® 82). Besides serum, other body
fluids, including urine, saliva, milk and espegyatlolostrums are all possible samples that
can be subjected to immunoglobulin quantificati@says (73). Classical measurements of
hlgG involve techniques such as fluorescence imrassays, radioimmunoassays (RIA) and
enzyme-linked immunosorbent assays (ELISA). Howeteay are time-consuming and need
labeling of biomolecules. For clinical diagnostigsrposes, ELISA-based assays are only
employed for the measurement of antibody producigainst defined pathogens or antigens
for the investigation of suspected immunodeficief@®). There are three types of assays,
(immunodiffusion, nephelometric, and turbimetrionamonly used by clinical immunology
laboratories to quantify human IgG, IgA, IgM, Igkdathe kappa and lambda light chains of
Igs (73). The principle of these assays is simiath) highly avid antibody reagents added to

the sample containing immunoglobulins to form im@womplexes, which are subsequently
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detected visually or by light-scattering techniggesh as immunodiffusion, nephelometry,
or turbimetry. A variety of immunological reagerase used in clinical assays for the
guantification of human immunoglobulins. In the lgayears, polyclonal antibodies were
extensively used and more recently, well documemtedine monoclonal antibodies have
become available. They are highly specific for harmamunoglobulin and especially useful
in quantifying the amount of human IgG and IgA dabses, where maximal specificity is a

requirement (73).

Besides diagnostic applications, the quantificattbrimmunoglobulin is also important
for antibody production and dairy production. Severnline immuno-monitoring systems
have been successfully developed for the measuteshbigG based on turbidimetric assays
(83) and fluorescence measurements (84).

Biosensors have attracted wide-spread attentionthm field of immunoglobulin
guantification in recent years for many reasonshsas simple instrumentation, fast
operation, and high sensitivity and selectivity. avierhile, several biosensors have been
developed for measurement of hlgG, including pitatac (85) and piezomagnetic
biosensors (86), surface plasmon resonance biasen®@Y-88) and electrochemical
biosensors such as amperometric biosensors (89)pateshtiometric biosensors (90). The
majority of higG detection methodologies employedsbnsor techniques are based on the
protein A or protein G sensing platform. However spite of its high selectivity, protein A
has some drawbacks such as its high cost, rehatiegV stability and the difficulty to
immobilize it in the proper orientation (91). As ntiened early, the hexamer peptide ligand

HWRGWYV has a similar binding capability as protedy and as a small ligand, the
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immobilization of HWRGWYV in the right orientatios imuch easier. This ligand is a good
candidate to replace protein A for the productidnaobiosensors for immunoglobulin

guantification.

2.3.3 1gG Oriented Immobilization and Potential Application in Immunosensor
Fabrication

As mentioned earlier, the peptide ligand HWRGWYV ¥@amd to bind the Fc fragment of
lgG, which is the conserved part of the moleculee Binding site was, however, different
from that for Protein A and Protein G attachmerdi)(®ccording to mass spectrometry data,
the hexamer peptide ligand HWRGWYV binds to the p&iion of higG. Figure 2.3 shows
the result of a docking calculation using the HADOK) (High Ambiguity Driven Docking)
program indicating that HWRGWYV binds to the Ser3€3t389 (SNGQPEN) motif on the
Fc fragment of higG. The binding of the loop to H&®R/V is specific, involving several
forces of hydrogen bonding, hydrophobic, and pdgstectrostatic interactions (92). Since
the binding site is at the base of the Fc fragmérg,possible that when HWRGWYV binds to
hlgG it may orient the antibody at the interfacesuch a way that the variable region for
antigen binding, the Fab fragments, will be moreeasible to binding antigen in solution.

Orientation of 1gG is critical for its applicatiorier immunoassays and immunosensors.
For immunoassay or immunosensor applications, ntib@dies need to be immobilized onto
a solid surface. The simplest method is a non-emtadsorption of antibodies on surfaces.
However, many studies over the past few years paveen that these types of procedures
generally denature the majority of adsorbed antd(@3-95). Alternatively, proteins can be

covalently coupled to chemically activated surfattesugh the reaction of lysine side chains
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on the protein surface. IgGs can be directly calipteamine-reactive surfaces (41, 96) or
they can be biotinylated using NHS-activated biaiml then immobilized onto streptavidin
(SA)-coated surfaces (95). Covalent immobilizationld reduce the chances of denaturation,
but the random attachment can cause the lost dirfgractivity of IgGs to antigens due to
the following reasons. First, the antigen-bindiitg sould be modified during the chemical
modification of IgG. Second, the steric hindrangenf the substrate and adjacently
immobilized antibodies reduce the availability aimobilization IgG to antigens. Third,
since there are multiple binding sites on the pnosairface, 1IgG could be immobilized by
multiple covalent bonds which could increase thancle of denaturation. For these reasons,
antibodies are sometimes specifically immobilizestoosurfaces such that the antigen-
binding site is oriented away from the surfacelfit&pecific orientation can be accomplished
by using an intermediate protein that binds to Heeregion of antibodies (97-99). The
intermediate protein can be protein A or proteito@apture and orient IgG on solid surface.
This type of immobilization strategy can resultarsignificantly higher fraction of active
antibodies. As mentioned earlier, the short peptt#RGWV has similar IgG binding
behavior as protein A, while has several advantagesr these protein ligands.
Consequently, it could be an alternative to repfaogein A and protein G for the application

of immunoassay and immunosensors.
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Table 2.1Comparison of QCM and SPR

QCM SPR
Measurement Total mass Dry mass

Response range A-um A - 300 nm

Intrinsic

sensitivity* 1Hz ~ 17.7 ng cin 1 millidegree ~ 0.64 ng ch
Environmental

effect Sensitive Less sensitive

Any coating with a viscosity
and viscoelasticity contrastAndy coating with an optica
with the surrounding constrast with the surrounding
Applicability medium medium
QCM damping is reflective
of the viscoelasticity of &
Other functions | coating

Liguid phase frequencyRefractive index of the coating
response is complicated fomust be known if a simple
thin film thickness| measurement is to provide the
Limitation measurements thickness and mass
* The intrinsic sensitivities of QCM and SPR depeanrdthe instrument fabrication and the
value provided here is for the devices used in shusly: QCM-D apparatus (model E4, Q-
Sense AB, Gothenburg, Sweden) and SPR-Navi deW&Y ( Instruments OY, Helsinki,
Finland).
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Figure 2.1 The principle of SPR
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Figure 2.2 Structural diagram of human IgG1
Green line: light chain; brown line: heavy chain.
Each"C" like structure denotes one of the IgG domains. aif|ymatic fragments Fab, Fc,
F(ab)2, Fc' and pFc are indicated below the diagram.

Figure 2.31gG and hexamer peptide ligand HWRGWYV binding mdaden HADDOCK
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Chapter 3. Maodification of Silica Surfaces for Bioaalytical Applications
via Self-Assembly and Covalent Attachment of Amind-erminated PEG

Chains
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Abstract

Flat silica surfaces were modified by the additairshort polyethylene glycol chains at
high density, and terminated by the addition ofqauly amine functional groups. This kind of
construct can be used to immobilize biomoleculbswing for its use in fundamental studies
of surface interactions between immobilized bioraoles and their targets.

A self-assembling monolayer (SAM) of 3-amino-propgethoxy silane (APTES) was
formed on the silica surface as an initial anclayref, then short chains of polyethylene
glycol with Fmoc-protected amine groups at one and carboxyl groups at the other end
were coupled to the silane SAM to reduce nonspebifiding. The amine groups at the end
were liberated by Fmoc deprotection, to make therailable for immobilization of
biomolecules. The estimated surface chain density ellipsometric thickness measurement
of PEG chains and amine groups is 2.74 chains’. nithe modified surfaces were
characterized by time of flight-secondary ion msgsctroscopy (ToF-SIMS). The presence
of peaks from the Fmoc group in the spectra of shmple before deprotection provides
direct evidence of successful immobilization. Thé p of the amine group on the surface,
determined by contact angle titration, is around Yalue that is much lower than that of its
free analogue in solution.

The amount of protein adsorption on the modifietrtg surface was determined by
quartz crystal microbalance (QCM) measurementshobigh there is some nonspecific
protein adsorption on the modified surfaces with BEG layer terminated by amines, the
adsorption amount is much lower than that on bgieasurfaces and on the silica surfaces

modified only with APTES. The protein adsorptiorsults on the surface with free amine
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groups are dependent on the pH and they are censisith isoelectric point measurements

by contact angle titration.

3.1 Introduction

Bioactive surfaces have numerous potential apjpieaf including affinity bioseparations,
diagnostics and biosensors, proteomics, biochig$ ioreactors. Biomolecules can be
immobilized on the substrate by physical adsorptionvalent bonding, crosslinking,
entrapment, or encapsulation. Among those methadisprption and covalent bonding are
the most commonly used. Physical adsorption ofbibeomponent based on van der Waals
attractive forces is the simplest method availadld it is feasible for various substrates.
However, this method does not provide high surfdeesity of affinity elements, and the
adsorbed biomolecules could be lost through chamgesl, ionic strength, or temperature
due to adsorption reversibility (1-2).

Covalent bonding to the surface can lead to shghdlifications of the biomolecules, but,
this approach results in more stable surfaces,santbre reliable and reproducible (1, 3-5).
For covalent bonding, generally the substrates tede modified to introduce active groups,
such as carboxyl, thioacetyl, hydroquinone, or ép@groups for the immobilization of
biomolecules (6-9). In addition, adding a spacen am top of substrate is desirable to
enhance the availability of the ligands on surfacel to reduce nonspecific binding of
proteins and other species from the bulk soluti®alyethylene glycol (PEG) is a good
candidate spacer arm, since PEG brushes have dléwgtility in biological media, and can
help minimize nonspecific protein binding and catlhesion on surfaces (2, 10-12). The

resistance of PEG coated surfaces to nonspecifiiryg is related to the molecular weight of
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the PEG and the resulting packing density of th& BRains (13). High chain densities on a
surface can be achieved by various methods, inwudikanethiol-based self-assembling
monolayers (SAM) on gold surfaces. Whitesides avitagues (13-15) studied alkanethiols
with various functional groups including oligo(eléye glycol) and demonstrated that SAMs
containing othis compound resist the adsorptioproteins. Mrksich and colleagues (13-15)
successfully applied these kinds of oligo(ethylghgol)-coated surfaces to the
immobilization of proteins and peptides on sensomse potential limitation of a thiol SAM
is its tendency to be slowly oxidized after prajed exposure to air and light (16-17) or to
buffer for days or weeks. In addition, the formatiaf thiol SAMs is only viable for noble

metal substrates.

Beside SAMs on gold surfaces, other approaches lese taken for the modification of
substrates for high chain density of PEG chaind \iinctional groups. Jaehne and co-
workers (6) modified titanium oxide surfaces witlarlmoxy-terminated oligo(ethylene
glycol)-alkane phosphate but the resulting densitp EG chains of 2.03 molecules fiwas
not as high as expected. Zhu and colleagues furadized Cl-terminated silicon surfaces
with high-density PEG chain ends with hydroxyl gosufor the immobilization of
oligonucleotides (18). These surfaces are not w&aple under strong acidic or basic
conditions, but the problem was resolved by usingtipie-arm PEGs in the study of the
immobilization of poly histidine-tagged proteins bye affinity interaction with Cil ions
chelating with iminodiacetic acid groups at the efdPEG arms (19). Several arms of
multiple-arm PEGs reacted with the Si-Cl surfaeggg)ancing the stability of the PEG layer

on the surface.
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In this study we focused on the formation of higimsity of PEG chain coatings with
amine groups as functional groups for immobilizatanto silica surface. Our main interest
here was to obtain amine-terminated chains on tinace for the immobilization of small
peptide ligands through their carboxyl groups. fésas we are aware, the only prior work
in this area is that of Howorka and colleagues @B modified glass surfaces with PEG
chains ending with amine groups for the fabricabb®NA oligonucleotide microarrays. In
their work, they grafted high density PEG-diamin®iW 2000) on SAMs of 3-
glycidoxypropyl trimethoxysilane (20). In this appich, both ends of the PEG-diamine can
react with the SAM on the surface, thus reducirggrtbmber of terminal amines potentially
available for attachment of biomolecules. To redince effect, a large excess of the diamine
is necessary during the coupling reaction.

Our interest is to study the affinity interactiohhagh density peptides immobilized on the
surface through their carboxyl terminals with tangeoteins in complex biological media. To
this end, this paper describes the modificatioguartz silica surfaces via the formation of a
self-assembling monolayer of APTES, followed byctem with a PEG compound with
Fmoc protection on the amino end and a free catbenxg that was used to react with the
free amine on the APTES. We used a smaller molesméaght PEG than that used by
Howorka and colleagues in an effort to obtain ahérgchain density. In addition, the
carboxyl-amine reaction with the Fmoc-protected Piglped to ensure the availability of
the free amine at the end of the PEG after theadegtion of the Fmoc. This paper presents a
detailed analysis of the surface properties of B#S5-modified quartz via ellipsometry to

estimate the chain density, contact angle titratdomeasure the pltof the surface amino
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groups, ToF-SIMS to verify that the surface modifion steps have successfully gone to
completion, and nonspecific protein binding studiethe modified surface with free amines
to verify that the protein adsorption is dependenelectrostatic interactions with the amine
groups as expected. This paper will lay the growrévior additional studies involving the

attachment of peptides to these surfaces throwghdarboxyl termini.
3.2 Materials and Methods

3.2.1 Materials

Anhydrous toluene (99.8%)y-amino-propyl triethoxy silane (APTES) (99%), N,N-
dimethylformamide (DMF, ACS reagent99.8%), piperidine (biotech grade99.5%),
bovine serum albumin (BSA;98%), ethanol (200 proof, absolute, for moleculiadyy),
phosphate buffered saline (PBS pH 7.4, monobasituso phosphate, dibasic sodium
phosphate, sodium chloride 0.138M, potassium altdo©.0027M ) were obtained from
Sigma-Aldrich (St. Louis, MO) and used as receiuatess specified otherwise. Fmoc-11-
amino-3,6,9-trioxaundecanoic acid (Fmoc-mini-PE®)3 was obtained from Peptides
International, Inc. (Louisville, KY). Ethyl-3-(3-thethylaminopropyl) carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHSJere obtained from Pierce
(Rockford, IL). Nitrogen gas, purity 99.99%, wastabed from National Welders Supply,
Inc (Raleigh, NC). Deionized water (DI water, réisisy > 16 MQ-cm) and Milli-Q water
(resistivity > 18 M2-cm) were obtained by using the Millipore water ification system
(Billerica, MA). Buffer solutions used for contaahgle titration measurements were 0.01 M

in concentration and were prepared using Milli-Qewand the following reagents: pH 1~2,
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hydrochloric acid/potassium chloride; pH 3~5, acefcid/sodium acetate; pH 6~8
monobasic sodium phosphate/dibasic sodium phosppidt®~10 sodium carbonate/sodium
bicarbonate; pH 11~12, dibasic sodium phosphatelsodiydroxide. All the reagents used
to prepare the buffer solutions were obtained f&igma-Aldrich (St. Louis, MO).

The buffers used for QCM experiment were the buffegpared the same methods
mentioned above with the addition of sodium chlerehd potassium chloride to a final

concentration of 0.138 M and 0.0027 M respectively.

3.2.2 Preparation of Substrates

Single-side polished silicon wafers with [100] oigtion (Wafer World Inc., West Palm
Beach, FL) were cut into small pieces (~1 to F)crfollowed by removal of debris using
pressurized air. Silica-coated QCM sensors weraindd from Q-sense Inc. (Glen Burnie,
MD). The silica wafer slides and silica-coated QC##nsors were placed into an
ultraviolet/ozone (UVO) cleaner (Model 42, Suprdaihp, Jelight Co., Irvine, CA) for 20
minutes. The lamp used was comprised of low-presquartz-mercury, with UV radiation
peaks at 184 and 254 nm, which can produce mortdaatomic oxygen. Atomic oxygen
cleans any hydrocarbon impurities present on timepka surface by oxidation, producing
gaseous CO and GQn addition, atomic oxygen can increase the dgmgi— OH groups on

the silica surface which is the attachment poinsflane molecules (21).

3.2.3 Surface Modification
The cleaned surface of the silica wafer slides @MQsensor were modified using the
approach illustrated in Figure 3.1. The first stegs to form a self-assembled monolayer of

APTES on the silica surface. The cleaned substratrse immersed into 1 wt% APTES
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solution in anhydrous toluene at 60°C for 5 minufBse samples were then rinsed with
toluene at least 5 times and sonicated in toluen® fiminutes. After that, the samples were
rinsed sequentially with toluene, acetone, ethandl DI water, then dried by nitrogen stream.
The silanization method was adopted from Petrildadolleague’s work (22).

The second step was to couple the carboxyl terofithe Fmoc-mini-PEG-3' to the
primary amines on the SAM of APTES, using EDC amiiS\as coupling agents (23). Fmoc-
mini-PEG-3", EDC and NHS were dissolved in a mixture of 0.1MN2morpholino)
ethanesulfonic acid hemisodium salt (MES, pH 4ignf, St. Louis, MO, prepared using
Milli-Q water) and 200 proof ethanol in the ratiblol to final concentrations of 5, 2.5 and
3.75 mg mt" respectively. The samples with APTES layers wésequ in this solution right
after drying and were kept immersed at room tentpszaovernight (~16 hours) with gentle
shaking. Samples were then removed from the solutiosed with ethanol, followed by
rinsing with DI water. The physically adsorbed Frmini-PEG-3™ remaining on the
surfaces was removed by sonication at 40 Hz (Brandtrasonic cleaner, Model 2510,
Branson Ultrasonics Corporation, Danbury, CT) ih:h mixture of DI water and ethanol at
room temperature for 5 minutes in ethanol. The $asnpere rinsed with ethanol and DI
water at least 5 times, and then dried with nitrofiew.

Step 3 was to de-protect the amine group at th@@terminus of Fmoc-mini-PEG"3.
The Fmoc groups were removed by keeping the sample8% (v/v) piperidine solution in
DMF for 1 hour (24). Samples were then rinsed dtiF at least 5 times, further cleaned
by sonication at 40Hz in DMF for 5 minutes, andsed again with DMF 5 times. In some

experiments the amine groups were acetylated byersimg in a mixture of 10% (v/v) acetic
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anhydride in acetone and 0.5M sodium acetate agusolution, at a ratio of 1:10 at room
temperature for 2 hours. The surfaces were thesedirwith DI water and further washed
with an ultrasonic bath again by sonication at 40D| water at room temperature for 5
minutes. Samples were dried with a nitrogen straachkept in vacuum before any further
characterization experiments.

For convenience, in this paper the surface sangtitsned after each step will be referred
to as APTES (after formation of the SAMs), APTESGH-Fmoc (after attachment of

the Fmoc-protected PEG), and APTES-RBENEI, (after deprotection of the amine).

3.2.4 Ellipsometric Film-Thickness Measurements

The thicknesses of the surface films on the siigdace after each step were estimated
with a Rudolph/Auto EL Ellipsometer equipped witia-Ne LaserX=632.8 nm) with fixed
incidence angle of 70.0° (New Jersey, USA), ushmg refractive indices of Si, SiCand
APTES as 3.838, 1.462, and 1.424 respectively @2&)the PEG layer, it was assumed that
its refractive index was similar to that of APTERhe data presented are the averages of at
least 5 points with an error of + 2 A,

The grafted surface density,(chain nnf) can be estimated from the thickness

measurement using

o = Nadp, x10%
M

w

3-1

where N, is Avogadro’s numberd (A) is the measured film thicknedd,, (g molé?) is
the molecular weight of the chain, apgi(g cm?) is the density of the layer (25). Since the

actual densities of the immobilized layers are wvkm and they depend on the surface chain
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densities, the bulk density of APTES (0.946 g>ymand PEG layer (1.08 g ¢ value
provided by supplier) were used. The grafted serfdensity calculated by this equation is
only a rough estimation due to the difference betwthe density of layer immobilized on

surface and that of bulk material.

3.2.5 Contact-Angle Measurements and Contact-Angl&itrations

Contact angle measurements were performed usiregreéRiart contact angle goniometer
(model 100-00, Ramé-Hart, NJ, USA) equipped witlc@D camera and analyzed with
Rameé-Hart software under ambient conditions. Theacing contact angle of DI water (pH
6.8) or aqueous buffer solutions with different pilues on modified silica surfaces were
measured. The buffers used for this experiment weseribed in 2.1. Before the acquisition
of contact angle data, the samples were immerge80fminutes into the buffer solution that
was to be used for measurement. After removal ftieensolution, the sample was briefly
rinsed with DI water, dried with a nitrogen streand then mounted in the goniometer. The
advancing contact angles were read by dropping df probing buffer solution onto the
surface. Each data point reported represents aage®f five measurements on the same

sample, with an error smaller than £1.5°.

3.2.6 Time of Flight Secondary lon Mass SpectroscgToF-SIMS)

The ToF-SIMS measurements were performed on a HMFT | mass spectrometer
(Model 2100, Kanagawa, Japan). In order to deteetecal components within only 2~3 nm
deep from the top of the surface, static model etexsen. The experiment was operated at a
pressure belowx10® Torr (1 Torr = 133Pa). A Gasource operating at 15keV and giving a

dc ion beam current ofuA was used. Charge compensation was accomplishtedcavaulsed
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low energy electron flood gun. The estimated raatea was about 880 um. The total
primary ion dose was maintained below3li@ns cn. The mass resolution obtained under
these operating conditions wasAm> 5000 at m/z= 2&m is the smallest mass difference
that can be resolved between two spedes.is about 0.056 amu in this study, which is high
enough to resolve some important peaks likBlsO'(m/z 45.03) from SiOH (m/z 44.98).
Spectra for positive and negative ions were acduivghin 5 minutes. The mass scales of
the positive and negative ion ToF-SIMS spectra veatibrated to the CH, CHs*, Si' and
CH, CN, and Sipeaks respectively, before further analysis.

The pure Fmoc-mini-PEG™ obtained from Peptides International Inc. with@uty
treatment was used as positive control for thiseeirpent. Fmoc-mini-PEG¥' is gel at
room temperature and it was spread into a thin fiiractly with a clean pipette tip on silica
wafer surface cleaned by UVO with the method dbscriin section 3.2.2. In addition, there
are three samples obtained after each modificatiep, APTES, APTES-PEGNH-Fmoc,
and APTES-PEGNH,. Both positive and negative spectra were colletitaoh each sample

and positive control.

3.2.7 Quartz Crystal Microbalance (QCM)
A commercial QCM-D apparatus (model E4, Q-Sense &Bthenburg, Sweden) was
used to measure the changes in the resonance rigq@d=) and in the energy dissipation

(AD) due to the protein adsorption process.

The QCM crystal (diameter 14 mm, 5 MHz) was excitedscillation in the thickness-

shear mode at its fundamental resonance frequarntydd overtones (n =3, 5, 7, 9, 11, 13)
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by applying a RF voltage across the electrodesatin ides of crystal. The voltage applied
to the oscillating crystal was automatically swedhon and off, and the crystal decays as an

exponentially damped sinusoidal function,
a(t) = A, ex;{—;jsin(ax +9) 3-2

whereq is the amplitude of ossification, t is timejs the relaxation timep is the phase
constant andv is the oscillation frequency, from which the resoce frequency and the

energy dissipation can be calculated by the folhgutivo equations (26-27):

D=2 3-3
wr

F=% 3-4
27T

The Q-sense software numerically fits the amplitadeé gives out the value BfandD.
Classically, the Sauerbrey relationship (28) hanhesed for quantitative determination
of mass deposited on the crystal surface,

2fZam 1 Am 3-5

Af =- = om
nipq,uq il/ZA nc A

wherefy is the fundamental resonance frequency of thetzjuaystal, g, is the specific

bulk density of the quartz (2.648 g &m U, is the shear wave velocity in quartz (2.947%10

g cmi*s? for AT-cut quartz crystals)A is the measuring area, ands the number of the
overtone (26, 29). For the sensor used in this w8ris equal to 17.7 ng ¢hiHz ™, according
the information provided by the instrument company.

The measurements were done in small cells, designpdovide a rapid, non-perturbing

exchange of the liquid over one side of the QCMelDs®r. The temperature of the QCM-D
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chamber and liquid inside were controlled at 25£@1All solutions were passed through a
Corning 0.22um polyethersulfone (Sigma-Aldrich, St. Louis, MOlydr and degassed by
sonication at room temperature before use.

Since there is some variation between the resetisrded by different overtones, in this
studies the average of the frequency changes ofane3, 5, 7, 9, 11 was used and the error
bar indicates the difference between overtones.

The bovine serum albumin (BSA) adsorption amountsitioa surface before and after
modification was measured. The BSA was dissolvea RBS buffer for pH 6.0, 7.4, 8.0 and
acetate buffer of pH 4.0 to a final concentrati®®.65~10 mg mitf.

The QCM-D apparatus (model E4) has four chambedseach chamber is connected to
the pump by tubing. First, the buffer was contibuplmped at the flow rate of 1Q0 min™
through each chamber to get a stable baselinec@tedi by a variation of frequencies of less
than 0.5 Hz for 30 minutes). The pump was thenpgdpand the flow was switched to the
protein solution with known bulk concentration. Timemp was re-started and kept at a flow
rate of 200ul min™. The adsorption was monitored until the chang&efuencies was less

than 1 Hz for 30 minutes.
3.3 Results and Discussion

3.3.1 Modification of silica surface
As mentioned earlier, the modification of the silgurface was achieved through a 3-step
process: first, the monolayer of APTES was formgohsaneously during the contact of the

silane solution with the silica substrate, then Emuni-PEG-3" was coupled to it, and
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finally the Fmoc group at the end was removed, sixygpthe amine functional group. After
each step, the thickness of the formed layer ardctimtact angle were measured and the
results are summarized in Table 3.1. Under the raxpatal conditions described in section
3.2.2, the thickness of the APTES monolayer wasie®d\, which is close to the theoretical
thickness of APTES monolayer of 7 A (30) and valwgmorted in the literature (22).

Coupling of the Fmoc-mini-PEG™ increased the thickness by 14 A and removing the 9
fluorenylmethyloxycarbonyl (Fmoc) protecting grotgmuced the thickness of PEG layer to
8 A. Assuming that the bond length of C-C is 1.58# C-O bond length is 1.52 A, and the
C-N bond length is 1.45 A (31), the full lengthsifetched the mini-PEG without the Fmoc
group should be about 17.6 A. The thickness obthwes lower than half of the full stretch
length calculated. This may suggest that the demsithe mini-PEG layer obtained is not
very high so that there is enough room for the fRIB(G chains to be in an extended
conformation.

According to Equation 3-1, the estimated chain g APTES is 3.86 chain nfhand
that of the PEG chain is 2.74 chain fAinThis indicates that about 70 percent of the amine
groups of APTES on the surface reacted with Fmau-REG-3". The density of PEG
chain obtained in this study was significantly reghhan that obtained by Howorka and
colleagues (1.14 chain Amestimated by Equation 3-1 from the ellipsometasurement
of 3.5 nm) (20).

The contact angle of DI water on APTES monolayes whout 53 which is within the
range of 42~ 68 reported in the literature (22, 32). After cougliREG layer to the surface,

the contact angle dropped due to an increase imopfdicity (12, 33-35). The average
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contact angle measured after PEG attachment wg28Al There was not too much change
of contact angle after deprotection. It seems ftbese results that the relatively hydrophobic
Fmoc group must have been buried inside the fitms texposing the hydrophilic groups of
PEG to the aqueous phase. Since the density ¢t chain is not very high, it is possible

for the hydrophobic ends to be hidden inside time §urface.

3.3.2 Characterization of the Modified Silica Surfaes by ToF-SIMS

The modified surfaces were subjected to ToF-SIM8lyais to confirm the success of
each step of modification. Fmoc-mini-PEGY3directly spread on silica wafer surface was
included as positive control, in addition to thesth samples obtained after each step, APTES,
APTES-PEG-NH-Fmoc, and APTES-PEGNH,. Both positive and negative ion spectra
were collected for each sample, and the main pielekdgified are summarized in Table 3.2.

For the sample comprised of an APTES SAM layeruicwl b in Table 3.2), the main
peaks found in the wide scan negative ion SIMS w€reCN, O, OH, C, CH , and G.
Among those, the CNpeak at m/z 26 is the characteristic peak, ingigat successful
deposition of APTES (36). Peaks relative toa®d OH could be from the silane bond, silica
substrate, and also physical adsorption of watetopnof the APTES layer (36). In the
positive ion spectrum of APTES, the signals aroumi 28 are the strongest. It is an
asymmetric peak (as shown in Appendix 3-1) withtdbations from Si (m/z 27.99) and
CH.N" (m/z 28.02) (37). Other important peaks are fréw ions GHs", CHsN*, CHsN",
CoHs", CsHs', CsH7", C;HaN™ and GH/N™.

For the samples of APTES-PEGH-Fmoc and APTES-PE&NH, (columns ¢ and d in

Table 3.2, respectively), it was expected to obseine characteristic peak for poly(ethylene
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glycol) around m/z 45, which corresponds to thesdary ion of GHsO" (38-39). However,
since the PEG sample only has three repeat ungthgfene glycol, the intensity of this peak
should not be very strong. In addition around m/45, there are other peaks from SiOH
(37). Fortunately the resolution of ToF-SIMS used this work was high enough to
distinguish these two peaks from each other. Asvaha Figure 3.2, the peak of SiOl at
m/z 44.98 in the APTES sample (Figure 3.2b), wtike peak for C25D" is at m/z 44.03 in
the spectrum of the control Fmoc-mini-PE®!3irectly spread on the silica wafer surface
(Figure 3.2a). Since the thickness of the mini-FB¢r linked to the APTES film is only
about 2 nm, both of these peaks were detectectisphctra of APTES-PERE&NH-Fmoc and
APTES-PEG-NH, modified silica wafer. Due to the difference ofdkmess, the peak of
SiOH' in the spectrum of APTES-PE®IH-Fmoc is relatively weaker than that of APTES-
PEG-NHo,.

Comparing columns b, c and d in Table 3.2, theeesaveral differences in the peaks that
are significant. First, there is a series of peatks/z 165, 178, 179, 180 found only in the
spectrum of the sample of APTES-P&ESH-Fmoc, but with almost no count within these
ranges in the sample with only APTES self assemlalger and very low counts for APTES-
PEG-NH; (as shown in Figure 3.3). These peaks were idedtds potentially coming from
Fmoc groups in this positive spectrum (40-42) atige structure of these four peaks are
specified in Figure 3.4. There is also one pedk6atin the negative spectrum of this positive
control sample from Fmoc (40-42) and again thikpmay appeared in the spectrum of the
sample of APTES-PE&NH-Fmoc. These results are direct evidence of ghesence of

PEG-NH2-Fmoc layer and the successful removal of the Foyodeprotection.
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The other interesting results are the yield of peakNH" and NH,". The yield of these
two peaks could be interpreted as an indicatiothefdegree of protonation of the primary
amine groups present (43-44). The normalized itieasof these two peaks are higher for
APTES-PEG-NH, compared to those of APTES, which indicates thatamine groups at
the end of APTES are more difficult to protonatarthhose at the end of APTES-PHEEH..

In summary, the ToF-SIMS results provide ample ewvad that the chemistry is effectively
creating the type of surface anticipated in Fig8ue with the creation of the APTES layer
first, followed by the attachment of the Fmoc-pot¢el PEG, and ultimately the exposure of

the amino group at the end of the PEG layer up@nadection.

3.3.3 Determination of the pKa of Amine Groups on &face by Contact Angle
Titration

The dissociation constants of surface acidic oicbgsoups often differ from the free
analogs in solution. Several factors contributethese differences, including the low
dielectric permittivity region close to the acidgiad basic groups, a reduction of the degrees
of freedom caused by immobilization, and excesstelstatic free energy of supporting
surface and change in the dielectric constant efdblution in the vicinity of a charged
surface (45). The contact angle titration methodvidely used as a simple approach to
determine the pK value of functional groups on @tet (46-47). The “non-reactive
spreading” protocol proposed by Creager and higaglies was used in this work (46).

The contact angle results obtained for aqueousebsfilutions at different pH values on
silica surfaces with an APTES monolayer only arghaple containing a PEG layer on top

of the APTES layer are illustrated in Figure 3lbcan be seen from the results that thepK
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of the amine groups on APTES monolayer is about 6.5 in the middle range of two
values identified in the literature, and used &sremce, 7.4 (48-49) and 4.3 (50) and both of
them were obtained using the contact angle titnabyp other groups. The wide range of;pK
values obtained from these different studies maydused by differences in the substrate
cleaning process, silanization conditions and/@-tpgatments before surface titration. For
the APTES-PE@NH, modified surface, contact angle data points bagpH 4, because the
contact angles of the buffer with pH below that eveyo small to be measured. The;pkf
amino groups on the surface with APTES-BEG; is about 7. It is slightly higher than that
of amino groups of APTES monolayer. One possibésaoa for this difference is that the
amine groups at the end of PEG chain have morddmecomparing with the amino groups

at the end of APTES which may the amine groupsedatively easy to be protonated.

3.3.4 Measurement of Nonspecific Protein Adsorptioby QCM

The QCM sensors with silica surfaces were modifiedthe same way used in the
modification of silica wafers. The adsorption afr@ BSA on the modified silica surfaces
was monitored by QCM-D E4 in parallel until theduency change was lower than 1 Hz for
at least 30 minutes. Typically, it took 3~8 hoursdach sample to reach full equilibrium.

The isoelectric point of BSA is 4.7 (51) and the;pkif the amine group on the APTES
and the APTES-PEG-NHmeasured by contact angle titration is aroundrter to study
the effect of pH on the adsorption of BSA by theMp8urface, four buffer pH values were
selected: pH 4, which is below both the pl of BS#d @K/, of the amine group; pH 6.0,
which is between these two, and 7.4 and 8, abotte bbe amount of adsorption from 1 mg

ml™* BSA in phosphate-buffered saline (pH 6.0, pH #.4td 8.0) or acetate buffered saline
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(pH 4.0) onto the modified silica surfaces were soead and compared with the bare silica
surface and the surface modified only by APTESoilder to exclude the effects of the
charge-to-charge interactions on the adsorptiamathine groups on a sample with APTES
surface and a sample with APTES-PH®GH, were acetylated by acetic anhydride, and were
included as controls. The results are summarizeBigare 3.6. Generally, the frequency
change caused by protein adsorption on the suwébemini-PEG layer (Figure 3.6, column
c) was about 50~60 percent of that on the bareasslicface (Figure 3.6, column a) and the
surface with only APTES layer (Figure 3.6, columnab all buffer conditions. In addition,
the surface with amine groups (column b and c) rudsb more protein than their
corresponding acetylated surfaces (Figure 3.6,ncodéud and e). The surfaces with free
amine groups (Figure 3.6, columns b and c) adsotibednost BSA from 1 mg mMIBSA
solution at pH 6.0 and least at pH 8.0, while tleahdence of adsorption amount on
acetylated samples (Figure 3.6, columns d and @Hoseems to be relatively weak. Charge-
to-charge interactions appear to play an importal# in the BSA adsorption by surfaces
with free amine groups at all buffer conditionspegally, at pH 6.0, when the charge on
surface and net charge on BSA are opposite.

For the APTES-PE&NH, sample, the isotherms for BSA adsorption at dsfférpH
values were also were obtained and shown in Fi§ufe The protein adsorption amounts
provided here were converted from the frequencyngbacaused by protein binding at
equilibrium by using the Sauerbrey relationshipy&ipn 3-5). The isotherm adsorption data
were fitted to a Langmuir model and the obtaineckimam capacity Q) and dissociation

constant Kq) values at different pH levels are listed in TaBI8. The results in Table 3.3
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clearly indicate the effect of pH on the adsorptidhe K4 value at pH 6.0 is significantly
smaller, indicating that the electrostatic intei@ts between the opposite charges on the
protein and the surface are playing a major roléhan adsorption process. Also showed in
Table 3.3, the maximum capaci®, is much larger than that for a full monolayerB8A

on surface which should be around 2 mg(62). The adsorption amount measured by QCM
is probably overestimated as a result of usingtresimplified Sauerbrey model (53) or due

to the presence of water molecules associatedpratiein adsorbed on the surface (54).

3.4 Conclusions

A new method is presented to modify silica surfasdth PEG chains terminated with
amine groups. The density of PEG chain and aminepyobtained is approximately 2.74
chain nn¥. In other words, the average distance betweerchans is about 6 A. ToF-SIMS
results provided direct evidence that the silicafeme was modified as we expected.
According to the contact angle titration and ToRSlexperiment results, the amine group
at the end of PEG chains has higher activity than &t the end of APTES.

It was also shown that PEG chains as short as tepssat units can significantly reduce
BSA adsorption on the surface. The adsorption oA B& the modified surface with PEG
termination with free amine groups depends on pHhef solution since the adsorption
process is controlled to a great degree by changege interactions.

These well-characterized surfaces will be useduinré studies to attach small affinity
peptide ligands through their carboxyl terminus arder to characterize the specific

interactions of proteins with these small biologjiggands.
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Table 3.1Thickness and contact angle measurements of mddiiliea surface

Sample APTES APTES-PEG- APTES-PEG-
NH-Fmoc NH-
Average thickness (A) 8+1 22+1 16+1
Average contact angle (° 53+1 23+1 231
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Table 3.2 Positive and negative ion detection mode SIMS p@dknodified silica surfaces:
(&) Fmoc-mini-PEG-3TM directly spread on silica era$urface, (b) APTES, (c) APTES-
PEG3-NH-Fmoc and (d) APTES-PEG3-NH2 modified silicater

Peaks Normalized intensity*
lon
(m/z) a b C d
14 CH', N 0.91 0.78 0.65 0.71
17 NH3" 0.01 0.09 0.15 0.5
18 NH," 0.03 0.19 0.19 1.28
28 Si, CH.N* 1.29 40.4 15.8 25.6
29 CHN*, GH5" 2.32 19.4 10.5 17.3
30 CHN" 0.35 3.82 3.88 5.47
42 GH4N* 0.61 2.82 3.51 2.14
43 GH7', GH30" 2.68 3.16 3.3 4.44
44 CON, CHgN" 1.22 1.02 5.91 3.51
45 SiOH/C,H:0" 2.73 3.87 2.54 3.02
57 GH/N*, CsHs50" 1.65 1.2 1.97 2.62
CsHgN™, CHgO",

58 C,H,ON* 0.2 0.21 7.32 6.25
165 GoHgCH® 3.48 0.01 0.23 0.02
178 GaHo'" 12.1 0.01 0.3 0.02
179 GaH1o 14.7 0 0.23 0.02
-1 H 44.0 24.0 30.9 32.5
-12 C 3.94 1.21 2 1.66
-13 CH 8.48 4.17 5.68 4.86
-16 0) 13.4 29.4 26.0 24.8
-17 OH 6.76 16.9 13.4 13.0
-24 G 1.35 0.82 0.63 0.54
-26 CN 0.55 2.33 2.3 1.09
-27 Si 0.06 0.71 0.33 0.34
-28 SiH 0.07 0.66 0.32 0.34
-165 GoHo 0.13 0 0.02 0

*Peak areas divided by the total positive or negaitbn yield in percentage
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Table 3.3Apparent dissociation constant and maximum capacithe BSA adsorption on
modified silica surface APTES-PE®IH,

pH Dissociation constant Binding capacity
Kg, tM Qm Mg m?
26.3 6.73
6 7.49 7.02
7.4 16.5 6.97
8 25.3 6.18

v
e
O
e

HO HQ HQ
o o
S~ >SS Si
o o o2
H H
/ \ \ \ | O NH O N 2 2
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Figure 3.1 Scheme for the modification of silica surfaces
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Figure 3.2 ToF-SIMS spectra around m/z 45 (a) Fmoc-mini-PEtdrectly spread on
silica wafer surfaces, (b) APTES (c) APTES-REGH-Fmoc (d) APTES-PE&GNH,
modified silica wafer
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Figure 3.3 ToF-SIMS spectra around the peaks from Fmoc gh@agtions: (a) Fmoc-mini-
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(d) APTES-PEGNH, modified silica wafer
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NH, from PBS buffer (pH6.0, 7.4 and 8.0) and from amebuffer (pH 4,0). The dash lines

were the fitting lines to Langmuir equation
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Appendix 3-1. Principle of ToF-SIMS
TOF-SIMS is a powerful tool for obtaining informati on the chemical composition of

surfaces (37, 55). The general principle of TOF-SIigl shown in Figure 3.8.

primary ion beam

ot

|

| m

| e 4

1

k L |
sample Vo detector

Figure 3.8 schematic principle of ToF-SIMS

The area to be analyzed was bombarded by pulsesnaéry ions with a duration timaty,
which is as short as possible, in ultra-high vacutondition. During the bombardment,
sample material is sputtered from the surface.mbprity of this sputtered material is in the
form of neutral atoms and molecules; however, & wnall percentage of the sputtered
material is emitted as either positively or negaincharged ions. All the “secondary” ions
generated by a same pulse were accelerated by stanbrvoltageV,: over a very short
distance. The accelerated ions with virtually saametic energyEyi, simultaneously enter
the field free flight path of length L. The mass ttee charge ratio could be measured

according to the following equations (55):

Ekin = Z\/ac = ﬂ 3-6
2

t= L = m 3-7
% 2ZV,,
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Single monolayer coverage

An liustration of the SIMS Process: Atomic View of Individual Primary lon Impact.

Figure 3.9 the static SIMS regime
(From the operator’s guide of TOF-SIMS of Phi plegsielectronics. Inc.)

The regime bombarded by primary ion is known as‘“8tatic” SIMS regime, within
which the number of primary ions impacting the aoef per unit area is so lower that each
successive primary ion strike a virgin area of shieface. The static regime does not end
abruptly (as shown in Figure 3.9), but generaliig iteferred to the area where the density of
primary ion is within the range of 3%-10" primary ions crif. The “static” SIMS can detect
the signal within 2~3 nm on the surface (56).

ToF-SIMS is a technique based on mass spectronvetiigh is determined that it is not a
guantitative technique. The fundamental reasomfass spectrometry not being quantitative

in principle is the different response factors agsted with different species. This related
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property termed the secondary ion yield, whichhis humber of secondary ions detected
relative to the number of primary ions used. Theosdary ion yield is affected by many

factors, ionization probability, element type, cheshstructure, etc. Furthermore, there is no
unique signal. The smaller the ions the less sigettiey are, i.e. they can be formed via

various reaction channels and originated from cffi€ part of surface (39).

Appendix 3-2. ToF-SIMS spectra around m/z 28

As shown in Figure 3.10 a, the most strongest paakke spectrum of APTES was a
asymmetric peaks from the contributions of @n/z 27.99) and CHN" (m/z 28.02) (37). It
was clear that the signal from*Sias so strong that it was hard to distinguishsiigeal of
CH,N" from that of Si. For the positive control (Fmoc-mini-PEG¥3gel spread on silica
wafer surface), there was an obvious peak frompNCHm/z 28.02) and there was weak
signal of Sf from the silica wafer below the Fmoc-mini-PE®!3el (Figure 3.10 b). Two
partially overlapped peaks of'Sm/z 27.99) and CHN™ (m/z 28.02) appeared in the spectra
of APTES-PEG-NH-Fmoc and APTES-PE&NH; (Figure 3.10 ¢ and d). The intensity from
Si* was much weak comparing with that in the specfr&ARBTES due to the attenuation
effects. In addition, the signal from*Sivas became relatively stronger after removing of
Fmoc group which reduced the thickness of orgaayerd on silica surface and also the
attenuation effect. All in all, the changes of tledatively signals of Siand CHN" were

explainable by the modification process.
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Chapter 4: Study of the Affinity Interaction between Hexamer Peptide
HWRGWYV Immobilized on Modified Silica Surface and Human

Immunoglobulin G by Quartz Crystal Microbalance
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Abstract

The hexamer peptide ligand HWRGWV binds specificaib the Fc fragment of
immunoglobulin G (IgG). The affinity interaction tweeen the human immunoglobulin G
(h1IgG) and this short peptide ligand immobilized arflat surface was studied by quartz
crystal microbalance (QCM) in real time. The QCkhsor with a native silicon oxide
surface film was modified to allow for peptide imbilization. A self-assembling monolayer
of 3-amino-propyl triethoxy silane was formed ore thurface as an initial anchor layer.
Short chains of poly(ethylene glycol) (PEG) with ¢e¥protected amino groups at one end
and carboxyl groups at the other end were thenleduprough the carboxyl terminal to the
amino groups on the silane. The short PEG chaingkedloas spacer arms to reduce
nonspecific binding to the substrate. The aminaugs at the end of the ethylene glycol
chains were deprotected, and Fmoc-protected HWRGWA¢ immobilized through its
carboxyl terminal to these amines. The modifiedasags were characterized by ellipsometry
and time of flight-secondary ion mass spectroscOyfF-SIMS). The immobilization of
peptide was optimized, and the highest peptideasartiensity reached was 0.88 chain&nm
which is high enough to ensure that every higG md& adsorbed on the surface interacts
with more than one peptide ligand on surface. Tpeesum of ToF-SIMS demonstrated the
presence of the peptide after immobilization witbeaies of characteristic peaks from amino
acids and fragments of the peptide HWRGWYV. Bothirtteelynamic and kinetic parameters
of affinity interaction were obtained by analysit @QCM results. The maximum binding
capacity was found to be 4.6 mg?nwhich corresponds to a monolayer of higG anddse

to that obtained from batch experiments with chrimgiephy resin under similar conditions.
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The value of dissociation constant obtained inpgtesent study was lower than that obtained
from with chromatography resin, probably due to tiverestimatin of protein binding by
QCM. It was found that a PEG spacer arm enhankcedatcessibility of the peptide to

protein target at high concentrations.

4.1 Introduction

Immunoglobulins (Ig), or antibodies, act as protecagents against pathogens trying to
invade an organism. They form an important clasprofeins present in blood, saliva and
other body fluids. Human immunoglobulins can bad#d into five isotypes: 1gG, IgA, IgM,
IgD and IgE. Among them, IgG is the most abundéedscof immunoglobulins, constituting
about 75% of the total Ig in adult blood. Immundmibns have found a wide range of
applications in fields such as immunotherapy, dosgics and histology (1). Usually, I1gG is
isolated from pooled blood plasma or produced ibrisdppma cell culture. Affinity ligands
such asStaphylococcus aureuBrotein A andStreptococcus’rotein G are widely used as
affinity ligands for IgG separation and the deteration of IgG concentrations (2). However,
as protein ligands, protein A and protein G haaveral disadvantages such as high cost,
variable binding specificity to different monocldreatibodies, low stability under washing,
cleaning and regeneration conditions, high immunaiy upon leakage from the resin, and
requires product elution at pH 3 which tends toatlere antibodies (2). The drawbacks
associated with these two proteins have giventosearching for alternative affinity ligands.

Our group has found several small peptide ligahds bind higG through its Fc portion,
with potential applicability to antibody purificath and detection. The hexamer peptide

ligand HWRGWV was screened from a one-bead-oneigeptombinatorial library
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synthesized on chromatography resins (3). A chrography resin with HWRGWV can
purify human 1gG (hlgG) from complete minimal ess@hmedium (cMEM) with purities
and yields as high as 95%, which are comparablehat is obtained with Protein A as
affinity ligand (4). HWRGWYV offers several poteritedvantages over Protein A, such as it
can be produced at relatively low costs under gowoahufacturing practices (GMP)
conditions, it is chemically robust, less immunadgeand allows product elution at pH 4 (3,
5).

Although the short peptide ligand HWRGWYV has exteithi promising applications for
IgG separation and concentration determinationjtéieninformation is available on the
intrinsic mechanisms of affinity interaction betwethis short peptide ligand and target
protein. Previously, our group has obtained therntlbelynamic parameters of affinity
interactions between target biomolecules and peytidctionalized chromatography resins
by using batch experiments to determine isotheramg] the adsorption amounts were
calculated from mass balance (5-10). This indiresthod to measure adsorption can
generate a significant error when the change ofepraconcentration due to adsorption is
small compared to the absolute protein concentrafitie kinetic parameters of the affinity
binding to peptide ligands on resins were studigdynamic adsorption experiments carried
on high performance liquid chromatography (HPLCjifddent models were employed to
describe the solute transport within the chromatplgy column to get the intrinsic kinetic
parameters. A lumped kinetic model was employedHerstudy of the adsorption kinetics of
fibrinogen that binds to the short peptide FLLVRowever, the capacity and association

constant derived from the fitting of the experinarireakthrough data with this model was

86



inconsistent with equilibrium experiments (11-12).more sophisticated model involving
theoretical plate estimations and General Rate Modas shown to fit well with

experimental results in the analysis of Staphyloab@nterotoxin B (SEB) binding with
peptide ligand YYWLHH (9, 13).

Generally, the reliability of the final results fdhe kinetic rate of adsorption and
desorption highly rely on the accuracy of the tpoms models and the estimation of the mass
transfer parameters. Surface detection methods duertz crystal microbalance (QCM),
which monitor the adsorption step on a surfiacsityu, can provide more direct measurement
of adsorption amount in real time and enhancedylrtsion the role of ligand display on
binding.

QCM is a well established technique for monitorgsajute adsorption to surfaces in the
gas phase (14) as well as liquid phases (15).Istt bas found applications in studies of
affinity reactions and pathogen detection in r@akt(16-22). In this work, we utilize this
technique to determine the thermodynamic and ldarmrameters of the affinity interactions
between higG in solution and immobilized HWRGWYV afiiat silica surface. If the peptide
immobilized on a QCM sensor has similar high affirand specificity for IgG adsorption as
on a chromatography resin, it could lead to a nowelthod for IgG concentration
determination but also provide a new platform fbe tdevelopment of immunosensors.
Because the ligand binds to the Fc fragment of ip& results of this study could also lead
to a new method to orient the IgG molecules on@esgrfaces. This orientation effect has
been found to be important in maintaining high raf§i activity of immobilized 1gG for

immunosensor applications (23-29).
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In order to investigate the interaction betweganid and protein the QCM sensor needs
to be functionalized by attaching the peptide Idjafhe immobilized ligand density can
affect the interactions between the peptide ligasaus the target biomolecule. For affinity
interactions of some small proteins with peptidgatids, such as s-protein to the peptide
sequence YNFEVL and SEB to peptide ligand YYWLHHe tbinding is monovalent and
highly specific. In these cases the binding capancreases with increasing ligand density,
while the association constant remains constatdvatigand density and decreases at high
ligand density due to steric effects (8-9). Thuer¢his an optimal density at which the
peptide ligands have high capacity and minimalistandrance. For the specific adsorption
between ligands and larger molecules, such as vdlebrand Factor (VWWF) with small
peptide ligand Ac-RVRSFYK on a resin surface, theding is attributed to multivalent
interactions and increasing the ligand densitydsity increases both the binding capacity
and the association constant (30). The peptideityesen also affect the selectivity of ligand,
for instance, two trimeric peptide ligands, WRW a&tidY, both exhibit higher selectivity to
porcine parvovirus (PPV) from solutions containiigg% human blood plasma at low
peptide density (31). For the specific case of BSorption, it was found that maintaining
the right ligand density of peptide is crucial tosere high purity and yield for higG
purification, since increases in ligand densityrfr6.8 to 11 chains nm(0.04 to 0.55 meq'g
1) increased binding capacity to higG but also iasggl non-specific binding of competitive
proteins. A peptide density of 1.6 chains nif0.08 meq g) exhibited both appropriate
binding capacity and specificity (5). In Chaptem& discussed in detail the optimization of

the silica surface modification process to intraglachigh density of primary amino groups
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on the silica surface for peptide immobilizatiorerkl the peptide immobilization process was
optimized and the best conditions obtained werd @sethe study of affinity interactions by
QCM. QCM recorded the binding processes of hlgG noodified silica surfaces and

provided both the data required for kinetics arettiodynamics analyses.

4.2 Materials and Methods

4.2.1 Materials

The following chemicals were obtained from Sigmalidh (St. Louis, MO): Anhydrous
toluene (99.8%),y-amino-propyltriethoxysilane (99%), N,N-dimethylfoamide (DMF,
ACS reagent, 99.8%), anhydrous N,N-dimethylformamiDMF), dichloromethane (DCM,
ACS reagent, 99.5%), ethanol (200 proof, absoliatemolecular biology), methanol (ACS
reagent, 99.5%), piperidine (biotech grad®9.5%), diisoproplyethylamine (DIPEA),
hydroxybenzotriazole (HOBU), trifluoroacetic acidHA, ACS reagent, >98%), anisole
(>99%), triisopropyl silane (TIPS, ACS reagent99%), N,N’-diisopropylcarbodiimide
(DIC, >99.5%), bromo-tris-pyrrolidino-phosphonium hexaflopphosphate (PyBrORP95% ),

acetic anhydride (ACS reagent98.0%), sodium acetate (ACS reagerfl9.0%), bovine

serum albumin (BSA>98%) and phosphate buffered saline (pH 7.4, monoksaxlium

phosphate, dibasic sodium phosphate, sodium cklofdl38M, potassium chloride
0.0027M). Ethyl-3-(3-dimethylaminopropyl) carbodige hydrochloride (EDC) and N-
hydroxysuccinimide (NHS) were obtained from PiefReckford, IL). 2-(1H-benzotriazole-
1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborgiBTU) was obtained from Calbiochem-

Novabiochem Corp(San Diego, CA). Human immunoglobulin (higG puri@®y%) was
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obtained from Equitech-Bio, Inc. (Kerrville, TX).itkbgen gas, purity 99.99%, was obtained
from National Welders Supply, Inc. (Raleigh, NCkidnized water (resistivity > 16 QIcm)
and Milli-Q water (resistivity > 18 ®@-cm) were obtained by using a Millipore water
purification system (Billerica, MA). Fmoc-11-amir$)6,9-trioxaundecanoic acid (Fmoc-
mini-PEG-3™) was obtained from Peptides Internatipimnc. (Louisville, KY). Peptides
Fmoc-His-Trp-Arg-Gly-Trp-Val-OH, Fmoc-His(Trt)-TrBoc)-Arg(Pbf)-Gly-Trp(Boc)-Val-
OH, and Fmoc-His(Trt)-Trp(Boc)-Arg(Pbf)-Gly-Trp(Bp&al-Ala-Ala-OH were custom
synthesized using Fmoc chemistry by Peptides latemmal, Inc. (Louisville, KY). All the

chemicals and proteins were used as received.

4.2.2 Surface Modification

PEG chains with amino terminal groups were intr@doa the surface of the silica to
allow peptide immobilization. The modification dé$ were described in Chapter 3. In short,
the silica surface was first modified by 3-aminopyl triethoxy silane (APTES) to form a
self-assembled monolayer. Functionalized PEG chaitisa carboxyl group at one end and
an Fmoc-protected amine group at other end wereoiniined on top of the APTES layer,
followed by the de-protection of the amine grouperad of the PEG chains, generating the
site for the immobilization of peptide ligands. Theodification was proven to be as

described by characterization by ellipsometry an8-5IMS.

4.2.3 Peptide Immobilization and Protection Group [@2protection
The hexamer peptide ligand HWRGWYV was immobilized the modified surface

through a coupling reaction between the caryborylig at the C terminal of the peptide and
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amine groups on the sensor surface using coupdiagents. The results using several kinds
of coupling reagents were compared, including twal& of carbodiimide, DIC and EDC,
one aminium-based reagent (TBTU) and one phosphwbased reagent PyBrOP. Besides
coupling reagent type, the effects of peptide anapling reagent concentrations on reaction
were studied by the combination of two peptide emmi@tion levels and two coupling
reagents concentration levels. For each kind ofplog reagent, two different peptide
concentrations were used, 1 and 10 md.rihe coupling reagent concentration was chosen
depending on the molar concentration of peptide;afpeptide concentration of 1 mg™l
the coupling reagent used was either equal orrh@stithe molar concentration of peptide;
and for a peptide concentration of 10 mg'rtie coupling reagent concentration was either
equal or 2.5 times of the molar concentration gftjgee. DMF was used as solvent for all the
experiments.

In order to test the effect of steric hindranceanfino acid side chains of the C terminal
amino acid on peptide immobilization density, twmiao acids, Fmoc-Alanine-OH and
Fmoc-Valine-OH, were immobilized on the modifielicsi surface.

The details of the immobilization process are dbowes: peptides Fmoc-His-Trp-Arg-
Gly-Trp-Val-OH, Fmoc-His(Trt)-Trp(Boc)-Arg(Pbf)-GWrp(Boc)-Val-OH, Fmoc-His(Trt)-
Trp(Boc)-Arg(Pbf)-Gly-Trp(Boc)-Val-Ala-Ala-OH, anamino acids Fmoc-Alanine-OH and
Fmoc-Valine-OH were dissolved to a final concetraof 1 or 10 mg mt. Anhydrous
DMF was used as solvent for all experiments unggted otherwise. For the experiment
using TBTU as coupling reagent, 1, 2.5 or 10 edaita of TBTU and HOBt based on the

molar concentration of peptide and 2 equivalentOt#EA to TBTU were added to the
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peptide solutions. When using EDC as coupling reade 2.5 or 10 equivalents of EDC to
the molar concentration of peptide and 2.5 equntal®ef NHS to DEC were added to the
peptide solution. Ethanol or DMF were used as sub/g=or the experiment using PyBrOP
as coupling reagent, 1, 2.5 or 10 equivalents @r2y and HOBt were added into the
peptide solution, which was then cooled to 0°C gisam ice bath. Three equivalents of
DIPEA were added to the cooled solution and mixaedce bath for 1 minute. Modified
silica surfaces with SAMs of APTES or APTES with®Ehains were put into 5 ml of one
of the above solutions in a glass Petri dish. dish was gently shaken overnight (16 hours)
at room temperature, followed by rinsing the swfadimes with 5 ml of DMF, and put into
a glass vial with 20 ml of DMF, and sonicated fomt. The materials were then rinsed
again with 5 ml of DMF 3 times and dried with ngem flow.

The Fmoc groups at N-terminal ends were de-pradesyeincubation in 50% piperidine
in DMF for one hour. After that the samples wenesed with 5 ml of DMF 5 times,
sonicated in 5 ml of DMF for 5 minutes, rinsed agaith 5 ml of DMF 3 times and dried
with nitrogen flow.

The side chain protection groups were deprotectethtubating in 5 ml of a mixture
containing TFA, anisole, purified water, and TIPShe volume ratio of 88:5:5:2 for 2 hours.
After that, the surfaces were washed with 5 ml @) DMF, methanol, DI water and 10%
ethanol. This wash sequence was repeated 2 moes tithis order. The sensors were then
placed into 5 ml of 10% acetic acid for 5 minutegeémove CQ adduct from Trp. Finally,

the sensors were rinsed with water and dried witbgen gas.

4.2.4 Film-Thickness Measurements by Ellipsometry
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The thicknesses of the films on the silica surfasese determined with a Rudolph/Auto
EL Ellipsometer equipped with a He-Ne Laser€32.8 nm) with fixed incidence angle of
70.0° (New Jersey, USA), using the refractive iadiof Si, SiQ and APTES as 3.838-0.018i,
1.462, and 1.424 respectively (32). For the PB@rland peptide layer, it was assumed that
their refractive indexes were similar to that of A&S. The data presented is the average of at
least 5 points with error less than + 2 A.

The grafting densityd chain nrif) can be estimated from the thickness measurement

using the expression,

= Nadp, x1072
M

w

4-1

where N, is Avogadro’s numbeld (A) is the film thickness measurement,, Ng mole®)
is the molecular weight of the chain, apgl(g cm®) is the density. It is assumed thats
0.946 g crit of the APTES layer, 1.08 g ¢hfor PEG films and 1 g cthfor peptide layer

(values provided by the respective suppliers).

4.2.5 Time of Flight Secondary lon Mass SpectroscggToF-SIMS)

ToF-SIMS analysis of the samples was performedguamION-TOF SIMS 5 instrument
(ION-TOF GmbH, Minster, Germany). Operational pagters used were the same as those
described in Chapter 3.

The spectrum of the peptide HWRGWYV (powder) waslwese positive control. The pure
peptide powder sample was attached on a cleara silafer with a stick tape made with
polydimethylsiloxane. The peptide in powder formswavenly spread on the tape and

pressured tightly, and then the loose powder wasviblaway using nitrogen gas before
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loading on the sample holder. After each step ofase modification, one sample was
collected. There were six samples in total for eatita wafer analyzed (unless stated
otherwise): pure peptide (HWRGWYV, positive contrdbare silica surface (S¥p silica
surface with APTES (APTES), APTES with immobiliz&inoc-mini-PEG-3" on silica
surface before deprotection (APTES-RHGH-Fmoc), APTES with immobilized Fmoc-
mini-PEG-3™ on silica surface after deprotection (APTES-REB,) and peptide
immobilized on top of APTES-PEG-NH(APTES-PEG-NH-HWRGWV-Fmoc). Both
positive and negative ions spectra were acquirecedeh sample. The ToF-SIMS spectra
were collected right after the preparation of thmples. The mass scales of the positive and
negative ion ToF-SIMS spectra were calibrated o @it’, C;Hs", CHs" and CH, CH,,

CN' peaks respectively, before further analysis.

4.2.6 Quartz Crystal Microbalance (QCM) Experimentsand Data Analysis

A commercial QCM-D apparatus (model E4, Q-Sense &Bthenburg, Sweden) was
used to measure the changes in the resonance rigq@d=) and in the energy dissipation
(AD) due to the protein adsorption process. The atisarpf higG or BSA on modified
silica surfaces from PBS buffer or complex complaieimum essential medium (cMEM)
containing 10% fetal calf serum was recorded uthté adsorption reached equilibrium
(change of frequencies was less than 1 Hz for 3{).riihe protein concentrations used were
within the range of 0.005 ~ 5 mg TlAll the experiments were performed at least in
duplicate. The operation of the QCM is the samehas described in Chapter 3. In short,
stable baselines were obtained with the flow of RBS8er, and then protein solutions were

introduced to the QCM chamber to replace buffeutsmhs. The adsorption process was
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monitored until equilibrium was reached (the changefrequency were less than 1 Hz for
30 minutes). The frequencies at equilibrium wereduso plot the isotherm to obtained
thermodynamic parameters. The recorded frequenayges as a function of time were used
to do the kinetics analysis described below inisact.2.6.2. The\F data were converted to

the amount of adsorbed protein by using the Saegrxuation (33),
AF = —— 4-2

where 4m/A is the mass adsorbed per surface aréq, is the frequency change of
overtonen and the mass sensitivity constant, C, is equdltd@ ng crit Hz* (value from
instrument provider).

Along with the change of resonance frequently, the change of dissipatiodD, was
recorded as a function of time. ThefD), was analyzed by plotting the dissipatiatD()
against the resonance frequendk{n), which eliminated time as an explicit parameldre
slope of the plot oD vs. AF/n, labelled with the ternK, is a measure of the energy
dissipation per unit mass added to the surfacenguhe adsorption process. A more rigid
and compact mass is expected to yield a siallalue andvice versa(34). For studies
related to adsorbed proteins, generally, signiticemnges inK value might be due to

conformation changes in the protein (15, 35-38).
4.2.6.1 Protein Adsorption Isotherm Curve and Langmir Model Fitting

The isotherms were obtained by plotting the measw@adsorbed protein per area of

surface at equilibrium obtained by QCM againstghaein concentration at equilibrium with
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the surface. The isotherm curves were fitted ® ltangmuir equation by nonlinear least-
squares regression,
QmaxXCb

%7K, G, o3

whereQ (mg n¥) is the adsorbed protein at equilibrium with atpio solution with a
concentration ofC, (M), Ky (M) is the dissociation constant af@hax (Mg m?) is the
maximum adsorption capacity. By fitting the QCMtlsarm curves into this equation the

values ofKy andQmax can be obtained.
4.2.6.2 Kinetics Analysis

The convective mass transport step and the intrex$sorption step occurring at the fluid-

solid interface in the QCM can be described by fillowing two ordinary differential

equations,
dqg
— =k (C, -C 4-4
dt m( b s)
dg _ N
a_kacs(Qmax q) kdq 4-5

Hereq (mg n¥) is the surface concentration of the adsorbedeprait timet (S); Qmax iS
the maximum adsorption amount obtained from ththam studyks (m*mol*s™) andky (s)
are respectively the adsorption and desorption raestants.C, (M) is the protein
concentration in bulk solution ar@ (mol n?) is the concentration in the fluid adjacent to
the sensor surface. The transfer coefficigat was estimated from the mass transfer
Sherwood numbeGh(kndn/D), according to the following correlation (39),

Sh=107(Re(Scld /d,, )" 4-6
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In this expressionRe (pvdi/u) is the Reynolds number, a8t (u/pD) is the Schmidt
number. This equation is valid for the mass transf a mini-channel (hydraulic diameter in
the range of 0.2~3 mm) at low Reynolds numbers (R&3) (39). For the QCM E4 system,
d, the inside diameter, is 14 mm adgl the hydraulic diameter of the chamber is 0.44 mm.
Under the conditions in this study, the viscositgnd the density were about 1 mPa-s and 1
kg I'* respectively; the average velocity was about #06>m s, and the Reynolds number
has a value of 0.2. Equation 4-6 is valid for ti@isearch. The diffusion constant of IgGjs
3.7x10" m s%40). The estimated transfer coefficiekt from Sherwood number was
1.1x10" m s,

A MATLAB (The MathWorks, Inc., Natick, MA) code wasritten to solve these two
coupled ordinary differential equations for the wfitees g andCs using the built-in function
ode23sn MATLAB. The nonlinear least squares regressiamctionlgvcurvefitwas used to
fit the dynamic response data of the QCM to estmtite association raték,. The
dissociation rateky value was calculated by the relationship Kf =ky/ks,, while the
dissociation constankyq was obtained from the isotherm fit described ictisa 4.2.6.1. The
dynamic experiments were done under a continuoed & solvent at a fixed feed bulk
concentratiorC,. As a result, the bulk IgG concentration in tih@mber was considered to

be constant.

4.2.6.3 Effect of Spacer Arm on the Affinity Interaction
Spacer arms are widely used in affinity chromatpgyato reduce steric hindrance. In this
study peptide can be directly immobilized on togA&fTES or at the end of spacer arm, PEG

chain. For the peptide with two additional alaniae€ terminal end, these two alanines also
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worked as spacer arm. The QCM equilibrium measunewiAF andAD for IgG adsorption
on different surfaces, including APTES, APTES-REGI, APTES-HWRGWYV, APTES-
AA-HWRGWYV and APTES-PEGNH-HWRGWYV, were compared to investigate the rdle o

spacer arm in the affinity interaction of higG withmobilized short peptide ligand.
4.3 Results and Discussion

4.3.1 Grafting of Peptide on Modified Silica Surfae

In order to covalently immobilize the peptide lighan the surfaces, the silica substrate
had to be modified to introduce amine groups fomwbilization of the peptide ligand and
short PEG spacer arms to enhance the accessitfilggptide ligand to protein binding and
also reduce nonspecific binding to the substratee €stimated density from thickness
measurement of PEG chains and the amine grougmis .74 chains nih The details of

the modification and characterization of the sikcaface have been discussed in Chapter 3.

The peptide Fmoc-HWRGWV-OH was immobilized on thedified silica surface by a
coupling reaction between the carboxyl groups ef fleptide and the amine groups on the
surface. The efficiency of the peptide immobilipatirelies on both the activity and amount
of the amine group on the surface and the carbgeotip at the peptide end in solution. In
addition, the presence of side protection groupgheramino acid residues and the presence
of different amino acids on the C terminal can hawmeeffect on the coupling efficiency. In
Chapter 3 all the efforts on improving amine gralgmsity on silica surface were discussed
and the optimized surface modification conditionrswesed in this study. Here the effect of

peptide concentration, coupling reagent, and vianatof peptide structure were investigated.
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4.3.1.1 Effect of Peptide Concentration, Coupling 8agent Types and Concentration

For a peptide coupling reaction, typically, thebzatylic acid moiety needs to be activated
by a suitable peptide coupling reagent to ensugh kgield (41). Besides yield, the other
important issue of coupling reaction is racemizat{d1-42), which can occur at the C-
terminal amino acid residue in the course of a tingpeaction due to the ionization of the
o-hydrogen and the formation of an oxazolone inteliate. An appropriate racemization-
suppressing agent needs to be added to suppressdisired racemization and other side
reactions, and thus minimize the loss of the optid&grity at the chiral center (41-42). In
this study, the catalytic capability of four kindscoupling reagents: DIC, EDC, TBTU and
PyBrOP were compared. Carbodiimides, as the lowest coupling reagents with high
activity, have been widely used both in industryd aesearch laboratories (43). The
shortcomings of using carbodiimides are the tengémcacemization and low yields due to
the formation of the poorly active N-acylurea (4B9r this kind of coupling reagents, adding
additives such as hydroxybenzotriazole (HOBt) oiHCIBt can reduce racemization of the
protected amino acid and avoid the formation ofeotless reactive derivatives (43). The
other two kinds of commonly used coupling reagemts phosphonium and aminium salts.
The structures of two kinds of coupling reagentthliocorporate an equivalent of HOBL.
With the presence of a tertiary base such as Niddmliopylethylamine (DIEA), they can
form the corresponding active species oxybenzailga{OBt) esters. Adding an extra
equivalent of HOBt can accelerate the coupling ssq41).

Hydroxybenzotriazole (HOBt) was used as additive &l conditions to reduce

racemization and to further raise the reaction eosion. The thicknesses before and after
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peptide immobilization were measured by ellipsometnd this thickness difference was
used to estimate the peptide density using Eq. #hrlhis part of the work, the peptide with
only a single protecting group for the amine gratithe N-terminal (Fmoc-HWRGWV-OH)
was used.

As shown in Table 4.1, among these four kinds afptiag reagents, DIC had the worst
performance, as the thickness of the peptide lag&ined after the immobilization step was
less than 5 A, for all peptide concentrations agptide/coupling reagent ratios tested. Due to
the poor performance, DIC was excluded from furtedies. EDC combined with NHS as
coupling reagent and ethanol as a solvent was prtwvbe an efficient method to immobilize
high-density short poly(ethylene glycol) spacer @aram top of an APTES monolayer on
silica surface (more details in Chapter 3). It e chosen for peptide immobilization. The
solubility of peptide in ethanol is low (less thamg mi'), so DMF was used instead in this
study. As shown in Table 4.1, with EDC and NHS aspling reagent, the immobilization
density increased with increases of peptide anglowureagent concentration. When TBTU
or PyBrOP were used as the coupling reagents,deegdénsity was also correlated positively
with peptide and coupling reagent concentrationst the dependence on peptide
concentration was much weaker than that using EB& MHS as coupling reagent. The
highest surface density, 0.88 chain‘hrmas obtained with TBTU as a coupling reagent. To
conclude, TBTU was found to be the best for thigctien. With TBTU, relatively high
peptide density could be achieved at relatively jmsptide concentration (1 mg ™land
coupling reagent concentrations (same molar coretgort as peptide). These conditions

were used for all the following experiments. Coesidg the price difference between the
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peptide and coupling reagents, a low peptide aunagon (1 mg mt) and a high coupling
reagent concentrations (10 times molar concentratiopeptide) were used. Under these
conditions the peptide density obtained was abdichain nrif, which is very close to the

density using high peptide concentration (0.88 rchmai?).

4.3.1.2 Effect of Peptide Structure

Besides coupling reagents, the structure of théigeeiself could significantly affect the
activity of the carboxyl group at C terminal. Priteg groups on the residue can result in
steric hindrance effects that reduce coupling ifficy to the surface and changes in amino
acid structure at the C terminal can alter thetreiic of the carboxyl group to the surface. It
was found that the density of immobilized Fmoc+waiOH (1.35 chain nihon APTES and
1.54 chain nii on APTES-PEGNH,) is only about half of that of Fmoc-alanine-OH4@.
chain nn¥ on APTES and 2.95 chain ffimon APTES-PEGNH,). As a result, it was
decided to do one fully-protected sample with twaiional alanines at the C-terminal
[His(Trt)-Trp(Boc)-Arg(Pbf)-Gly-Trp(Boc)-Val-Ala-Aa-OH], that act as a spacer to enhance
the immobilization density of peptide. Three kindk peptides were compared: peptide
without side-chain protecting-groups Fmoc-His-TrgAGly-Trp-Val-OH; and two versions
of side-chain protected peptides, without and wiita carboxy-terminal alanine residues
Fmoc-His(Trt)-Trp(Boc)-Arg(Pbf)-Gly-Trp(Boc)-Val-OH and Fmoc-His(Trt)-Trp(Boc)-
Arg(Pbf)-Gly-Trp(Boc)-Val-Ala-Ala-OH.

Protection of the side chains is a commonly useategyy in peptide synthesis to avoid
undesirable side reactions (44). For instance, adrangly nucleophilic group, the tri-

functional guanidine side chain group of Arg in HGW®W/V could react with the-carboxyl
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group at the C-terminal in the same peptide mo&dal form a ring structure or self-
polymerize by the same reaction with tlnearboxyl group at C-terminal on other peptide
molecules (45). These side reactions could afteetability of thea-carboxyl group at C-
terminal to react with amine groups on the surfiaemmobilization in our work. In this
study, the surface density of the immobilized pigtiwith and without side chain protection
was compared. As shown in Table 4.2, the resullimfpace density decreased slightly with
the protection of side chains for the immobilization APTES-PE@NH,, while it was
almost doubled by the protection of side chain tfee immobilization on the surface of
APTES layer. It is apparent that protecting sideich enhance the activity of the carboxyl
group on the peptide by reducing the probabilityinflesirable side reactions. However, the
side chain protection groups also made the pemptdiecule more hydrophobic. The fully
protected peptide is less compatible with a hyditapsurface as the APTES-PEGIH,
(contact angle of distilled water ~ 25 degrees),ciwhs lower than that of APTES surface
(contact angle of distilled water ~ 53 degrees).aA®sult of these two effects, the peptide
density using side protecting groups increased onlthe more hydrophobic APTES surface.
As mentioned above, the activity of the carboxylugr at the C-end of the peptide could
be enhanced if hindrance can be reduced by the¢i@udif two alanines at the C-terminal
end of the peptide. As shown in Table 4.3, theam@fdensity of the peptide with two
alanines at the C terminal immobilized on APTESame is 1.22 chain nf which is much
higher than that without two alanines. On the oth&nd, there is almost no difference in
surface density for the immobilization on APTES-RBEGH, between the peptide with and

without two alanines at the C terminal. This cobkl explained by the fact that the amine
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group at the end of APTES has less flexibility thédwat at the end of PEG chains.
Consequently, reducing the steric hindrance byragdianines had a more obvious effect on
the immobilization on APTES surface than that oTEB-PEG-NHs.

In summary, the effects of protecting the side mhaon the peptide and adding two
alanines at the C-terminal on peptide immobilizatitensity depended on the presence of a
spacer arm on the surface, which changed bothxih@sere of the amine groups and also the
hydrophilicity of the surface. The immobilizatiorerbkity of Fmoc-His-Trp-Arg-Gly-Trp-
Val-OH on the surface without spacer arms was ablyut half of that on the surface with
spacer arms. But the immobilization density on slugface with spacer arms cannot be
further enhanced by both side chain protection aaing two alanine as those for surface
without spacer arm. In the experiments to analg@epeptide interactions, only Fmoc-His-
Trp-Arg-Gly-Trp-Val-OH was used for the immobilizat on the surface of APTES-PEG
NH, and the peptide density was 0.80 chair’vahich is half of the best peptide density for

resin, 1.6 chain nih(5).

4.3.2 Characterization of the Modified Surfaces wh ToF-SIMS

ToF-SIMS is proven to be highly efficient in the telenination of elemental and
molecular composition characterization of variouslk of solid surfaces, including peptides
synthesized on solid supports (46-49). ToF-SIMS paovide high mass range, high mass
resolution and high surface sensitivity spectrahviiiw surface damage (50). Here, ToF-
SIMS was chosen to confirm the success of eachisteprface modification instead of fast
atom bombardment (FAB) or matrix assisted lasewog®n ionization (MALDI) mass

spectrometry because it does not need any priob#iahtion process. The samples in our
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work have very small surface area, and cleavintiecng and solubilizing the immobilized
peptide can be very challenging.

Both positive and negative ion mass spectra welleated for the samples after each
modification step. In total, six samples were apety SiQ, APTES, APTES-PE&GNH-
Fmoc, APTES-PE&NH, and APTES-PE&GNH-HWRGWV-Fmoc, and HWRGWV as a
positive control. The main peaks from peptide welentified in the both positive and
negative ion mass spectra of the positive conénodl, were then compared to the intensity of
these peaks in the spectra of the five intermediatk final samples. These characteristic
surface peaks should only appear with significatensity in the spectra of APTES-PEG
NH-HWRGWV-Fmoc.

In the positive spectrum of the positive HWRGWYV toh shown in Figure 4.1 (1-3f), a
series of characteristic peaks from the amino sicid chains or the amino acids backbone of
the peptide were identified (51-52), including &, 59, 73, 100, 112 for Arg, m/z 81, 82,
110 for His, m/z 130, 159, 170 for Trp, m/z 41 fely and m/z 43, 100 for Val. This
spectrum also shows the characteristic peaks assdavith the N-terminal Fmoc protecting
group (m/z 165, 178, 179, 180) (48-49). There aneral relatively strong peaks observed
that correspond to fragments of the peptide: Gly-{CHs-CO-NH=CH-CH,-CgHgN, m/z
202), His-Trp (GH4N-C,H4-CO-NH'=CH-CH,-CgH¢N, m/z 281). The peaks from other
relatively large fragments such as His-Trp-ArgHEN-C,H,-CO-NH=C(CH-CgHgN)-CO-
NH2-(C2H2)4-CHNs" ( m/z 494) and whole peptide (m/z 1002, 1061),enads0 found in
the spectrum of the positive control, but the sigoaoise ratio for these peaks was

relatively weak (the result was not shown here). tAése peptide peaks identified in the
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positive spectra were used as reference peakseimahlysis of the spectra of samples
collected after each step of silica surface modifan and peptide immobilization.

The spectrum of APTES-PEGIH-HWRGWYV-Fmoc was compared with the other four
spectra of reference samples, as shown in Figurg143a, 1-3b, 1-3c and 1-3d, collected
before peptide immobilization). Generally, the a@lkempeak patterns and intensities of
APTES-PEG-NH-HWRGWV-Fmoc are significantly different from eéhspectra without
peptide. The intensity of Siat m/z 28 had diminished; all the peaks from tingle amino
acids present in the ligand (Arg, His, Trp, Gly,IMand the peaks of fragment Gly-Trp and
His-Trp, His-Trp-Arg were only found in the spectriof APTES-PEGNH-HWRGWYV but
not in those of other four samples. The peaks ftbenFmoc group appeared only in the
spectra of APTES-PE&NH-Fmoc and APTES-PEE&NH-HWRGWV-Fmoc. However, the
peaks from large fragments and whole peptide wetefound in the spectra of APTES-
PEG-NH-HWRGWV-Fmoc. The peptide immobilized on solidrfaice tends to be broken
into smaller pieces by primary ion pulse of ToF-SINmore detail of ionization of sample
by ToF-SIMS included in Appendix 3-1), comparingiwihe free peptide in state of powder.

Generally, the negative ion spectra were far lagsnse than the corresponding positive
ion spectra, and they are not shown here. The méakN (m/z 26) is one of the
characteristic peaks for molecules with amine gso(f8-56) and it was observed in the
spectra of all samples except Si€@onsistent with our expectation, the peak of OGNz
42) from the peptide backbone was observed withifssgnt intensity in the spectra of
HWRGWYV and APTES-PEGSNH-HWRGWV-Fmoc but was much weaker in the speofra

other samples. One important peak in the negapeets is from Fmoc groups (m/z 165)
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(48). This peak was observed only in the spectdRFES-PEG-NH-Fmoc, APTES-PEG
NH-HWRGWV-Fmoc (the amine group at N-terminal waetpcted by Fmoc group before
deprotection step) and peptide powder. In summ&ok-SIMS spectra provided direct

evidence peptide was successfully immobilized boassurface.

4.3.3 Study of the Affinity Interaction between Pepde Ligand and higG by QCM

Hexamer peptide HWRGWYV on solid chromatographyrresirface was proven to be
able to specifically bind to higG (3n this study, this peptide was immobilized on nfiedi
flat silica surface as described above. It wag fiecessary to determine whether or not the
affinity to hlgG was maintained after immobilization a surface that is quite different from
a chromatography resin with a peptide density 80 @hains nii. To do so, the role of the
presence immobilized peptide on the isotherm cafvBlgG adsorption from PBS buffer
was investigated. In addition, the adsorption beragf higG was compared to that of
another protein, bovine serum albumin (BSA) to &hadether or not the immobilized
peptide adsorption to hlgG is specific. BSA wassdn since it should only have
nonspecific interactions with HWRGWYV. As a hightydrophobic protein, and the since
albumin is the contaminant in highest concentraitmoplasma and in some cell culture media,
it makes a good model for comparison. The Langmgiration was fit to the isotherm curves
obtained (as shown in Figure 4.2) as describecdatian 4.2.6.1. The dissociation constants
(Kg) and maximum binding capabilitie®4) obtained from Langmuir fits ware summarized
in Table 4.3.

The results in Figure 4.2 show that the amount Igfshadsorbed on the surface with

peptide is significantly higher than that on thefate without peptide for each higG
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concentration within the range of 0.005 to 5 mg nilhe maximum binding capacity for IgG
binding is significantly higher in the presence p#ptide as opposed to surfaces without
HWRGWYV (as shown in Table 4.3). The dissociationstant of higG adsorption on surface
with peptide is two orders of magnitudes smallemthhat of higG adsorption on surface
without peptide. These results indicate that theogution of higG on the surface with
peptide is dominated by the affinity interactiortivibeen peptide ligand and higG instead of
the nonspecific binding to the substrate.

In comparison to IgG adsorption behavior, the golsmm of BSA shows weaker
dependence on the presence of peptide. Insteadcodasing, the absolute adsorption
amount decreased by a factor of 2 in the presehpepiide on the surface (as shown in
Figure 4.2). The dissociation constant for adsorptdof BSA on the surface with and
without peptide are very similar. It is also evitdéimat BSA was retained on the surface
with HWRGWYV ligands predominantly by electrostaititeractions since the majority of
BSA was eluted with 1M salt (as shown in Figure) Av@hile the higG adsorbed on this
surface remained adsorbed almost after washinghigti salt concentration buffer.

In order to further confirm the specificity of inohilized peptide to higG adsorption, the
isotherm of hlgG adsorption from cMEM that had bserked with higG was obtained and
compared with the isotherm observed from PBS buffee total amounts of higG adsorbed
from cMEM-containing higG at different concentraisowere measured by QCM. In order to
remove nonspecifically bound albumin, the most camiprotein contaminant in cMEM, the
hlgG sample injection was followed by an injectmmPBS buffer with 1M NaCl. As shown

in Figure 4.4, about half amount of adsorption frcMEM could be removed from the
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surface with 1M NacCl, while most of adsorption fraMEM with IgG couldn’t wash away.
The cMEM with 10% fetal bovine serum solution camsaabout 2 mg il BSA (57). As
shown in Figure 4.4, before the wash step with lsigh concentration buffer, the change of
frequencies by adsorption is about 12 Hz (corredjmanto 2.1 mg 117 protein on surface),
which is close to the adsorption amount from 2mg BSA solution in PBS buffer. The
difference was that most of the adsorption of B&%T PBS from buffer could be removed
from the surface by a buffer containing 1N NaCljle/tior the cMEM experiment only half
the amount was removable under the same conditiite: the wash step, the adsorption
amount from cMEM was about 1 mgZmhich was about 9% of the maximum capacity (11
mg mi?) of higG adsorption from cMEM. In order to minireizhe effects of cMEM, the
adsorption amounts after wash step were used tah@asotherm. As shown in Figure 4.5,
with an increase of higG concentration in cMEM, thdsorption amount increased
significantly, which is in the same trend as thiatf buffer solution, except that the absolute
adsorption amount at each higG concentration frdEN is lower than that from buffer.
This difference may be caused by the competitidwéen higG and the albumin in cMEM
during the binding step. Thi€y of the adsorption from cMEM is 0.46M, which is very
close to that obtained from buffer solution, 0i3. To conclude, the affinity of the protein
adsorption is does not seem to be significantlgcéid by the complex media.

In order to compare the affinity interaction ocoogron the flat silica surface with that on
resin surfaces the amounts of protein adsorbedd¢h enaterial need to be quantified. The
Sauerbrey relationship is widely used to quantdgaption amounts from QCM responses,

but it should be used with caution. The Sauerbrgyagon is only valid for uniform,
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ultrathin, rigid films with material properties iistinguishable from those of the crystal
resonator QCM (15, 58-60).

It has been reported that QCM tends to overestithat@dsorbed amount of proteins for
several reasons. First, the frequency changesdeddy QCM include are the result of
adsorption of proteins and also water bound onepramolecules or entrapped inside the
adsorbed layers (35-37). Second, the Sauerbretyoredhip, excludes the contribution of the
viscoelasticity of adsorbed layer on frequenciesnges, and can skew the estimated
adsorption amounts (20, 35, 38, 61-67). Although éstimation of the adsorption amount
from QCM by the Sauerbrey equation may not be depemethod for quantification
analysis, it is a straightforward way to obtain approximate estimate of kinetic and
thermodynamic parameters. The maximum binding ggpabtained in the present study
was 14 mg mi, with the knowledge that QCM tends to overestintgeadsorption amount.
Based on the known hydrodynamic dimensions of (RE5x44x44 A), closely packed “end
on” and “side-on” monolayers of unperturbed higG lecales would give surface
concentrations of 13 and 2.4 m¢mespectively (1). Since it is unlikely that aflthe higG
molecules on the surface are in an “end on” coméigon, it is worthwhile exploring
potential correction factors that could be apptedhe maximum binding capacity measured
in this study.

In Zhou’s work (38) on hlgG adsorption on a hydrobpilized gold surface, the
overestimation of mass adsorption by QCM was qgtiadtiby comparison to adsorption
measurements using surface plasmon resonance ¢ER)ve mode surface acoustic wave

(SAW) techniques. SPR measures only the amountdsirhed protein (“dry mass”), while
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QCM and SAW, acoustic wave devices, measure thebcead mass uptake coming from
both adsorbed protein and entrapped water (“westhasn addition, SAW signal is not as
sensitive to viscoelastic effects as that of QCMN)(&hou’s work suggests that the “wet
mass” is overestimated by QCM by 1.2 to 1.6 tinfiake Sauerbrey relationship is used to
calculate the amount of protein adsorbed. It was alaimed that the overestimation was
mainly from viscoelastic effects and that water teah contributed less that 10% of the
weight adsorbed (38). However in other referentdss been pointed out that the effect of
neglecting the viscoelastic effects by using theeBarey equation led to an underestimation
of the amount adsorbed in comparison with thatireth from fitting into the more
complicated Voigt-Kelvin model (35, 37, 69). Fumim®re, for thin protein layers such as
those formed by IgG adsorption on hydrophilic T&Ddrfaces, this difference was found to be
in the range of 10% (37, 69). The other contributierified consistently by all references is
that of water molecules embedded inside or assat@n top of adsorbed protein layers (35-
38, 70-76). In Voros' study (37) on IgG adsorption a TiQ surface, the “wet mass”
measured by QCM is about 3 times of the “dry maseasured by optical waveguide light
mode spectroscopy (OWLS). Since the frequency asslpétion changes observed in our
system (as shown in Figure 4.8) caused by hlgGrptisn at equilibrium at high protein
concentration (1~5 mg M) are very close to those reported by Vords:(56 ~ 68 Hz
(reconstructed from the adsorption amount data: 1 mg nf), 4D: 2 ~ 2.5 x10) (37), it

is reasonable to assume that the QCM-derived nmassri system is also about 3 times of
that of “dry mass” at equilibrium at high concetitas. If this assumption is correct, then

the maximum binding capacity of higG in our systshould be adjusted to 4.6 mg”m
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which is a capacity comparable to that determirsgdaf chromatographic resin with same
peptide density, 4.3 mg frobtained under same adsorption conditions (5% $aggests that
a monolayer of hlgG with different conformations svbormed on the surface when in
equilibrium at saturation concentrations.

The value ofKy4 of higG adsorption on silica surface functionadizey peptide ligand
obtained from QCM experiments is in the order of M), which is one order of magnitude
smaller than that value for the same ligand imnodi onto polymethacrylate-based
chromatography resins (in the order of°1@) (5). The effect of overestimation of QCM on
the measurement & is not straightforward. It depends on the relatfop between the ratio
of QCM-derived mass to “dry mass” and the amountpadtein adsorption at various
concentrations. There is no clear way of makinghsaorrections, other than to make
measurements on a different device (SPR for exgmplevhich the amount of water

adsorption does not affect the resulting signals.

4.3.4 Kinetics Analysis of QCM Data

The kinetic parameters, namely the adsorption catestantk, and the desorption rate
constanky, were estimated by using nonlinear least squag®ssion fitting of the dynamic
measurements of protein adsorption as a functiotinud, described in section 4.2.6.2. The
raw adsorption rate data and fitted curves at wuariprotein concentrations are shown in
Figure 4.6 and thk, andky values are summarized in Table 4.4.

The values of the rate constants depend on theumagasnts oKy andQmax (the original
QmaxVvalue) as well as the estimate of the mass transfficient (1.1 x18 m s*) described

in section 4.2.6.2. Because of the uncertainth@se parameters, it is not a surprise that this
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model did not seem to represent the raw data gbrfeas shown in Figure 4.6). It is clear
from the results in Table 4.4 that the valuekgpfre dependent on protein concentration.
Intrinsic rate constants should be independentrotem concentration, and this point to a
potential problem with estimated values of the aligstion constant and the binding capacity.
As shown in Figure 4.6, the calculated protein emtiation near the sensor surfaCe) (vas
noticeably lower than that in bulk solutio@,. The difference was more obvious at low
protein concentrations and at the initial stageddorption. These results indicate that the
transport of the protein from bulk to surface liaditthe adsorption rate and it was necessary
to include the mass transport equation into theticrmodel. As shown in Table 4.5, neglect
of the existence of transport limitation (transteefficientk,, approaching infinity) led to an
underestimation of the intrinsic association angsaciation rate constants by about 1 time
for all experiments. In addition, in order to teke sensitivity of the estimated kinetics
parameters on the value of the mass transfer camftik,,, another correlation found in
literature were used to estimate the Sherwood nu(77¢
Sh= 158 ReSc /d,, )" 4-7

This empirical equation was derived from the expents for laminar flow in narrow
channels (gaps 0.2~0.5 mm), which also has siméangtry as the QCM chamber (gap:
0.26 mm) in this study. In addition, as mentionedection 4.2.6.2, under the experimental
condition in this study, the Reynolds number offtbev in QCM chamber was in the laminar
regime. Thek, calculated with this equation has a value of 116xm s. As shown in
Table 4.5, there was almost no change in the estimaf association rates if transfer

coefficient increased from 1.1 x1@0 1.6 x10' m s,
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The estimation of association rates is not seisitte the value of transfer coefficient in

this study.

4.3.5 The Effects of PEG Spacer Arm on the Affinitynteraction between Peptide
Ligand and 1gG

Spacer arms are widely used in affinity chromatpgyaor membranes for bioseparations
to enhance the accessibility of ligands. Theseepans can significantly affect the protein-
ligand interactions, especially for small ligandad this effect could be even more critical
when the active site of the target molecule istiedan a pocket (2, 78). A good spacer arm
should have just enough length to facilitate thentation of ligand and target biomolecule
complex. If no spacer or too short a spacer arasésl, it might be hard to form the complex
of ligand and target molecule due to steric hindeanf it is too long, the density of ligand
could be low and nonspecific binding to the spaaer could become predominant over the
affinity interaction (2). In the work of Heldt et. ait was found that extension of the ligand
using a PEG spacer of 4 repeat units enhanceditideng of porcine parvovirus (PPV) to
peptide ligand WRW on a resin (31). In this stuithg silica surface was functionalized first
with an amine group associated with APTES and thspacer arm consisting of a short PEG
chain with 3 repeat units was attached. The peptaebe immobilized directly on top of the
APTES or through the spacer arm. In 4.3.2 the imp&spacer on peptide immobilization
density were discussed. In this section we desthbesffect of spacer arm on binding. The
modified silica surfaces with or without peptidgdnd and spacer arm were challenged with

1mg mI* protein solutions and the adsorption processes a@mnpared.
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As shown in Figure 4.7, the IgG equilibrium adsmptamount on APTES-HWRGWV
surface is about 4 times of that on the APTES searfalone. In addition, the adsorption

amount of hlgG on APTES-HWRGWYV is about 10-foldtbat of BSA at similar protein
concentration. All in all, the affinity of peptidegand immobilized onAPTES for higG

adsorption was very similar to that immobilized AATES-PEG-NH,. The spacer arm does
not seem to be critical to maintain the affinitytbe peptide ligand immobilized on silica
surface. As mentioned before, the value of spateri@more obvious when the binding site
is hard to reach. It may hint that the binding sésides on the IgG molecule surface or at
least not in deep pocket. This deduction conformoeithe study of binding sites by the mass
spectrometry and docking simulation done in oumgr¢79). Compared to the adsorption
process on the surface with spacer arm (APTESsMBEGHWRGWYVY), the adsorption
process on surface without peptide is faster (asvshin Figure 4.7). It is apparent that the
spacer arm provides additional degrees of freedmhhcanformation and that this can reduce
the rate of adsorption while at the same time rastirtg a strong influence on the binding
capacity.

This is a phenomenon that is not often consideredmnwspacer arms are being used in
affinity applications. It was also found that g€ adsorption rate increased by adding two
alanines between the peptide and APTES (APTES-AARGWYV, as shown in Figure 4.7).
These two alanines as a short spacer arm redueatjabtsteric hindrance, while the length
of two alanines is much less than that of BEB@Gd hence there was less chance that the
HWRGWYV could interaction with the substrate. Consagly the association between

peptide and hlgG was higher than that on top of BBT
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4.3.6 Dissipation Analysis

The analysis of energy dissipation provides adagionformation about the influence of
spacer arm in the affinity interaction between inbiibed peptide and target protein. The
measurement oD relates the viscoelastic property of adsorbedrla@enerally, compact
and rigid adsorbed layers lead to relatively smatlganges in dissipation comparing with
that from loosely packing adsorbents (34, 80-81foAvenient way of presenting the data of
dissipation is to display the quantiy which equates to the derivate of dissipation ckang
respective to absolute value of frequency change glope o#ID versus AF curve). TheK
value isa measure of the energy dissipation per unit mddedato the surface (34). As
shown in Figure 4.8, the dissipation #D5 versus AF5/5 was plotted characterizing the
viscoelastic nature of the higG layers adsorbeithetolid/liquid interface. HergD5 is the
change of dissipation andF5/5 is the change of frequency normalized by number of
overtone, which were recorded simultaneously by Q& Mvertone .

For the case of protein adsorption directly onacefof APTES it is clear that the slope of
the dissipation-frequency change curves increased 9x10° to 3x10® Hz* at a AF5/5 of
19 Hz. This evident switch is associated with atre¢ly large conformation change (15, 35-
38). As shown in Figure 4.9, this phenomenon wdg ohserved when IgG concentration
was high (1 and 5 mg/ml). With increase of IgG soef density, the adsorbed IgG could
change from “side-on” to “end-on” conformation ttow more protein to adsorb on surface
(28). 1gG adsorbed on surface with “end-on” confation has less association with the
surface than that bound on surface with “side-aorifarmation, and consequently leads to

relatively large dissipation change.
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For the adsorption on the other four surfaces (AR"FHEG-NH,, APTES-HWRGWV,
APTES-AA-HWRGWV and APTES-PEENH-HWRGWYV) the plots of4D vs. 4F are
almost straight lines with small deviation. Thesssuits indicated that no significant
conformation change happened on these surfacesh&@dsorption on APTES-PEG3-NH-
HWRGWYV, the slope slightly decreased with frequenctyhe full range of data. This may
be the result of lost of water molecules associatiéll protein or PEG layers with increasing
packing density. The data of APTES-HWRGWYV and APTAZSHWRGWYV had the same
trend; at low frequencies, the slope decreasehtlligvith increasing frequency, which is
same result observed on the surface of APTES-PERB-HNWRGWYV. At higher frequencies
(45~50 Hz) the slope switched to higher value, het¢hanges of slopes is less significant
compared with that on the APTES surface. When tisorded protein on surface became
crowded, for part of protein, the conformation nw@nange for “side-on” to “end-on”. The
frequency at which the conformation change happémethe IgG adsorption on the surface
with peptide (45~50 Hz) was much higher than thatg®d adsorption on APTES surface
(19~22 Hz). This discrepancy could be caused bylifference in water amount in adsorbed
protein layer. The protein adsorbed on surface wéptide ligand could have more water
molecules embedded inside, since amide bond oideepide chain tends to bound solvent
by H-binding. For the same protein surface densitg, change of frequencies recorded by

QCM could be different.

4.4 Conclusions

HWRGWYV was successfully immobilized on a silicafage with a surface density about

0.8 chain nrif; in other words, the average distance betweerpemide chains was about 1
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nm. It was high enough to ensure that every higGeoute (235x44x44A) adsorbed on the
surface could interact with more than one peptitleha interface. The silica surface
functionalized by peptide was characterized by BdMS. The presence of peaks from
Fmoc groups and peptide itself provided direct ent that the peptide was immobilized on
the surface at the proper orientation through Hrbaxyl terminus.

High affinity and specificity of HWRGWV to higG bading was maintained after
immobilization on the solid surface as evidencedh®sy adsorption isotherms of higG from
both buffer and cMEM, compared to that of BSA a@gson. Both the equilibrium
thermodynamic and kinetics parameters were obtdnyednalysis of QCM data. The PEG

spacer arm is not necessary to keep the affinibid® binding.
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Table 4.1Effect of coupling reagent and peptide concertdretion peptide immobilization

density
Concentration| Molar ratio of Thickness Surface
Coupling Reagent of peptide, mg| coupling reagent of peptide density,
ml* to peptide layer, A chain nn?
1 1:10 3+£0.5 0.16
DIC+HOBt
10 1:2.5 5+0.8 0.27
1 11 6+1.1 0.33
1:10 7+0.7 0.41
EDC+NHS+HOBt
1:1 11+1.2 0.62
10
1:2.5 13+1.3 0.73
L 1:1 13+1.4 0.77
1:10 14+1.0 0.81
TBTU+HOBt
11 15+1.1 0.86
10
1:2.5 15+0.9 0.88
L 1:1 11+1.2 0.63
1:10 10+1.2 0.59
PyBrOP+HOBt
11 12+1.1 0.72
10
1:2.5 13+1.2 0.75
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Table 4.2Effect of side-chain protection on peptide density

Immobilization peptide on| Immobilization peptide on
APTES-PEG3-NH2 APTES
Surface Surface
Thickness, density, Thickness, density,
Peptide A chain nnf A chain nn¥
Fmoc-His-Trp-Arg-Gly-
Trp-Val-OH 14 0.81 7 0.38
Fmoc-His(Trt)-Trp(Boc)-
Arg(Pbf)-Gly-Trp(Boc)-
Val-OH 22 0.76 25 0.86
Fmoc-His(Trt)-Trp(Boc)-
Arg(Pbf)-Gly-Trp(Boc)-
Val-Ala-Ala-OH 20 0.71 38 1.22

Table 4.3Apparent dissociation constant and maximum bindaggacity of the BSA and
hlgG adsorption on modified silica surface APTES=RMNH, and APTES-PE&GNH-

HWRGWYV-NH,
Surface Proteir Kg, uM | Qn mg ni* R
higG | 14.1 4.6 0.87
APTES-PEG-NH, BSA 16.5 6.97 0.953
higG | 043 14 0.986
APTES-PEG-NH-HWRGWV-NH, BSA 20.5 3.38 0.913

Table 4.4Association rates and dissociation rates of hig&egption on silica surface

functionalized with peptide ligands

IgG Concentration a Kqg
(mg miY) (m*mols?) (s x10°
0.04 0.70 3.01
0.10 0.36 1.55
0.20 0.31 1.33
1.00 0.16 0.69
5.00 0.11 0.47
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Table 4.5Dependence of the estimated association ratdsedmansfer coefficieri, value

lgG Concentration ka (M*mol™s?)
(mg mr%) kn=1.1x10" | kpn=1.6x10 Km — oo
m s’ m s’
0.04 0.70 0.69 0.39
0.10 0.36 0.36 0.17
0.20 0.31 0.31 0.15
1.00 0.16 0.16 0.09
5.00 0.11 0.11 0.05

128



Figure 4.1 ToF-SIMS spectra of samples Si@), APTES (b), APTES-PESNH-Fmoc(c)
and APTES-PEG-NK{d) and pure peptide HWRGWYV (e) within the rangendz 0~100
(1a~1f), 100~200 (2a~2f), 200~300 (3a~3f)
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Chapter 5. Formation and Characterization of Self-Asembled Monolayers
of Thiolate Containing Oligo(ethylene glycol) Termnated with Amine

Groups on Gold
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Abstract

Self-assembled monolayers (SAMs) of oligo(ethylglyeol)-terminated alkanethiols can
resist the adsorption of proteins. A two-compon@AM using HS(CH)11(CH,CH,0)sNH>
and HS(CH)11(CH.CH,0);0H could be an excellent candidate as an ancher ly the
immobilization of ligands in the study of proteigdnd binding events on surfaces with
lower background resulting from non-specific proteinding. Mixed SAMs are formed by
the co-adsorption of thiols. Consequently, the cositppn of the SAM and surface properties
depend on the concentration of thiol in solutiord greparation conditions such as the
solvent and adsorption time. In this work, the dael@nce of the surface properties of pure
SAMs of HS(CH)11(CH,CH,0O)sNH, and HS(CH):1(CH,CH,0O);OH on thiol binding
conditions was studied. Both contact angle measemérand chemical force microscopy
(CFM) results indicated that the SAM formed by inmsien into 1 mM thiol solution in
ethanol with 3% of TEA as solvent for 1 day was enoniform than that formed in ethanol
or THF for the same formation time.

The best formation condition for a SAM of HS(8H(CH.CH,O)sNH, was used to
produce a two-component SAM on a gold surface. frheed SAM was subjected to
characterization by X-ray photoelectron spectrogc@pPS) and CFM. The XPS results
indicated the dependence of surface compositionghioh solution formulations. However,
guantification of the amine group density on thefates analyzed by XPS spectra or
radiolabeling methods did not yield useful resultealysis of the CFM results showed that
no phase separation happened for the two-comp@whkt of HS(CH)11(CH,CH,0)sNH>

and H S(C H)ll(C H,C H20)3O H.

139



51 Introduction

In Chapter 3, the modification of silica surfacesiritroduce high-density poly ethylene
glycol chains and amino groups for the immobiliaatiof ligands was discussed in detail.
These materials also show low non-specific probamaing, making them suitable materials
for specific binding and detection of specific mios. As discussed earlier (Section 3.1), a
high surface density of PEG chains could providaudace with low non-specific binding,
while a high density of the terminal amino groupfich are the attachment points for the
specific ligands, would allow for a better control the final ligand density, and an
optimization of target binding, as ligand density & critical parameter for affinity
chromatography using short peptide ligands. Ia tihiapter, we discuss a strategy to modify
a gold surface for similar purposes.

Although self-assembled monolayers (SAM) of alkhid$ have some disadvantages,
including instability over long term use and thmitation of use only with noble metal
substrates (1-2), they are still attractive dudah@r simple formation process and well-
organized structure (3-8). Whitesides and collead@el 1) studied alkanethiols with various
functional groups including oligo(ethylene glycalhd demonstrated that SAMs containing
this compound resist the adsorption of proteingylthemonstrated that the resistance to the
adsorption of proteins increased with the lengthhef oligo(ethylene oxide) chain and also
the mole fraction of the thiolate containing PEGrixed SAMs (10). SAMs containing PEG
chains and functional groups have already beeniegppior the immobilizations of
biomolecules for various applications. SAMs fornfezim oligo(ethylene glycol)-terminated

thiols with a reactive carboxyl end group have besported to couple peptides for cell
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adhension studies (12-14), and to immobilize pnstéor enzyme kinetics studies (15-16), as
well as for studies on affinity interactions. (1There is a very limited number of references
on SAMs formed from oligo(ethylene glycol)-termiedtthiols ending with amine groups.
Mrksich and colleagues reported the use of a SAMtaining EGNH, for coupling a
phosphonate ligand onto a gold surface (18). Ibwwak, the phosphonate ligand was first
coupled to a disulfide with a structure given by HHG;-(CH,)o-S-S-(CH)e-EGs-NH,,
followed by mixing with a symmetrical EGlisulfide (HO-EG-(CH,)o-S-S-(CH)g-EG3-OH)

and the final phosphonate ligand density obtained w%. The ligand density of 1% was
high enough for the study for the interaction betwehosphonate ligand and cutinase, but it
is not sufficient enough for the purpose of thigdgt As mentioned in Chapter 3, high
peptide density is critical for the affinity intetgon between short peptide ligands and target
biomolecules. In addition, in this study the pegtidand is small in size in comparison with
the target protein (hlgG) and consequently, a shpacer arm was desired to enhance the
availability of ligand exposure.

Therefore, we pursued a new strategy to modify galdfaces by SAMs with the
following two kinds of thiols: HS(Ch11(CH.CH,O)NH, (in short, EGNH,) and
HS(CH)11(CH,CH,O)30H (in short, EGOH). The mixture of the EIH, and EGOH was
used to adjust the amine group density on the cairéand the difference in chain length
between these two thiols could work as spacer &ha.formation conditions of the SAMs of
pure EGNH,, EGOH, or mixture of these two, were studied and tloglified gold surface
was characterized by contact angle measuremenay >§pectroscopy (XPS) and chemical

force microscopy (CFM).
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5.2 Materials and Methods

5.2.1 Material

Ethanol (200 proof, absolute, for molecular biolpghetrahydrofuran (THF, ACS reagent
99.5%), triethylene amine (TEA, ACS reagent 99%) eyanoborohydride (NaCNBJHACS
reagent 99%), were obtained from Sigma-Aldrich (&buis, MO). Deionized water
(resistivity > 16 M2-cm) and Milli-Q water (resistivity > 18 §-cm) were obtained by using
a Millipore water purification system (Billerica, A). Alkanethiols of structures of
HS(CH,)11(CH,CH,0)sNH, and HS(CH);,1(CH,CH,O);0H were obtained from Prochimia
Surfaces, Ltd. (Gdesk, Poland). f'C]-formaldehyde (FfCHO, 55 mCi/mmol, 0.1 mCi/ml)
was obtained from American Radiolabeled Chemicats (St. Louis, MO). Nitrogen gas,
purity 99.99%, was obtained from National Weldetgp8y, Inc. (Raleigh, NC). All the

reagents were used as received.

5.2.2 Formation of SAMs

A glass slide coated with 100 nm of gold (dimensi@ x 6.25 x 1 mm, EMF
Corporation, Ithaca, NY) was cleaned with an uitwkt/ozone (UVO) cleaner (Model 42,
Suprasil lamp, Jelight Co., Irvine, CA) for 20 mies. The glass slide was quickly immersed
and kept in ethanol to prevent contamination framaad a nitrogen stream was used to dry
the slide before use. The cleaned glass slide vealfied by immersing into thiol solution of
HS(CH,)11(CH2CH,0)sNH,, or HS(CH)11(CH,CH,O)30OH or the mixture of these two, with
a total thiol concentration of 1mM for all experimig in this study. One of following

solvents were used: pure 200-proof ethanol, ethaitbl 3% (v/v) tri-ethylene amine (TEA)
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or THF. After immersing the glass slide in the trgolution for 1 to 4 days, the slide was
removed from the solution and rinsed 5 times witmbof ethanol and sonicated for 5
minutes in ethanol, followed by rinsing three tinvegh 5 ml of ethanol, and finally drying

with nitrogen.

5.2.3 Contact Angle Measurement

Contact angle measurements were performed undetreaintonditions using a Ramé-
Hart contact angle goniometer (model 100-00, Rarag;HNJ, USA) equipped with a CCD
camera and analyzed with Ramé-Hart software. Thearaning contact angle of DI water (pH
6.8) was measured by droppingidof DI water onto the modified gold surface andritthe
receding contact angle was measured by withdrafvalub DI water from the surface with a
syringe. Each data point reported represents arageeof five measurements on the same

sample, with an error smaller than £1.5°.

5.2.4 Chemical Force Microscopy (CFM) Experiments

All CFM images were acquired with a scanning profieroscope (SPM, mode JSPM-
5200, JEOL, Inc., Tokyo, Japan) under vacuum ~T0rr). The SPM was operated in
tapping mode using an AFM probe tip terminated wdthmine molecules (product no.
CT.AU.NH3, provided by Novascan Technologies, Inmwa, USA). The resonance
frequency of the tip was 300 kHz, and the springstant was 40 N th The dimension of
the cantilever was 125 x 40 x 4 um. Tip geometrg pyramidal and its height was 14 um,
with a radius of less than 10 nm. For the tip usethis study the lateral resolution was on
the order of 10 nm (information provided by the der). Both phase and topography images

were recorded at the same time.
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5.2.5 X-ray Spectroscopy (XPS) Experiments

The XPS measurements were performed on a PerkiefEIRhysical Electronics
Industries Model 5400 ESCA system (Perkin-Elmec.,IfPhysical Electronics Division,
Eden Prairie, MN)with a concentric hemispherical analyzer. The pélettrons were
excited by Mg Ka X-rays at 400 W of power. The systwas operated under3a0® Torr
of pressure. The take-off angle, which is definedhe angle between the collection axis of
the photoelectron analyzer and the sample plang,/®@a The diameter of the analyzed spots
was about 0.6 mm. For the survey scans for cartensignal for the binding energy (BE)
within the range of 0 t01200 eV were recorded; passrgy was set as 100 eV, with an
energy step of 1.0 eV and the dwell time of 100 IHigh resolution spectra were recorded at
200 eV pass energy with a energy step of 0.1 eVdavell time of 1.2 s. For survey spectra,
the average of 3 scans was recorded for all samiptesthe high resolution spectra of C 1s
the average of 5 scans were recorded.

All peaks were calibrated with a reference of Aa#84.0 eV in the survey scans and C-C
component at 285 eV for the high resolution scahg data were analyzed and fitted using
the CasaxXPS software suite (Casa Systems Inc. AnddlA) to measure the relative
amount of elements or components. The results pieden this study are the averages of

three measurements obtained on different posibbtise same sample.

5.2.6 Measurement of Amine Group Density by Radiolzeling Method
The gold slides were modified by the SAM of §&NBl, by the same method described in
section 5.2.2 and then put into a 5-ml glass \&&her Scientific, Inc., Pittsburgh, PAjith

4 ml of PBS buffer (pH7.4). The gold slide has #ate area of 1.56 c(25 x 6.25 mm)
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and the theoretical density of EH, was assumed to be the same as that of SAM of
HS(CH)11(CH,CH,0)sOH, which is 2.14 molecule rim(19). Therefore, the theoretical
amount of amine group in a well-packed SAM of 8@, on one slide was 1.22 nmole.
Based on the calculated amount of amine groupg, %,or 10 equivalents of radiolabeled
formaldehyde (}'CHO) were added to a vial with one piece of goideslThen NaCNBH
was added at 10 molar excess of the amount@&HO. The vial was gently shaken at room
temperature for 4 hours, followed by removal of gide from the solution, and rinsing 10
times with 5 ml of DI water. The level of radioadty in the slide was counted using a
Packard 1500 Tri-Carb Liquid Scintillation Analyz@vieridan, CT) using CytoScint ES
scintillation liquid from ICN (Mesa, CA). The amatuof radioactivity corresponds to the

number of amines acetylated with the radiolabetech&ildehyde.
5.3 Results and Discussion

5.3.1 Formation of pure SAMs of EGNH, and EG;OH

The formation of a SAM includes at least three stgghysical adsorption of thiol on the
surface, conversion of the physical adsorptionhentical adsorption, and the rearrangement
and organization of the molecules to form compé#eictures that minimize the Gibbs free
energy of adsorption (20). Kinetic studies of akdol adsorption onto Au(111) surfaces
have shown that at relatively dilute solutions the initial steps are well described by
diffusion-controlled Langmuir adsorption and thes@gbtion rate showed strong dependence
on thiol concentration (8). When the thiol concahtn was as high as 1 mM, the first two

steps finished within a few minutes, while it regadi over 100 minutes at 1 pM
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concentration (21). The last step is similar toystallization process, where alkyl chains get
out of the disordered state and into unit cellsstforming a two-dimensional crystal. The
kinetics of the last step is related to chain disorsuch as gauche defects, the different
components of chain-chain interaction including dan Waals, dipole-dipole, charge-charge
forces and the exchange rates between thiolateudace and thiol in solution or surface
mobility of chains. The last step is a relativelyvg step when compared with the initial steps,
and it could take up to several days (3).

In order to avoid the diffusional transport limitat, a thiol concentration of 1 mM was
used for all the experiments in this study. Two SAdvmation times of 1 day or 4 days were
used and compared. Ethanol was the typical solig@nthe formation of SAM containing
PEG (10-11, 13, 19, 22-23) and it was also choserthis study. Jiang and his colleagues
reported that SAMs of thiol containing amine groupeded to form bilayers on a gold
surface when ethanol was used as a solvent (24) Siggested adding 3% (v/v) TEA into
ethanol to break the H bonding between the bilay@mponents and to suppress the
ionization of NH groups which also prevented the formation of coch@®Ms due to strong
electrostatic repulsion in closely packed SAMs orfae. In this study, the effect of adding
3% (v/v) TEA in the ethanol solution on the fornaatiof SAM of EGNH, was investigated.
In addition, one polar aprotic solvent, THF waalsed to compare with ethanol (a polar
protic solvent) to study the effect of solvent be formation of SAMs of EENH,. THF was
chosen because by comparing the Hansen solubditgnpeter (HSP) values of ethanol and
THF, it was possible to predict the status of tlesaved thiols in the solvent. A comparison

of the HSP values of ethanol and THF is presenteddble 5.1(25). In summary, the
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dispersion bonds inside of these two solvent aree;lthe polar bonds in ethanol are stronger
than those in THF, and the H-bonds in ethanol anemstronger than those in THF (26).
According to the comparison of these two solveittss reasonable to predict that there is
less interaction between solvent molecules with REIF,CH,0-) chains in THF than that
in ethanol due to the difference in H-bonds. Initoid, the incompatibility between the
hydrophobic chain -(Ch;;- and THF is less than that in ethanol, due todifference in
polar bonds. The summation of these two effectsdclaad to a relatively higher chance for
the thiol of EGNH, or EGOH to form micelles in ethanol than in THF with thydrophobic
chains in the core and the PEG chains exposedhémelt For these reasons, THF was also
chosen and compared to the common used soluti@ndttor the formation of SAM of
EGsNH, and EGOH, since it could be better than ethanol to dispehiol molecules in
solvent for SAM formation.

All'in all, three solvents were used and compaegidanol, ethanol with 3% TEA and THF.
The thiol concentration was 1 mM for all experinger#nd the SAM was formed by
immersing in the thiol solution for 1 day or 4 days

SAMs formed under different conditions were sulgdcto characterization by contact

angle measurements and CFM.

5.3.1.1 Contact Angle Measurement
Measurement of contact angles is one of the mqgatlrand convenient methods of
characterizing surfacg®7). The equilibrium contact angl@, between a liquid and a solid

surface is given by the Young equation,

cost, = (Vsy —Vs) ! Viv S>-1
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where ysy, ys. and yy are the interfacial tensions between duhgor, solidiquid and
liquid/vapor, respectively(28). The Young equation assumes a perfectly flat and
homogenous surface but, in practice, solid surfaresnot ideal. Surface roughness and
heterogeneity cause a deviation in the equilibricomtact angle from that predicted by
Young's equation (27, 29-31). Instead of one eQuudim state, a drop will assume a wide
spectrum of contact angles between the advancintacbangled, (highest) and receding
contact angled (lowest) and the difference between advancingamrdangle and receding
contact angle is referred to as contact angle hs@te (32). Although the contributions to
contact angle hysteresis are not fully understaoseems that the major causes of contact
angle hysteresis are surface roughness and sinééemgeneity (27, 33-34).

In this study advancing and receding contact angleie measured and the hystereses
were calculated for SAMs formed under different diions. All these results are listed in
Table 5.2.

For SAM of EGOH, the advancing contact angle was around 29~33addgreceding
contact angle was around 17~24 deg. Consideringahation within one sample, which is
on the order of £1.5 deg, the variations in advagaontact angles of SAMs of EGH
prepared under different conditions (2 deg) wemsignificant. Comparing with the
measurements of advancing contact angles, thetieasain receding contact angles were
relatively large and this variation also led tof@liénces in hysteresis values. As shown in
Table 5.2, the hysteresis of the SAM of 8B prepared in THF is smaller than that
prepared in ethanol, and adding TEA didn’t afféet hysteresis significantly. This result was

consistent as our prediction based on the differém¢he properties of the solvents. The thiol
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functional groups should disperse better in THRtimethanol, and this in turn can benefit
the formation of well-organized SAMs. The motivatiof adding TEA was to suppress H-
bonding and charge-to-charge interactions betwewmea groups, which do not exist in
EGsOH. Here the results indicated that the TEA did sighificantly affect the interaction
between the thiol groups of EGH. In addition, the contact angle measuremenSAis

of EGOH prepared in ethanol obtained in this study weose to those of the SAMs of
HS(CH)11(CH.CH,0),OH (n=2, 4) prepared under same conditions repdrieliterature
(10).

As shown in Table 5.2, the hydrophobicity of SAMsEE5;0H varied significantly with
formation conditions. For SAMs of ESH,, the advancing contact angle was around 63
degrees and the hysteresis of the SAMs formedhaned were the largest compared to those
SAMs obtained in other solvents. The extensionhef formation time to 4 days did not
significantly change the contact angles and hysterédding 3% of TEA into to ethanol
greatly reduced the contact angles and hysteresigheere was no obvious dependence on
time. The contact angle and hysteresis of DI wattethe SAM formed in THF for 1 day was
smaller than that formed in ethanol but larger th@at formed in ethanol with 3% TEA.
After lengthening the formation time to 4 days, tdoatact angle was close to that of a SAM
formed in ethanol with 3% TEA. It was found tha¢ lidvancing and receding contact angles
measurements were larger when hysteresis was laimesther words, the surface was
relatively hydrophobic when the surface was lestoun. From these results one could infer
that under these conditions a bilayer was formedtihanol, which led to the exposure of

hydrophobic chains on the surface and the bilayes mot uniform even after immersion for
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4 days. The wetting properties of the SAMs formed HF for 4 days were similar to those

of the SAMs formed in ethanol with 3% TEA for 1 day

5.3.1.2 CFM Characterization

As discussed earlier, the wetting properties of 8&Ms of EGNH, were strongly
dependent on preparation conditions. CFM was usexhieffort to understand the possible
reasons for these differences.

Atomic force microscopy (AFM) is a powerful tool rf@etermining the topology of
surfaces. Recently, the development of differentMA&peration modes allows it to probe
different structural and property details of samspl@cluding friction, and lateral chemical
surface composition (35).

The AFM operated under tapping mode can simultasigqurovide topography imaging
and phase imaging (35-36). The interpretation pbgpaphy image is straightforward, while
the formation of phase images is relatively compléxe phase shifts recorded arise from the
difference of phase angles between the cantileseifl@ion and its response, and are related
to tip-sample interactions determined by energgigaion from adhesion/repulsion, energy
hysteresis and viscoelasticity. Consequently, plvasging reflects differences in chemical
properties on surfaces (36). More details about Agifiiciples and operation modes are
included in Appendix 5-1. The uses of tips modifieg covalent linking of organic
monolayers that terminate in well-defined functiogeoups can enhance the force between
the tips and surface and consequently, the chersaaitivity. This ability to discriminate
between chemically distinct functional groups hed fo naming this variation of AFM as

chemical force microscopy (CFM) (37-38).
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In this study, an AFM tip functionalized with diame groups was chosen, since it has
relatively stronger repulsion force with an pNigroup than OH and -CH groups on the
surface (39). When this tip approached an area With groups, the relatively strong
repulsion force between the tip and the surfacesiéa a relatively large phase shift.

According to the contact angle measurements, thedtion of SAMs of EGOH did not
depend on solvent or immersion time. Thereforey ehé SAMs formed by immersing in
ethanol for 24 hours (in short, EGH-EtOH) were included in this study. The SAM of
EGsNH, formed with ethanol or ethanol with 3% TEA as suwiv did not show a time
dependence, and consequently only SAMs ofNE#& formed in ethanol and ethanol with
3% TEA for 1 day (in short, E§BIH,-EtOH and EG\H,-EtOH TEA, respectively) were
included in this study. The other two samples csirdi of SAMs of EGNH, formed in THF
for 1 day and 4 days (in short, BN8H,-THF-1 day and E@NH,-THF-4 days respectively).
The phase images and topography images of these samples were collected and
summarized in Figure 5.1 (A-F).

As shown in Figure 5.1, the roughness of the togalgic images of the SAMs of ESH>
prepared under different conditions (Figures 5.1 2B, 4B and 5B) and those of EOH-
EtOH were similar (Figure 5.1 1B). The only notibkadifference is that the roughness for
the SAM of EGNH.is about double the value of those of the other oufaces.

However, the phase images for these five samples gaite different. In general, the
variation of phase shifts in the phase image of®&&EtOH, as shown in Figure 5.1 1A, at
less than 5 degrees, was much smaller than tHaAbfs of EGNH, formed under different

conditions, at around 15 degrees (Figures 5.1 2442 and 5A). The relative surface areas
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of bright and dark regions in the phase imagesAWS of EGNH, formed under different
conditions are quite different. For EH,-EtOH (Figure 5.1 2A) the bright regions are in
the form of circles with diameters in the rangelofo 15 nm and these spots are evenly
distributed on the surface. For BNGH,-EtOH TEA, as shown in Figure 5.1 5A, the surface
was filled with bright regions separated by dare$ of thickness 1-3 nm. For the &&bl,-
THF-1 day, as shown in Figure 5.1 3A, the briglgioas were continuous and filled with
dark regions with diameters in the range of 1 ton) The phase image of EH,-THF-4

days (Figure 5.1 4A) was similar to that of #NBl,-EtOH TEA (Figure 5.1 5A).

The quantitative interpretation of the phase shifiscomplicated (40), but some
interpretation is possible by comparing the phasages obtained under different conditions.
The bright regions should correspond to the aré#iseosurface containing amine groups, so
that, with the lengthening of immersion time fromday to 4 day, the SAM of E&H;
formed in THF became more and more organized (@edby the reduction in contact angle
hysteresis) and consequently, more and more amngpg were exposed on top of the
surface (compare Figure 5.1 3A with 5.1 4A). Withadding TEA, the SAM formed in
ethanol resulted in a highly heterogeneous surfasedemonstrated by both AFM phase
images and the large contact angle hysteresis memasat. With the present of TEA, the
SAM of EGNH; formed in ethanol is as uniformed as that forrniF for 4 days.

In summary, THF was a better solvent than ethdndljt needed a relatively long time to
form high quality SAMs; ethanol with 3% TEA was thest solvent for the formation of

SAMs of EGNH,. Unless indicated otherwise, for all the followiegperiments, ethanol
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with 3% TEA was chosen as the solvent for the faiomeof mixed EGNH, and EGOH and

1 day was chosen as formation time.

5.3.2 Formation of mixed SAMs of EGNH;, and EG;OH

As mentioned in section 5.1, mixing of EG1, and EGOH at different ratios was
proposed to adjust the surface density of aminaggoHowever, the ratio of the fractions of
the two components in a mixed monolayer is not gbmde same as that in solution but
reflects the relative solubility of the componeirissolution and interactions between the
functional groups in the monolayers (41). Consetiyea method to quantify amine group

density on the surface was needed.

Besides the amine group density, the other impbrissue for the application of
biomolecules is the distribution of activity grougs even distribution and mixture of the
species on a molecular level are desirable for ibihzation of biomolecules to reduce steric
hindrance and increase coupling efficiency. It basn reported that phase separation could
happen in the nanometer scale in SAMs of n-alkaoistion gold (42-43). In this study, an
effort was made to quantify the amine group density the surface and to probe the

possibility of phase separation in mixed SAMs.

5.3.2.1 Amine Group Density Quantification by Raditabeling Method

Radiolabeling amino groups with*C]-Formaldehyde in the presence of NaBM is a
widely used procedure to label free primary amimougs in proteins (44). The primary
amine reacts first with formaldehyde to form a &cbiase, which is then reduced by

NaBHz;CN to the secondary amine. Although the secondarye can again react and form
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the tertiary amine, the stoichiometry of [WHHCHO] can be fairly well controlled to 1
under appropriate reaction conditions. This reactias also used to measure the amine
groups of silane on flat Ti surfaces by reactiothW{C formaldehyde at 20°C for 4 h (45). It
was assumed that the small formaldehyde moleculeddéuse into the film of silane and
react with all the primary amine groups (49).

The same reaction conditions were used to radibldi®e amine group of SAMs of
EGsNH; for the measurement of amine group density. Thasemed amine group density
was compared with the calculated chain density@§NH,, assuming the structure of SAM
of EGsNH, is the same as that of HS(§H(CH.CH,O)OH, which is 2.14 molecule rifn
(19). As shown in Table 5.3, radioactivity countspednded on the amount of'C]-
formaldehyde added. The radioactivity counts agage increase when the'C]-
Formaldehyde concentration was in a 5x molar ex¢tesamino groups. The maximum
measured amine group density was approximately 8P%e theoretical maximum limit.
This difference may be caused by the erroneouscéxo@n of 100 percent conversion, or
perhaps it is due to the assumption that the seirficucture EG6NH2 is the same as
HS(CH)11(CH,CH,O)sOH. Generally, SAMs of thiolates are much more wetjanized
than those of silanes (3), which could make th&uslidn of formaldehyde and the reaction
with amine group difficult. Since it was hard toach 100 percent conversion, the
radiolabeling method was not feasible for the guiaation of amine group on top of SAM

of thiolate.

5.3.2.2 Characterization of Mixed SAM and Amine Graip Density Quantification by

XPS
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Besides a radiolabeling method, an attempt was rtadse XPS to quantify the amine
group density on the surface. Both survey scamanaw scans were performed.

Survey scans probed for the elements C, O andtheilsAMs, while the signal of sulfur
was too weak to be detected for most of the samplas peak areas were used to estimate
the relative abundance of these elements in SAMs.r&sults were normalized based on C
amount and summarized in Table 5.4. As shown inleT&X, the relative abundance of
nitrogen was higher for the mixed SAMs formed witgher fraction of EGNH;in solution,
while the relative abundance of oxygen did not slamy dependence on the formulation of
the thiol solution. Theoretically, the relative aldance of oxygen should also increase with
increases in the mole fraction of BNGH, in solution, but since the difference in relative
abundance of oxygen between B, and EGOH is small (as shown in Table 5.4), and
oxygen and carbon are both common elements in coméion from air, it was not a
surprise that the experimental measurement of axyygdy showed random deviations. The
nitrogen results were explainable considering tifeerénce of the theoretical ratios of
EGNH, and EGOH (as shown in Table 5.4). Although the experirmenesult was
consistent with our expectation, the survey scas stdl not a suitable method to quantify
the amine group density on the surface becausentesured fractions of both SAMs of
EGsNH,; and EGOH were biased from the theoretical calculation ttuattenuation effects.
For well organized SAMs, the fragments of -(ht are at the bottom of the layer and
subjected to additional attenuation effects congpameth the elements arising from the
fragmentation of EG6NH2 (O and N). Consequentkpegimental measurements deviated

from the theoretical ratios. This made the relaiop between survey scan measurements
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and the real amine group amounts difficult. Al$w signal of nitrogen was not strong, and a
small measurement variation could lead to a sigaifi error in the estimation of amine

group amount.

As shown in Figure 5.2, the narrow scan of the @ \wigh resolution showed a split peak
for the sample of SAMs of Ef®H, EGNH; and their mixtures prepared in a solution with a
1:1 molar ratio of EOH to EGNH,. The split peaks were fitted with several compasien
C-C (285 eV), C-O (286.6 eV), and C-N (286.1 €¥6) and the relative surface areas of
different components were calculated by softwaikamémmarized in Table 5.5. As shown in
Table 5.5, as the ratio of BE8H, to EGOH in the thiol solution increased, the fractionGsf
O component increased, indicating that the fractddnEGNH, thiolate on the surface
increased. However, the ratio of C-N seems to by fandom. As shown in Figure 5.2, the
C-N peak lies between two strong peaks from C-C @rd, which already overlapped to
some extent. Therefore, a small error in the fitline could lead to a significant deviation of
the estimated C-N component amount from its trdeeva

Although the fitting to the C spectra from the swd indicated that there is an increase in
the fraction of EG\NH; on the surface resulting from an increase in tlerfraction of this
component in solution, further quantification oétbhain density from these spectra, which
also involved the attenuation effect, is complida{47).

Up to this point there is no reliable method torgifg the amine group density on surface

formed from mixed SAMs.

5.3.2.3 Study the Amine Group Distribution in MixedSAMs by CFM
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According to the CFM results of the pure SAMs pngésd in section 5.3.1.2, the phase
imaging was more sensitive to chemical heteroggiiegtn to topography imaging. Therefore,
only the phase image results of the mixed SAM agsgnted here.

As shown in Figure 5.3, there was no obvious diffiee seen in the phase images of
mixed SAMs formed from various thiol solutions (mokatio of EGOH : EGNH, = 1.0,
3:1, 1:3 and 0:1) in ethanol with 3% of TEA as solvin both scan sizes of 500h@ind
sunt. All the phase images of the mixed SAMs were simtb that of pure SAMs of
EGsNH,. However, as shown in Figure 5.4, for the case akeohiSAMs formed in THF for 1
day, phase separation in order of nanometers weervdd and the area with amine groups in
mixed SAM (formed from the thiol solution of EGH and EGNH; in ratio of 1:1) was
smaller than that of pure SAM of E8H.,. It means that, CFM method employed in this
study has the capability to detect phase separatitme scale above the lateral resolution of
AFM (=10 nm). As shown by XPS spectra, it is appardat the surface composition
changed with increasing ratio of g&H, to EGOH for the mixed SAMs formed in ethanol
with 3% TEA. In other word, the amine group surfatensity was increased with the
increasing of the ratio of B8H; to EGOH in thiol solution, while CFM didn’t detect any
change. The only possible explanation for theseltsess that the amine groups were evenly
distributed in the mixed SAMs of EGH and EGNH; formed with ethanol with 3% TEA as
solvent. No phase separation was found withinateral resolution (in the order of 10 nm)

analysis method used in this study.

5.4 Conclusions
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The formation conditions of pure SAMs of EXBH, were studied, and ethanol with 3% of
TEA was found to be the best solvent for this aggion. Both contact angle measurement
and CFM results indicated that the SAM formed byniensing into 1 mM thiol solution with
ethanol with 3% of TEA as solvent for 1day was maméorm that that formed in ethanol or
THF for the same formation time.

The mixed SAMs of EENH, and EGOH were formed under the best conditions for the
formation of pure SAM. Attempts were made to qugntihe amine group density on the
surface by radiolabeling amine groups witfiC]-formaldehyde, analyzing the XPS survey
and narrow scans results. None of these methods sugtable for the quantization of amine
group density. The CFM scan result indicated tlmapinase separation in the scale of 10 nm

for the mixed SAM formed in the ethanol with 3%T&A.
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Table 5.1Hansen solubility parameter (HSP) values of THé attanol

oD, Dispersion 0P, Polar oH, Hydrogen bonding
THF 16.8 5.7 8

Ethanol 15.8 8.8 194

Table 5.2Advancing and receding contact angle measurenagigt€ontact angle hysteresis
of the SAM formed under different conditions, meafue (standard deviation)

SAM of HS(CH)1:EGsNH; SAM of HS(CH)1,EG3OH
hysteresis, hysteresis,

Solvent 0a, deg| Or, deg deg 0a, deg | or, deg deg
Ethanol 63(1.5)| 44 (2.1 19 32 (1.1) 22(2)0) 10
Ethanol 4 days| 65 (1.9) 46 (2.8) 19 31(1{3) 19)(1. 12
Ethanol with
3% TEA 37 (1.1)| 27(1.2 10 29 (1.7) 1715 12
Ethanol with
3% TEA, 4day| 36 (1.1) 28 (1.4) 9 30(1.8) 19(2.00 11
THF 1 day 57 (1.2) 45(2.3 12 33(1.1) 24(15) 9
THF 4 day 37 (1.2) 27 (1.7) 10 32(1.3) 24(44) 8

Table 5.3Radioactivity of SAM of EGNH, radiolabeled by HCHO

Radioactivity counts,| Measured amine group
HCHO : theoretical amount of  dpm (standard amount: calculated
amine group of SAM deviation) amount
1x 24081 (41) 0.16
2X 26789 (101) 0.18
5X 33440 (72) 0.22
10x 33498 (110) 0.22
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Table 5.4The relative abundance of C, N and O estimimateah the peak areas obtained
from survey scan

ratio of EGNH>:EG3OH in thiol

solution C N O
1:0 1 0.06 0.34
3:1 1 0.05 0.34
1:1 1 0.02 0.32
1:3 1 0 0.33
0:1 1 0 0.31
Theoretical ratio of EGNH, 1 0.04 0.26
Theoretical ratio of EGOH 1 0 0.24

Table 5.5The relative abundance of difference carbon coraptsnestimated by fitting in the
sepctra of 1Cs narrow scan

EG6NH2:EG30H in thiol solution C-C C-O C-N
1:0 1 1.26 0.07
3:1 1 1.20 0.07
1:1 1 0.95 0.13
1:3 1 0.72 0.04
0:1 1 0.68 0
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Figure 5.1 Phase images (A) and topographic images (B) aeduwwth tapping-mode AFM
(size ~ 5urf) of following samples: SAM of HS(CH:EGsOH prepared by immersing in 1
mM thiolate ethanol solution for 24 hrs (1A, 1BAM of HS(CH)1,EGsNH, prepared by
immersing in 1 mM thiolate ethanol solution forh2d (2A, 2B); SAM of
HS(CH)11.EGsNH,, prepared by immersing in 1 mM thiolate THF saatfor 1 day (3A, 3B)
and for 4 days (4A, 4B); SAM of HS(GH1EGsNH; prepared by immersing in 1 mM
thiolate ethanol with 3% TEA solution for 1 day (588) The cross sectional profiles
correspond to the line traversing each image.
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Figure 5.2 High resolution XPS C1s spectra of pure SAMs 0§88 (a), EGNH., (b) and
mixture SAM prepared by immersing into 1mM 1:1 mi&o of EGOH and EGNH; thiol
solution (c)

Figure 5.3Phase contrast tapping-mode AFM images of SAMpgyexl using ethanol with
3% TEA as solvent: SAM of HS(GHEG:OH (scan size 500rfnla and scan size 5@m
1b), SAM of the mixture of HS(Chh1EG3OH and HS(CH)1:EGsNH, with the ratio of 1:3
(scan size 500nm2a and scan size 5[in2b), SAM of the mixture of HS(CH:EG;OH
and HS(CH)1:EGsNH, with the ratio of 3:1 (scan size 500fr8a and scan size 5jn2b),
and SAM of HS(CH)11.EGsNH- (scan size 500nm3a and scan size 5{in3b)
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Figure 5.4Phase contrast tapping-mode AFM images of SAMpagrexl with THF as
solvent: SAM of HS(Ch)1:EGsOH (scan size 500rfinla and scan size 5[nib), SAM of
the mixture of HS(CH)1.EGsOH and HS(CH)1:EGsNH, (scan size 500nm2a and scan size
5unt, 2b) and SAM of HS(ChJ1:EGsNH, (scan size 500nm3a and scan size 53n3b)

Appendix 5-1: The Application and Operation Mode ofAFM

In many research areas the possibility of analysumface properties with high resolution
is becoming increasingly important. Atomic forcecroscopy (AFM) is one of the most
powerful techniques for nanoscopic characterizabifosurfaces (48).

The AFM can operate in different modes, includitegis mode and dynamic mode (48).
In static mode, also referred as the constant famoee, the tip is in permanent physical
contact with the sample. The force between theatid the sample surface, which is
proportional to the cantilever deflection in z-diien, is kept constant via electronic

feedback loop. Monitoring the signals received fribra photodiodes and keeping the signal
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at a given level via a feedback loop accomplisheslatter. The feed back system feeds its
signal into the z-component of the piezo-scannéickvmaintains the force to the cantilever

at the given level through appropriate movemerg-direction. Image of the sample surface

topography is created from the cantilever deflectibhe interpretation of images acquired

by contact mode is straightforward, but the contactle can only be used to image hard and
stable sample, which are no affected by the faicfrce components the tip applied to the
sample (48).

In order to reduce frictional interaction and damag sample, dynamic mode has been
developed (37, 40). There are two common used dynarodes, tapping mode and non-
contact mode. In dynamic image mode, the cantileseillates in z-direction.

In tapping mode, the tip is forced to oscillateattain frequency (generally 50~ 500 kHz
in air and ~ 10 kHz in fluids) (36). When the sugas away from the surface, the amplitude
the oscillation is in order of several tens of maeter. If the oscillating tip moves towards
the surface and begins to touch or in other waag™the surface, the amplitude reduces due
to the lost of energy. The reduction of oscillatiamplitude is used to measure surface
topographic feature. The average cantilever difles are used as input signal into the feed
back loop similar to contact mode AFM to maintaicanstant average applied force. For
tapping mode, phase imaging can be performed aaime time as topographic imaging. The
phase imaging mode is based on the fact that teeaittion between tip and sample surface
depend on not only surface topography but alsor@iindace characteristics such as hardness,
elasticity and adhesion (36, 40, 48). Variationsniaterial property lead to the phase lag of

the cantilever oscillation, relative to the sigsaht to cantilever piezo oscillation. Besides
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providing non-quantitative information about harsiseelasticity or surface adhesion, phase
imaging can also act as contrast enhancement tpahiiecause phase imaging highlights
edges (48). Fine features such as surface stepdgas, which can be obscured by rough
topography, are revealed more clearly through phaaging.

In non-contact mode, the cantilever tip is placedhie attractive force region and force
gradients are detected (40). The amount of forpiiepby the AFM tip to the sample can be
even more reduced with this mode. The force grasliean be detected either from shifting
in resonance frequency of cantilever or the amgitand the phase of the cantilever (40).
Although, the operation non-contact mode is moremlacated than tapping mode, the
advantages of these approaches are the high sepsii gradient measurements and the
small forces are applied to the sample attract nerd more attention especially for

biological and medical applications.
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Chapter 6. Affinity Interaction between Hexamer Pepide HWRGWV
Immobilized on Gold Surface with Human Immunoglobuin G by Quartz

Crystal Microbalance and Surface Plasmon Resonance
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Abstract

The hexamer peptide ligand HWRGWV binds specificaib the Fc fragment of
immunoglobulin G (IgG). The affinity interaction tweeen the human IgG (higG) and this
short peptide ligand immobilized on a flat goldfage was studied by two complementary
methods, quartz crystal microbalance (QCM) andesarplasmon resonance (SPR).

QCM and SPR sensors with a native gold surface Wiene first modified by adding
amino-terminated pegylated thiols. A self-assemblegionolayer (SAM) of
HS(CH)11.EGsNH, was formed on a clean gold surface by immersintymnM thiol solution
in ethanol with 3% tri-ethylene amine (TEA) for Bdurs. Then, Fmoc-protected HWRGWV
was immobilized through its carboxyl terminal te tinee amines on the surface of the SAM,
followed by removal of the Fmoc group by using 2p%beridine in DMF for 1 hour. The
success of the surface modification and peptideamhzation were evaluated by using x-
ray photoelectron spectroscopy (XPS) and timeigihfisecond ion mass spectroscopy (ToF-
SIMS).

The affinity of the immobilized peptide on the gdddrface to higG was studied by
measuring the frequency change by QCM and refraatiiex change by SPR due to protein
adsorption in PBS buffer (pH7.4) on modified suemcwith and without immobilized
peptide. In addition, the specificity of the ligaod the modified surface to higG was tested
by comparing the adsorption behavior of higG fronanmmalian cell culture media
containing 10% fetal calf serum (cMEM) with thadrin PBS buffer. The results showed that
this hexamer peptide immobilized on gold surface hmgh affinity for higG binding in

comparison to bovine serum albumin (BSA) and higécdicity to higG adsorption even in
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complex media such as cMEM. The QCM and SPR data fuether analyzed to obtain the
dissociation constari{y, maximum binding capacit@Qmax, association rate constaky} and
dissociation rate constary of the affinity interaction. The estimated valuet these
parameters obtained from QCM and SPR were compamd the effects of the
overestimation of adsorbed protein mass by QCM lomm parameter estimations were
discussed. At the end of this study, the possjbibt apply the peptide functionalized SPR

sensor for quick IgG concentration determinatiors eamined.

6.1 Introduction

Surface plasmon resonance (SPR) spectroscopy argu#ntz crystal microbalance (QCM)
method are both surface detection techniques \mghcapability ofin situ monitoring of
molecular adsorption at solid-liquid interfacese$é two methods have been used widely in
the field of biological analysis in past decade7j1The merits of the SPR and QCM-based
bioassays lie in the fact that the biomoleculadlyig interactions can be monitored without
the use of molecular labels, thus shortening a¢sags while minimizing nonspecific
interactions (8-14).

Currently, there is a trend to combine the useheké¢ two techniques, since they can
provide complementary information on a particulanding event (3, 15-16). These two
methods are based on different physical principlesch method is sensitive to different
properties of the adsorbed material on the sensdace. SPR spectroscopy is an optical
technique that detects changes of refractive indege to the noble metal sensor surface.
The measurement of SPR signal is proportional@éoatbight of adsorbed material and can be

used to quantify the amount of adsorption (12-13, When binding events occur on the
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surface, the adsorbed molecules replace the solutiose to the sensor surface. The
difference between the refractive index of the dolstd molecules and that of the buffer

solution replaced can be detected by SPR. Theme gifference between the molecules of

solvent attached on the surface or entrapped irdigeisorbed layer and those in solution

replaced by the adsorbed protein layer. Consequeh# mass adsorption measured by SPR
is said to be a “dry mass” (12-13, 17).

QCM is an acoustic wave device. The signal charig@@M is not only affected by the
mass associated with the sensor surface, includimgolvent molecules associated with the
adsorbed layer, but also by the viscoelastic pteseiof the adsorbed material, and the
density and viscosity of the bulk liquid solution the sensor surface (8-9, 18-20). For most
macromolecular films such as protein and DNA, thassnuptake converted from the
frequency changes recorded by QCM is always hidfieen the optical mass measured by
SPR. The difference can be as high as a factor Opf depending on the nature and
conformation of the adsorbed molecules, and theidignedium used (10, 20-24). The
strengths and weaknesses of these two techniqwes hlieady been discussed in detail in
studies of DNA assembly and hybridization (3), ldg@asma coagulation (16), detection of
enterotoxin (25), enzyme analysis (26), proteinfeaonation analysis (15, 27), DNA-protein
interaction (7), and protein-protein interaction). (h general, SPR is more suitable for
guantitative analysis of protein binding, a propavhich is essential for the investigation of
thermodynamic and kinetic adsorption parametershodigh QCM is not a quantitative
technique to the same extent as SPR, the dissip@iitor of the QCM provides a qualitative

measure of the viscoelastic properties of the d&sgbprotein layer and the structure of the
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layer adhered to the sensor surface (3). For inst§CM can detect the denaturation of
hlgG adsorbed on hydrophobic surfaces by the dmezsurement of the dissipation shifts
caused by the conformation changes associatedhatienaturation process (15).

In this study we employed both QCM and SPR to stingyaffinity interaction between
human immunoglobulin (hlgG) in solution and the rshpeptide ligand HWRGWV
immobilized on gold sensor surfaces. The data geeeby these two methods were used to
estimate the intrinsic thermodynamic and kineticapgeters of higG binding on sensors
functionalized with peptide ligands. The importarafethis work and our previous efforts
spent on the understanding of these parameterbeofffinity interactions between short
ligands and target biomolecules were already dssmisn Chapter 4. If the peptide
immobilized on QCM and SPR sensor elements exhiligfis affinity and specificity to higG
adsorption, this technique could be used to devalapw method for real-time, on-line 1gG
concentration determination as well as a new pilatféor immunosensors. Because the
peptide ligand HWRGWYV binds to the Fc fragmentg®Imolecule, it could also be used to
properly orient the IgG molecules on a sensor setfavhich is very important factor in
maintaining high affinity activity of immobilizedylG for many applications (28-34).

The peptide can be physically or covalently attdcteethe surface, but previous studies
with peptide ligands indicate that the orientatidrpeptide is critical to maintain the affinity
to IgG binding (35). The peptide ligand needs tocbealently immobilized on the surface
through its carboxyl terminal end. Therefore, thesor surfaces of both SPR and QCM need
to be prepared for peptide immobilization. The QGkhsor consists of a thin slice of a

single crystal of quartz sandwiched between twaahedectrodes, generally made from gold.

177



The SPR sensor is constructed with a metal surdigp®sited on a glass prism; and the
surface plasmon is a longitudinal wave of chargesdyg propagating along the interface of
two media, a metal surface and a dielectric sautiontacting the metal surface. Suitable
metals include silver, gold, copper and aluminumwdfich silver and gold are more
commonly used. In this study a gold surface wasehdo allow the use of both QCM and
SPR techniques on the same sensor. The gold sendace was modified with a self-
assembled monolayer (SAM) of HS(QHEGsNH, for peptide immobilization by the
methods described in detail in Chapter 5. The dpédh peptide immobilization conditions
described in Chapter 4 were applied in this stidyo complementary surface analytical
techniques, time of flight-secondary ion mass spscbpy (ToF-SIMS) and X-ray
photoelectron spectroscopy (XPS), were used to tmorthe sensor functionalization

processes.

6.2 Materials and Methods

6.2.1 Materials

The following chemicals and reagents were obtafr@d Sigma-Aldrich (St. Louis, MO):
N,N-dimethylformamide (DMF, ACS reagent, 99.8%)hwarous N,N-dimethylformamide
(DMF), ethanol (200 proof, absolute, for moleculaology), triethyl amine (TEA, ACS
reagent 99%), methanol ( ACS reagents, 99.5%),ripipe (biotech gradez99.5%),
diisoproplyethylamine (DIPEA), hydroxybenzotriagdHOBL), trifluoroaectic acid (TFA,
ACS reagents,>98%), anisole X99%), triisopropyl silane (TIPS, ACS reagents99%),

acetic anhydride (ACS reagent98.0%), sodium acetate (ACS reaget9.0%), glycerin
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(ACS reagent99.5%), bovine serum albumin (BSA98%) and phosphate buffered saline
(pH 7.4, monobasic sodium phosphate, dibasic soginosphate, sodium chloride 0.138 M,
potassium chloride 0.0027 M ). 2-(1H-Benzotriazblgh-1,1,3,3-tetramethyluronium
tetrafluoroborate (TBTU) were purchased from Cathem-Novabiochem CorgSan Diego,
CA). Human immunoglobulin (hlgG purity 97%) was aiied from Equitech-Bio, Inc.
(Kerrville, TX). Nitrogen gas, purity 99.99%, wabtained from National Welders Supply,
Inc. (Raleigh, NC). A Millipore water purificatiosystem (Billerica, MA) was used to
generate Deionized (DI) water (resistivity > 18Mm) and Milli-Q water (resistivity > 18
MQ-cm).. The alkanethiol HS(GH1(CH.CH,O)sNH, was obtained from Prochimia
Surfaces, Ltd. (Gdesk, Poland). Peptide, Fmoc-His-Trp-Arg-Gly-Trp-\@H, was custom-
synthesized using Fmoc chemistry by Peptides latemmal, Inc. (Louisville, KY). All

reagents were used as received.
6.2.2 Formation of SAM of HS(CH)11(CH2CH>0)gNH,

The native gold SPR sensor (KSV, Instruments OYsiHki, Finland) and the native gold
QCM sensor (Q-Sense AB, Gothenburg, Sweden) wesanetl by an ultraviolet/ozone
(UVO) cleaner (Model 42, Suprasil lamp, Jelight @uine, CA) for 20 minutes. The sensor
was quickly immersed and kept in ethanol to prewemtamination from air, and then was
dried by nitrogen stream before use. The cleanadosewas modified by immersion in a
thiol solution of HS(CH);1(CH.CH,O)sNH, at a concentration of 1 mM in ethanol with 3%

(v/v) tri-ethylene amine (TEA) for 24 hours. Aftrat, the sensor was rinsed 5 times with 5
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ml ethanol and sonicated for 5 minutes in ethamal #hen rinsed three times with 5 ml

ethanol.

6.2.3 Stability of SAM Under Peptide Immobilizationand Protection Group
Deprotection Conditions

The modified sensor with SAM was placed into 5 mé @f following solutions, peptide
immobilization solvent (DMF), Fmoc group deprotectisolution (20% piperidine in DMF)
and side chain deprotection solution (mixture ofAfdnisole/water/TIPS in the ratio of
88/5/5/2) for three different time periods: ovehtigl hour and 2 hours respectively. After
that, the sensors were sonicated in DMF solutiorbfoninutes, and then rinsed with 5 ml
DMF five times, and then dried with nitrogen angbkim a vial purged with nitrogen before
being transported to an XPS sampling chamber faratterization. The XPS spectrum of
narrow scan of § of each sample was obtained and compared to tifas¢éact SAM. The

XPS experimental procedure used is described mildetsection 6.2.5).

6.2.4 Peptide Immobilization and Fmoc Group Deprotetion

The Fmoc-protectec peptide Fmoc-HWRGWYV was dissblve anhydrous DMF to a
final concentration of 1 mg Ml Then 10 equivalents of TBTU and HOBt and 20 eajeints
of DIPEA based on the molar concentration of peptietre added into the peptide solution.
A newly-modified sensor with a SAM of alkanethidbtained by the method described in
section 6.2.3 was placed into 5 ml of the abovetswi in a glass Petri dish. The dish was
gently shaken and kept at room temperature forwshor overnight (about 16 hours). The
sensor was then rinsed 5 times with 5 ml of DMK ant into a glass vial with 20 ml of

DMF, and sonicated for 5 min, followed by rinsingtlw5 ml of DMF 3 times and drying
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with nitrogen flow. A solution of 20% piperidine IDMF was used to remove the Fmoc
groups at the N-terminal ends of the attached @egti The sensors remained in the
deprotection solution for 1 hour. After that, thergples were rinsed with 5 ml of DMF 5
times, sonicated in 5 ml of DMF for 5 minutes, adsagain with 5 ml of DMF 3 times and

dried with nitrogen flow.

6.2.5 Characterization of the Modified Gold Surfacdoy XPS

XPS was used in the examination of the stabilityS#M under peptide immobilization
conditions, and Fmoc group deprotection conditiand also for characterization of the peptide
functionalized surfaces.

XPS studies were performed on an analytical axigraulX-ray photoelectron
spectrosctrometer (Kratos Analytical Inc., ChestRitige, NY). Monochromatic Al K
(1486.7 eV) was used as the X-ray source and it eysgated at voltage and current
conditions of 15kV and 8.9 mA respectively. The&rispot size was 4Qdm on the sample
surface. The operation pressure of the samplingibkea was typically on the order of 10
Torr. The take-off angle, which is defined as timgla between the collection axis of the
photoelectron analyzer and the sample plane wasFa@%survey scans, binding energies (BE)
from 0 to 1200 eV were recorded; the pass energysedas 100eV with an energy step of
1.0 eV and a dwell time of 100 ms. High resolutgpectra were recorded at 200 eV pass
energy with an energy step of 0.1 eV and a dweiktiof 1.2 s. For the high-resolution
spectra of C 1s, and N 1s, the average of 5 scassr@corded, and for spectra of S 2p the
average of 12 scans was recorded. All peaks wdilwatad with a reference of Au 4f at 84.0

eV in the survey scan and a C-C component at 28%oeWigh-resolution scan. The data
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were analyzed and fitted using the CasaxXPS softwaite (Casa Systems Inc. Andover,
MA). The relative amounts of carbon, oxygen, nigognd gold were calculated based on
the peak areas of each component identified bypts#ion in the spectrum and the results
presented in this study are the averages of thessunements obtained at different positions

on the same sample.

6.2.6 Characterization of the Modified Gold Surfacdoy ToF-SIMS

As a complement to XPS, ToF-SIMS was also emplagezharacterize the modified gold
surfaces.

ToF-SIMS analysis of the samples was performedguamION-TOF SIMS 5 instrument
(ION-TOF GmbH, Minster, Germany). The operationToF-SIMS was the same as that
described in Chapter 4. The pure peptide powdepkaattached on the clean silica wafer
with a stick tape made with polydimethylsiloxanesweed as a positive control. Besides the
positive control, three samples were collectedrafteh modification step: the gold surface
with SAM of HS(CH)11(CH,CH,O)sNH, (Au-C1;EGsNH,), the gold surface with peptide
immobilized on top of SAM of HS(Chhi(CH.CH,O)sNH, before deprotection (Au-
C11.EGNH-HWRGWV-Fmoc) and that after deprotection (AyfEGsNH-HWRGWYV). The
positive ion spectrum was collected for each samfie mass scales were calibrated to the

CHs", GHs", GHs', Au” and AuGH,4" peaks before further analysis.

6.2.7 Study of the Affinity Interaction between Pepde Ligand and higG by SPR
SPR-Navi device (KSV, Instruments OY, Helsinki, Iaimd) was used to monitor the
adsorption of higG or bovine serum albumin (BSAnir PBS buffer or complete minimal

essential medium (cMEM) on modified sensor surfagdisexperiments were performed at
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room temperature and the flow rate was set gtlHin™. The changes of SPR signals were
converted to protein adsorption amounts. These de¢ae used to carry out the

thermodynamic and kinetic analysis by the same austldescribed in Chapter 4.

6.2.7.1 SPR Device Operation

The SPR sensors were modified by the methods @escin section 6.2.4. The modified
SPR sensor was installed into the sampling chankthee ethanol, Milli-Q water, and then
buffer were pumped through the chamber in this orden initial scan spectrum of
normalized reflected intensity vs. incidence ar(gleilar to that shown in Figure 6.1a) was
first obtained by scanning the angle of incidentdhe laser beam installed in this SPR
device over a range of 39 to 79 deg. The normalizgkkcted intensity shows a sharp
minimum at the resonance angle, which depends emptécise architecture of the metal-
dielectric interface and is defined by the matchawgditions for energy and momentum
between the evanescent photons and the plasmactsyblaritons (36) (more details on the
principle of SPR technique can be found in Chapjeiypically, the adsorption of proteins
on the surface shifts the position of resonanca lbogher angle (12-13, 36-37), as shown in
Figure 6.1a. The adsorption process can be moditamder two different modes. One is the
angular scan mode which is kept recording the charigeflected intensity over a range of
incident angles. The other is the fixed angle soade, which monitors the intensity change
at a certain fixed incident angle. For protein aggon experiments in this study, the change
of SPR response was generally less than 1 degregerlthis situation, the fixed angle scan
mode was chosen because of its higher sensitikitfixed angle was determined by the

system to be at the steep and nearly linear desuepdrt of the SPR initial scan spectrum
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and the normalized reflected intensity at this decice angle was recorded continuously.
After a stable baseline was acquired, the protalutiosn was loaded through a 2p0sample
loop and then the sample loop was connected tiatweof buffer or cMEM solution. During
the adsorption process, the normalized reflectemhsity was monitored as a function of time
(as shown in Figure 6.1b). With a 2ADsample loop and a flow rate of 10 min, the
adsorption process lasted for 20 minutes. Withinm2@utes, generally the adsorption on the
surface was able to reach equilibrium (the chariggP®R response within 2 minutes was less
than 5% of the total response to protein adsorptiorthis study, the intensity change caused
by protein adsorption was all within the linear gann the initial scan spectrum, in other
words, the change of intensity fR;) was proportional to the change of angle slf,(as
illustrated in Figure 6.1a. As a result, the intgnshange recorded in real time under fixed
angle mode (RR; illustrated in Figure 6.1b, same as that in Figufdea) could be converted
to angle shift 0, in Figure 6.1a), by the slope of the curve arotimedchosen fixed incident
angle in the initial scan spectrum. The angle sifeasurement could be further
guantitatively converted to refractive index (RRange and then protein surface density by

the method described below.

6.2.7.2 Quantification of SPR Measurements

A standard curve of SPR response vs. Rl was olastdogeausing the following procedure.
Glycerin was dissolved into Milli-Q water to finabncentrations of 0, 0.3, 0.7, 1, 3, 5 and
10% (v/v). The RIs of these solutions are repottelde in the range of 1.333 to 1.345 (38). A
gold SPR sensor was cleaned in the same way deddnlsection 6.2.2 and installed into the

SPR sample chamber right after the cleaning stelli-QMwater was flowing continuously
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through the sample chamber at a rate qfl bGin™. After a stable baseline was obtained, the
glycerin solution was introduced into the samplamber and the SPR angle shift change
was measured for each concentration. The SPRniespwas plotted against the refractive
index values obtained for the glycerin solutions.

The change in Rl needs to be converted furtherdtem adsorption amount by using an
appropriate model describing the structure of dws=mrlayers on top of the gold sensor
surface. In this study the gold sensor surface wadified by SAM of HS(CH)1;EGsNH;
with or without peptide immobilized on it. So thaeean adsorbed layer between the gold
surface and the bulk solution, and after proteisoggtion, there is one more layer of protein
formed on the gold surface (as shown in Figure. @2jh the bulk solution and the layer of
coating and bound protein on the sensor surfactibate to the Rl measured by SPR. The

effective RI ¢e) measured by SPR can be calculated with the deffral,

Mo = (lz)jn(z) exp(—%)dz

n, z0(0.d,) 6-1
/7(2): ,7a ZD(db'da)
ns zd(d,,»)

wherezn(z) is the index of refraction at heightwhich equals tayy, 775 Or 75 (the refractive

index of modification layer, adsorbed protein layerd solvent respectively) in different
range. Thdq is decay length, which is of 25 to 50% of the wamgth of the light (17). For
the instrument used in these studigshas a value of 240 nm (value provided by the

manufacturer). For the adsorption on the modifiedssr surface with a bilayer structure
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shown in Figure 6.2, the change of effective Rj) caused by protein adsorption can be

expressed as

d,+d, d,
B = [ n@exp E)dz- [n(@)expt-2dz

lg

2d,

lg

= (7. —ns)1-expE—=)] 6- 2

wherer,, the RI of the adsorbed protein layer, has a vafue57 (17). The quantitys,

the RI of the modified surface layer, has a valtd.84 (17), and the quantity, is the
thickness of the adsorbed protein layer. WHgis much smaller thak, the above equation

can be simplified as

A
da Dl—d ,7eff 6-3
21,1

The adsorbed protein mass amount per unit sengfacsuarea ru/A) can then be

estimated by the equation,

m | A/7ff
a0p M Op +—==CIA
A pa a pazn _,7 I7eff 6_4

a S

where, p, is the density of protein with a value of 1.35 m(17). The calculated

( pald2(na-ns) ) value was 711 mg fRIU™ in this study.

6.2.7.3 Thermodynamics and Kinetics Analysis
The adsorption of higG or BSA on modified gold sigds from PBS buffer or complex
media mammalian cell culture media (complete mimmassential medium or cMEM)

containing 10% fetal calf serum was recorded. Thatgin concentration samples were
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within the range of 0.005 to 5 mg TnlAll the experiments were performed at least in
duplicate. The measurements of adsorption amouarggquilibrium with protein solution with
different concentrations were used to plot thehsohs and then the isotherms were fitted
into a Langmuir model by the same method descrilh&hapter 4.

The association ratk, and the dissociation rate, were obtained by nonlinear least
squares regression fitting of SPR data using tleest®p kinetics model described in Chapter
4. All the parameters have the same values as ttexs®ibed before in Chapter 4, except for
the geometry of the sample chamber. For the SPiRument,d, the inside diameter is 0.15
mm, anddy, the hydraulic diameter of chamber, is 0.28 mnonggquently, the estimated

mass transfer coefficiefit, from the Sherwood number was 1.7%18 s! for SPR.

6.2.8 Study of the Affinity Interaction Between Pepde Ligand and higG by QCM

A commercial QCM-D apparatus (model E4, Q-Sense &Bthenburg, Sweden) was
used to measure the changes in the resonance rfigq@d=) and in the energy dissipation
(AD) due to the protein adsorption process. The atlsarpf higG or BSA on modified gold
surfaces from PBS buffer was recorded until th@git®on reached equilibrium. The protein
concentrations applied were in the range of 0.@05 tng ml*. All the experiments were
performed at least in duplicate. The operationhef QCM apparatus was the same as that
described in Chapter 3. Tiad= data were converted to the adsorption amount hygusie
Sauerbrey equation (Equation 6-5) (39), with thewedge that QCM tends to overestimate
the adsorption amount, as discussed previously,

F oo Lt Am 65

" nC A
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Here,4m/Ais the adsorption amount per surface aféq,is the frequency change of the
overtonen and the mass sensitivity constant, C, is equal'td ng crit Hz (value from the
instrument manufacturer).

The adsorption amounts calculated from QCM wereal useperform the thermodynamic
and kinetics analysis by the same methods desciibegdhapter 4 and the results were
compared to those obtained from SPR experiments.

Along with the change of resonance frequentfy,, the change of dissipatiodD,, was
recorded as a function of time. ThefD, was analyzed by plotting the dissipatiatD()
against the resonance frequendk{n). The slope of the plots afD vs.AF/n defined a¥K
is a measure of the energy dissipation per unitsnafded to the surface during the
adsorption process. A more rigid and compact nesspected to yield a smadll value and
vice versa(40). For studies related to adsorbed proteinseigdly, significant changes K

value might be due to conformation changes of prdiz 15, 18, 21, 41).

6.2.9 Regeneration of SPR sensor online

The SPR sensor was modified to immobilize peptigends by the methods described in
sections 6.2.2 and 6.2.4. IgG adsorption experimmertre performed as described in section
6.2.7, but instead of running the protein solutfion 20 minutes, the adsorption step only
lasted for 3 minutes in this experiment, and thdatifeed was changed back to buffer for
rinsing for 10 minutes. After that, a wash was denth glycine-HCI buffer (pH 3) for 3
minutes and for a buffer rinse was applied for dditeoonal 10 minutes. Then, a wash was
done with 0.85% (v/v) PO, aqueous solution for 3 min, followed by a rinsétvbuffer for

10 minutes. Finally, change was made to 2 M ureaatsh for 3 minutes followed by rinsing
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with buffer for 3 minutes before running a new rdwf protein injection. This process was
repeated to see if the regeneration steps cledmedsurface sufficiently to recover the

baseline of the sensor prior to introduction of phatein solution.

6.3 Results and Discussion

6.3.1 Immobilization of Peptide on SAM of HS(CH);1(CH2CH,0)sNH,,

In chapter 4, the optimization of the peptide imitipation reaction on modified silica
surface was discussed. The best condition obtaméese studies was applied to the gold
surface modified with a SAM of HS(GH1(CH.CH,O)sNH,. In short, the peptide was
immobilized using TBTU combined with HOBt and DIPE#&s coupling reagent and
anhydrous DMF as solvent. The Fmoc group was degted by keeping in 20% piperidine
in DMF for 1 hour. As mentioned in Chapter 4, thetpction of the side chain was critical
for the immobilization on APTES but not for that #@PTES-PEG-NH,. For the fully
protected peptide, the side chain protective gromeeded to be deprotected after
immobilization by immersing the gold surface in &ture of TFA/anisole/water/TIPS in the
ratio of 88/5/5/2 for two hours. In this study, teaitability of the extension of peptide
immobilization and deprotection methods developmdnfiodified silica surface to modified
gold surface was studied first, then the modifieddgsurfaces before and after peptide

immobilization were characterized by XPS and ToMSI

6.3.1.1 Stability of SAM under Peptide Coupling andeprotection Reaction Conditions
It has been reported that the SAMs of alkanetlsotsh as octadecanethiol on gold slowly

desorb from the surface when exposed to organutisnk such as tetrahydrofuran (42). The
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peptide immobilization and deprotection steps uBerke all involved the use of organic
solutions. Consequently, the stability of SAM undée conditions used for peptide
immobilization and deprotection became the firstaayn. XPS was used to determine the
extent of desorption of SAMs kept in solutions uded peptide immobilization and
deprotection of both side groups and terminal angnoups. XPS has proven be to an
efficient method to probe the chemical state ablthon gold surfaces by monitoring thg, S
binding energy (BE) (43-45). In XPS spectrag, Sulfur peaks of both bound and unbound
thiols have a doublet structure due to the presehteo states, thesgs» and Sp1/

The BE state of B2 is always 1.2 eV higher than that ofyspand its peak area is
smaller than that of 5532 Typically, the $,3,» BE for unbound alkanethiols is between 163
and 164 eV. After assembly of these molecules ergtiid surface to form S-Au bond, the
Syp3i2 BE decreases to 162 eV (43). If the unbound tmolecules physically adsorbed on
the surface were oxidized by oxygen in the air, $)eBE of the oxidized sulfur species
would, typically, be larger than 165 eV (46). I thpectrum of original SAM, as shown in
Figure 6.3a, there were only peaks from bound &hesl, one at 163 eV forysp, and
another relatively small one at 161.8 fepsp. After immersion into the solution used for
peptide immobilization and Fmoc deprotection, aswshin Figures 6.3b and 6.3c, these
two peaks remained unchanged, while after immernsidhe deprotection solution for side
chains groups, as shown in Figure 6.3d, the intyemdi these two peaks became much
weaker, which indicated a lower amount of bounadl#tes in the surface. There were no
obvious peaks from unbound or oxidized thiols. Tesorbed thiols should be removed

from the surface by rinsing and sonication.
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The narrow scan of sulfur peaks results indicated the SAM on gold was unstable
when exposed to the side chain deprotection solutidile the desorption of SAMs of
HS(CH)11(CH.CH,O)NH, under the peptide immobilization and Fmoc group
deprotection conditions was negligible. The indtabof SAMs under the conditions used
for deprotection of the side chains can be expthlmea mechanism which is basically the

reverse of the reaction for SAMs formation, as shawthe following equation (42),

RS +Au, O - RSAy +e

- 1
e +H" 4 ~§H2 —> RSH+ AU, - RSAq+%H2 6-6
RSF{O RS +H*

As shown in Equation 6-6, the presence 6ffevors the deprotection direction, and
consequently, the SAM of alkanethiolate tends taé&sorbed from gold surface with the
presence of strong acid, TFA.

Based on the XPS results, the SAM was not stabdieruthe conditions of side chain
deprotection step. Hence, only the peptide witlloaitside chain protection was used in the

following experiments.
6.3.1.2 Characterization of the Modified SurfacespXPS

Although no significant changes were observed aftenersing the modified gold surface
with SAMs of EGNH; in DMF overnight, the surfaces were exposed fdroRrs and 16
hours to peptide immobilization reaction conditionPS was also used to probe the

presence of peptide after immobilization and atsstudy the effects of reaction time on
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peptide linkage stability. Both survey scans andava scans of C1ls and N1s regions were
performed.

XPS survey scans were used to detect the elemegmsted from SAMS of thiol (C, O, N,
S), peptide (C, O, N), and the substrate (Au).dsviound out that the intensity of sulfur was
too low to be detected for all the samples understirvey scan condition used in this study.
The peaks from other elements were identified leyltimding energy positions. The relative
amounts of C, O, N and Au were calculated basethempeak area of each composition and
the results are summarized in Table 6.2. As showirable 6.2, the atomic percentage of the
substrate, Au, decreased from 21.8% to 19.9% #feermmobilization of the peptide ligand
for 2 hours, and it decreased further to 18.0%r adi¢ending the immobilization reaction
time to 16 hours. This trend could be explainedhwyattenuation of the gold signal by the
overlying SAM and immobilized peptide layers. Iltsuaeported that the intensities of x-ray
photoelectrons from gold substrate decreased lynaara function of film thickness for the
SAMs of HS(CH),CHgs (47-48).With the increase of immobilization time, the orgalayer
on gold became thicker, and consequently the iittefrem Au was reduced. As shown in
Table 6.2, the immobilization of peptide also cheshthe atomic percentages of the elements
from the organic layers. In order to make the tssuhore straightforward, the atomic
percentages of these three elements C, O and Nneemalized based on the percentage of
C. These results are presented in comparison wéhheoretical ratios of peptide molecules
excluding hydrogen (§209N12) and those of thiolate molecules,§OsNS) of SAM in Table
6.3. As shown in Table 6.3, the ratios of C:O:NS#M obtained from XPS were slightly

different from the calculated stoichiometric ratibsrger mole fractions were measured for
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N and O by XPS. For well organized SAMs, the fragteef -(CH)1:- are at the bottom of
the layer and subjected to additional attenuatifects compared with the elements arising
from the fragmentation of E{8H, (O and N). This leads to a deviation of experitakn
measurements from theoretical calculations. With ithmobilization of the peptide on the
surface, the fraction of oxygen decreased andathaitrogen increased. In addition, with the
lengthening of the peptide immobilization reactitme from 2 to 16 h, those differences
became larger. These changes could be explaindtiebgifference of the stoichiometric
ratios of peptide from that of thiol, as shown @ble 6.3.

The binding energy measured by XPS is sensitivehéochemical surroundings of the
target atom and high resolution narrow scans catinduish the same element in different
chemical states (49). For the SAMs of HSEEH{CH.CH,O)sNH, there were three states of
carbon atoms, C-C (BE = 285 eV), C-O (BE= 286.4)aahd C-N (286.6 eV) (43). In the
peptide, as shown in Figure 6.4, carbon could beome of the following bonding
arrangements: C-C, C-O, C-N, C=C (BE=284.8 eV (3 C=0 (BE=288.5 eV (50)). The
C1s narrow scan results are summarized in Figlrewhere it can be observed that before
the immobilization of the peptide ligand, the CEslp split into two components: one at 285
eV and the other at 286.6 eV, which should commf@C bond, and the combination of C-
O and C-N bonds of thiolates respectively (50).eAfbeptide immobilization, as shown in
Figure 6.5b, besides the main Cls peak including tcamponents which were similar to
those before peptide immobilization, a small pepgeared at the position of 288~289 eV.
This new component should correspond to the C=Morarof the peptide bond. The

contribution from the carbon in C=C bond (BE=284\) was not apparent, since it is
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almost at the same position of the peak for caibd®C bond (BE=285 eV). After removal
of the Fmoc group, no significant chance was oleskrsince all the C components exhibited

by the peptide molecule also exist in the Fmoc mdél-C, C=C and C=0).

The BEs of N1s of the free primary amine and prated amine are around 399.6 eV and
401.5 eV respectively (51). The N1s narrow scartspef the original SAM and those after
peptide immobilization and Fmoc group deprotecaom summarized in Figure 6.6. There is
an obvious peak around 399.6 eV related to fremamioup, while the peak for protonated
amine at position of 401.5 eV was less significdie BE of the amide in the peptide chain
is around 400.1 eV (52). The amide peak from tee &mine, and that of the amide, overlap
due to the resolution limitations of the XPS. Aftermobilization of the peptide on top of
SAM, it was observed that the central positionhaf tnain N1s peak shifted from 399.6 eV to
400.1 eV, and the small peak around 401.5 eV desgol. After the deprotection step, the
main N1s peak was similar as that before depratectep and at the same time the small
peak from the protonated amine shows up again tilitwsth low signal strength. In
summary, the changes of atomic percentages measyithé survey scan and the profiles of
Cls and N1s peaks recorded narrow scans were eablai by a successful peptide

immobilization process.
6.3.1.3 Characterization the Modified Surface by TB-SIMS

Although XPS has been more widely used in the dtanaation of thin films on solid
surfaces, ToF-SIMS is more chemically selectiventi®S(53). XPS was employed in this

study to further confirm the presence of peptidetmngold surface after immobilization.
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There were three samples collected for ToF-SIMSasttarization, Au-GEGsNH,, Au-
C11iEGNH-HWRGWV-Fmoc and Au-GEGNH-HWRGWYV. In addition, the free peptide
ligand, HWRGWYV, was used as a positive control. g&xding to the ToF-SIMS experimental
results of the peptide functionalized silica suefacdescribed in Chapter 4, positive spectra
can provide sufficient information to prove the ggrce of peptide on the surface, and in this
study only positive spectra were collected.

The peaks associated with fragments of peptidatifted from the positive control
experiments, described in detail in Chapter 4, wesed as reference peaks to judge the
presence of peptide samples on AYEGNH,, Au-C1EGINH-HWRGWV-Fmoc and Au-
C1iEGINH-HWRGWYV. These peaks include m/z 43, 59, 73,, 1@ for Arg, m/z 81, 82,
110 for His, m/z 130, 159, 170 for Trp, m/z 41 €y, m/z 43, 100 for Val, m/z 165, 178,
179, 180 for Fmoc group, m/z 202 for fragment ofy-Gtp (CHs-CO-NH=CH-CH,-
CgHeN,), and m/z 281 for fragment of His-Trp #&N-C,H4-CO-NH =CH-CH,-CgHgN,).
The results aer summarized in Figure 6.7.

Asshown in Figure 6.7, the peaks from*An/z 197 and AugH,” m/z 225 appeared in
the spectra for all three samples as expectedrasa two peaks were used for calibration of
the mass scales. The characteristic OEG fragmientading CHO" m/z 31, GH;0" m/z 43,
C,HsO" m/z 45, C3H70 m/z 59 (54), and those from nitrogen-containing fragtsgen
including NH;" mvVz 18, CHN" mvz 28, CHN" mVz 30, GH4N™ mVz 42, GHsN™ mvz 43 (55),
were present in all three samples with signifidatensity. But the relative intensities varied
from sample to sample and the most obvious charagethat the main peak from the OEG

fragment at m/z 45 diminished after immobilizatioh the peptide. The most important
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differences came from reference peaks from peptalgments that were only found in the
spectra of the sample with immobilized peptidegiFfe 6.7 1-3b and 1-3c). In addition, the
peaks from the Fmoc group disappeared completédy #ie deprotection step (Figure 6.7
2c).

The ToF-SIMS spectra provided direct evidence gegitide was present on the surface

after the immobilization step and that the deprtmacstep was efficient.

6.3.2 Study of Protein Adsorption on the Modified 8rface with and without Peptide
by SPR and QCM
SPR and QCM were used to investigate the adsorptidrigG adsorption on modified

gold surfaces with peptide ligand HWRGWV.

6.3.2.1 Quantification of SPR Responses
The QCM measurements could be quantitatively cdadeto adsorption amount by the

Sauerbrey equation, although, as mentioned in @hdpiit was noticed that this relationship
tended to overestimate the adsorption amount.derdo compare the results obtained from
SPR to those obtained from QCM, a method to quar8PR measurements must be
developed. SPR machines generate responses expesss@gle shifts or changes of wave
length. The instrument used in these experimergsangle shift measurements. The angle
shift is related to the refractive index (RI) chaadhiappening close to the sensor surface. The
RI change can be further converted to surface cudreten of adsorbed molecules with the
use of an appropriate model describing the stractidirthe adsorbed layer. Several papers
have already addressed the quantitative interppataf SPR signals in terms of adsorbed

layer structural parameters (17, 37, 56-57). Inegaln these papers suggest that when the
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thickness of the adsorption layer is much thinmentthe decay length of the evanescent
fields, the response of the SPR to reflective in(leY change caused by adsorption can be
approximately linear in most cases. According ®4gtructure of IgG (23.5%4.4%x4.4 nm) (33)
and BSA (11.6x2.7x2.7 nm) (58), the thickness o&dsorbed protein monolayer should be
less than 24 nm, which is much smaller than thegéngth of 240 nm (value provided by
the instrument manufacturer). Therefore, a simpieakr relationship between adsorption
amount and SPR response was expected. The magwitutie slope can be thought as a
sensitivity factor for the sensor and it can beaot#d by the measurement of SPR response

to a series of solutions with known RI (17).

The standard curve for the device employed in shisly was obtained by the measuring
the SPR response to changes of bulk solution frome pvater to aqueous solutions of
glycerin with concentrations ranging from 0.3 td@dWith the bare gold sensor surface. As
shown in Figure 6.8, the slopm)(obtained from the linear regression was 110 cegper
refractive index unit (RIU). With this standard ey the SPR responses can be translated to
RI changes, which were further converted to progirface concentration by the bilayer
model described in section 6.2.7.2. This model catid a linear relationship between
adsorption amount per sensor surface arggh] and effective refractive index changsysq).
With the linear standard curve of SPR respon$® ¢s. RI, the protein surface density can

be calculated from SPR response using the followongation,

m C
2 OJCIA =
A M est m

AR=C'AR 6-7
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whereC is equal to 711 mg MmRIU! as estimated in section 6.2.7.2. The slopef the
SPR response to Rl had a value of 110 deg’RA$ a resultC’, the reciprocal of the mass

sensitivity of SPR was 6.46 mgTaeg’.

6.3.2.2 Affinity and Specificity of higG Binding toHWRGWYV Immobilized on Gold
Surface by SPR

The affinity of the immobilized peptide on gold fage was investigated by comparing
the adsorption behavior of higG on the modifieddgalirface with and without peptide with
that of bovine serum albumin (BSA). Isotherm cusrer these proteins were obtained by
measuring the difference between baseline befoeipr adsorption and that after
equilibrium was reached, as shown in Figure 6.49,taen the isotherm curve was fitted into
Langmuir equation to estimate the dissociation t@nsKy and the maximum binding

capacityQmax

_ Qmax X [Pr Oteir] solutioneq

_ 6-8
surfaceeq Kd + [Protein]

[Protein— Peptide}

solutioneq
When using the surfaces without peptide ligandssNHg), the proteins were mainly
attracted by electrostatic forces between aminaggon the surface and negatively charged
patches on the protein molecules. The dissociattmstants of IgG and BSA adsorption on a
surface without peptide ligands were both in thgeoof 10° M (as shown in Table 6.3). As
shown in Figure 6.9, after immobilization of pegtiigands on the sensor’s surface, the
adsorbed amount of BSA was clearly reduced, preBlynthue to the lower charge density
on the surface. On the other hand, the adsorbedwgs noticeably increased due to the

affinity interaction of the protein to the peptidgands. As shown in Table 6.3, the
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dissociation constant dropped slightly for BSA agsion, while it dropped by two orders of
magnitude for higG adsorption. These results indatahat the immobilized peptide ligands
had high affinity to higG.

The specificity of immobilized peptide ligands tlg@ was studied by comparing the 1gG
adsorption behavior from mammalian cell culture metbntaining 10% fetal calf serum
(cMEM) to that from PBS buffer. As indicated in Eig 6.10, the isotherm of higG
adsorption on peptide functionalized gold surfacemf cMEM was very close to that
obtained from PBS buffer. The adsorption to hlgGswat significantly affected by the

presence of a complex medium.

6.3.2.3 Comparison of Isotherms Obtained by QCM rad SPR

In Chapter 4, the reasons behind the overestimatigurotein adsorption by QCM were
discussed in detail, and how the accuracy of bb#mtodynamic and kinetic parameters
were affected. Here, parallel experiments weregoeréd to quantify the extension of the
overestimation.

The isotherms of hilgG and BSA adsorption on modig®eld surface with and without
peptide ligands were obtained using QCM and suna@drin Figure 6.11. In general, the
shapes of the isotherms were similar to those bdawith SPR under the same conditions
(as shown if Figure 6.9) and the immobilizationpeftide on the surface also enhanced the
amount of higG adsorption and suppressed the noifispbinding to BSA. However, the
absolute adsorption amounts were significantly @ighan those obtained with SPR for all
four isotherms. As shown in Table 6.4, the progaisorption amount estimated from QCM

measurement was about 2.6~6.2 times of that obtawgd SPR within the protein
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concentration range of 0.005~5 mg’méand the amount of overestimation increased with
decreased protein concentration. This trend wassistemt with the discussion of the
overestimation reasons and effects included in @nag. The lower the protein surface
density, the more space available between protalecules for solvent, which is one of

main contributions to the overestimation of massoggtion by QCM.

The dependence of the overestimation on proteircaagnation led to a bias in the
calculation of thermodynamic parameters. As shawidble 6.3, the binding capaci®ax
values were overestimated and dissociation constanesKy values were underestimated

for all experiments by QCM.

As mentioned in section 6.1, the SPR’s measuremetéde to the “dry mass” and
provide relatively reliable data for kinetics anwetmodynamics analysis. Therefore, we
compared only those parameters obtained from SRiRRtlhwose of same ligand immobilized

onto polymethacrylate-based chromatography resins.

It was found that the dissociation constakf for hlgG adsorption on peptide
functionalized gold surface obtained by SPR wa8 {LB8!, which is well within the range of
values from chromatography resins (0.95~30 uM depgnoh the peptide density) (59). As
mentioned in Chapter 4, a monolayer of unperturblgfs molecules would give surface
concentrations of 2.4~13 mg“mThe binding capacit@max measured by SPR was 4.15 mg
m%, which is reasonable and also very close to theevabserved for chromatography resins

(4.4~5.3 mg i, slight increase with increased peptide dens§g).(

6.3.2.4 Kinetics analysis
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SPR and QCM offein situ monitoring of dynamic surface events, and conseityibave
the capability of determining rates of adsorptiard alesorption for a range of surface
interactions (13, 37, 57).

The intrinsic adsorption and mass transport prasesscurring inside of SPR and QCM
chambers can be described by a two-step kineticem@s$ mentioned in chapter 4. The
adsorption rate constarit; was fit to the kinetic data by using a nonlinésast squares
regression analysis described in section 4.2.@2.raw data and fitting lines are shown in
Figures 6.12 and 6.13, and tkeandky values are summarized in Table 6.5. In this amglys
estimated values of the mass transfer coefficiewlt the equilibrium dissociation constant
and maximum binding capacity were used in the egsiin section 4.2.6.2 so that only one
parameter needed to be fit to the data. The ratstant for desorption was estimated from
the relationship between the equilibrium dissoomttonstant as the ratio of the desorption
rate constant to the adsorption rate constanth&ws in Figures 6.12b and 6.13, for all SPR
and QCM experiments, the calculated protein comagah near the sensor surfa€&)(was
noticeably lower than that in bulk solutioB,. The difference was more obvious at low
protein concentrations and at the initial stageadorption. These results indicate that the
transport of the protein from bulk to surface liditthe adsorption rate and it was necessary
to include the mass transport equation into theticnrmodel to obtain reasonable estimates
of the intrinsic association and dissociation raldee sensitivity of the estimation of kinetics
rates on transfer coefficiekt, was tested by comparing the results obtain Wjtlestimated
from equation 4-6 (60) and equation 4-7 (61). Thieg® equations are both valid for the

experimental conditions of SPR and QCM in this gtud
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The k, values estimated with equation 4-7 were 1.47 timeshose obtained with
equation 4-6. It was found that the estimation wfelics parameters wasn't affected by
increasing k value by 1.47 times. The kinetics analyses of @M and SPR data were
not sensitive to the choice of kAs shown in Figures 6.12a and 6.13, the deviatimt®&een
fitting lines and experimental data for the QCM epiment were much larger than those for
the SPR experiment. In addition, as shown in Tél#e only the estimated association rate
constant values obtained from QCM data shown samf dependence on protein
concentration. These discrepancies between fitimeg and QCM experimental results and
unexpected dependence of association rate estimatioprotein concentration were also
observed in the kinetic analysis of QCM data inghely of the affinity interactions between
hlgG and the peptide ligand immobilized on silicaface. The possible reasons were already
discussed in detail in Chapter 4. In short, the Q&@Mrestimation of the mass absorbed that
results from measuring the solvent present in tioéep layer causes the valueskgfto be
significantly lower than those measured by SPR esgllts in fits of adsorption rate
constants which depend strongly on protein conaéatr.

All in all, both kinetics and thermodynamics paraene obtained from SPR data analysis
were more reliable than those obtained from QCMeexrpents. The adsorption rate constant
and desorption rate constant estimated by SPR &emge values of 0.68*mol* s* and
1.24 &', which are both in the similar orders as thoseaioetd with chromatography
techniques for other peptide ligand and proteimayfinteractions (62).

Although QCM was not as quantitative as SPR forsueament of adsorbed amount, the

dissipation measurements of QCM provide additiomébrmation on the state of the
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adsorbed protein layers. As shown in Figure 6.1, slope ofAD vs. AF for higG
adsorption on HS(Chh1(CH,CH,0)sNH, without peptide was slightly larger than that of
SAM with peptide. The slope of the plot dD vs. AFy/n was defined a¥, which is a
measurement of the energy dissipation per unit namkted to the surface during the
adsorption process. A rigid and compact mass ieargd to yield a smaK value andvice
versa(40). This difference in the slope shown in Figér&4 means that the adsorbed higG
packed more rigidly on top of SAM with peptide thidmat without peptide. In other words,
the association of adsorbed 1gG molecules withstiméace with peptide ligand is relatively
stronger. As also shown in Figure 6.14, the ppdt® vs.F for higG adsorption on SAMs of
HS(CH)11(CH.CH,O)sNH, with and without peptide ligand were almost stndilines. The
nearly linear relationship suggests that no obvmrgormation changes occurred during the
adsorption of IgG to these surfaces, which meaatttte protein molecules adsorbed to the
surfaces were intact after being adsorbed ontstkaces. For the surface with peptide, the
curve of AD vs. AF was not a perfect straight line; it curved slightlownwards with
increasing frequency (increasing mass adsorptibim@. decrease in the slopeAd for the
IgG adsorption on the modified gold surface witlpte was also observed before for the
modified silica surface with peptide ligand (Chapty. The possible reason was also
discussed in Chapter 4. In short, with the increzsgrotein surface density along with the
adsorption process, water embedded in protein layBEG layers could be expelled and the
protein molecules packed more rigidly on surfachisTirend was not observed for the
adsorption on surface without peptide, which majiqate that the surface density of protein

was not high enough to form more compact structure.
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6.3.3 The Application of Peptide Functionalized SPRensor for IgG Concentration

Determination

As mentioned in section 6.1, if the peptide immiakidi on the gold sensor surface still has
high affinity and specificity to hlgG binding, ibald be of use in making real-time on-line
measurements of IgG concentration. Preliminary expmnts were carried out to test the

possibility.

Although it was possible to determine the hlgG emtiation by the isotherm curve (63),
it could take up to a few hours for the adsorptmneach equilibrium. The initial slope of the
SPR or QCM signal, which is related to the iniaakociation rate, has been used to quantify
the concentration of bacterial (64) and proteiris§6) in solution. Plots of the initial slope
of SPR and QCM signals vs. higG concentration aesented in Figure 6.15 and 6.16. As
shown in Figure 6.15 and 6.16, the initial slopESBR and QCM signals were both directly
proportional to the higG concentrations over apprna#ely a 2 log range of concentration
for IgG adsorption from both PBS buffer and cMEM.thVthis relationship, the higG
concentration can be determined within 2 minutegsheymeasurements of initial slopes of

QCM or SPR signals in concentration ranges fronr@pmately 0.02 to 5 mg/ml.

The other important issue for the application agGlconcentration determination is the
reusability of the sensor. Considering the costhefsensor, the surface modification and the
peptide immobilization processes, simple IgG eluamd sensor regeneration methods could
be a critical issue for the future application bistpeptide ligand base biosensor for IgG

concentration determination.
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Bound higG on peptide on chromatography resinsbeagluted with phosphate buffer at
pH 4.0 (59). However this elution condition is m&itong enough for the elution of the
adsorbed IgG from the peptide immobilized on galdaces. Aimost no IgG molecules can
be removed from the surface by PB buffer at pH B&xsher elution conditions were tried.
As shown in Figure 6.17, washing with glycine-HCH 3.0 buffer can partially remove
adsorbed IgG, and most of IgG can be eluted by%0.858P0O, solution (pH~1.7). 2M urea
was used after the elution step witBP, solution to further clean the sensor surface. With
this elution and cleaning step the SPR signal nediback the baseline before the adsorption
step and the re-adsorption of higG was very clogéadt of the first run. For additional proof
of principle studies these cycles would have tordggeated to determine the maximum
number of cycles of use of the sensor in real appbins using cell culture fluids and other

complex media.

6.4 Conclusions

In this study, a new method to immobilize smallgegs on gold surfaces was developed
and the modified gold surfaces were characterizgdodth XPS and ToF-SIMS. SPR
spectroscopy and QCM techniques were used forttity ©f the affinity interaction between
immobilized peptide ligand and higG. Both SPR ar@MXesults show that the immobilized
peptide on gold surfaces still kept high affinitydaspecificity to higG binding. Through the
parallel measurements, it was possible to demdestitzat SPR is more suitable for
guantitative analysis of the protein binding, whiish essential for the investigation of
thermodynamics and kinetics parameter of the hidébption on modified surface with and

without peptide ligands. Preliminary results indecahat the peptide functionalized SPR
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sensor might be a good tool to measure on-lineimmeal-time the protein concentration in

process streams.
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Table 6.1XPS atomic percentage of SAM of HS(&H(CH.CH,O)sNH, before and after
peptide immobilization (mean + standard deviation)

Binding after 2 hours peptid¢ after 16 hours peptide
Energy (eV)| EGNH immobilization immobilization
C(1s) 285 58 (1.4) 60.09 (1.6) 60.6 (1.3)
O(1s) 532 16.9 (1.2 15.7 (1.2) 14.2 (0.8)
N(1s) 400 3.23(0.4 4.26 (0.6) 6.23 (0.6)
Au(4f) 83 21.8 (1.0) 19.9 (0.8) 19.0 (1.2)

Table 6.2Comparing the normalized XPS atomic percentagbetlements excluding that
of substrate with calculated stoichiometric ratios

Stoichiometric Ratios after 2 Ratios after 16
Stoichiometric ratio of hours hours
ratio of SAM peptide SAM | immobilization immobilization
C(1s) 1 1 1 1 1
O(1s) 0.26 0.16 0.29 0.26 0.23
N(1s) 0.04 0.21 0.06 0.07 0.1

Table 6.3Comparing the dissociation constant and maximupacé#y of the BSA and higG
adsorption on gold surfaces measured by QCM and SPR

QCM SPR
QmaXI QmaXI
Surfaces Protein KguM | mgm? | R® | KguM | mgm? | R
hgG | 38 | 407 | 091] 593| 134 092
EGeNH; | BSA | 521 | 296 | 09| 625| 112 089
ool | hige | 053 | 125 | 097  183| 415  0.99
NH; BSA | 31 | 002 | 091 354 | 064 093
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Table 6.4The ratios of protein adsorption amounts estimétad QCM data to those
estimated from SPR data

Protein concentration Surface: EGNH, Surface: EGNH,-HWRGWV

mg mi* higG BSA higG BSA
0.005 5.5 3.1 6.2 2.9

0.02 5.5 3.1 5.7 3.3

0.5 5.3 3.1 3.5 3.2

1 5.2 3.1 3.3 3.1

2.5 4.8 3.0 3.1 2.8

5 4.4 2.9 3.1 2.6

Table 6.5 Comparing the kinetic parametegsakd lg obtained by QCM and SPR

IgG QCM SPR
Concentration 3 -1 -1 -1 3 3 -1 -1 -1 3
mgmrl ka,mmol S kd,s x10 ka,mmol S kd,s x10
0.005 0.81 4.3 0.77 1.40
0.02 0.72 3.8 0.71 1.30
0.1 0.48 25 0.69 1.26
0.5 0.15 0.80 0.55 1.00
1 0.12 0.64 0.91 1.66
2.5 0.11 0.58 0.61 1.12
5 0.11 0.58 0.54 0.99
1 1. b
> R2 > R
= =
c c
) )
c R1 c
- - R1
o T T ' T

40

60 o0 80

Incidence angle (deg)

Figure 6.1(a) A schematic change of reflected intensityavgyle curve during protein
adsorption process obtained with SPR. The ahgleminimum reflected intensity in the
initial scan spectrum was around 69 deg for theaestabilized in buffer solution, while the

adsorption of protein to this sensor surface catisegdhift of the minimum position @p. (b)
A schematic reflected intensity vs. time curve ol#d with the SPR under fixed angle mode
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Bulk solution

adsorbed protein layer z =da +db

z =dp
surface modification layer 0
z = --em e

Metal

Figure 6.2 The schematic diagram of the bilayer structurerofgan adsorption on
modified gold surface

d. SAM keptin TFAfanisoletwate TIPS 2 hrs

c. 5AM keptin DMF +piperdine 1hr

h. SAM keptin DMF overnight

Intensity (arb. units)

I T T T T T T T T T T T 1
1732 170 168 1 Gifi 164 162 160 158
Einding Energy (e

Figure 6.3The spectrum of narrow scan of sulfur peaks of S#&M
HS(CH,)11(CH.CH,0)sNH> right after preparation (a) after keeping in DMFemight (b)
after keeping in solution for deprotection of Fngsoup for 1 hour (c) after keeping in
solution for deprotection of side chains (d)
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Figure 6.4 Structure of hexamer peptide ligand HWRGWV
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Figure 6.5The spectrum of C1s narrow scan of the SAM of HB)G(CH,CH,O)sNH
right after preparation (a) after peptide immolaitian (b) after deprotection of Fmoc group
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Figure 6.6 The spectrum of N1s narrow scan of the SAM of H${)&(CH,CH,0)sNH
right after preparation (a) after peptide immolaitian (b) after deprotection of Fmoc group
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Figure 6.7 TOF-SIMS spectra of samples SAM of HS(§+(CH,CH,O)sNH> (a) SAM with
the immobilized peptide before deprotection of Frgomup (b) SAM with the immobilized
peptide after deprotection of Fmoc group (c) anc: peptide HWRGWYV (d) within the
range of m/z 0~100 (1a~1d), 100~200(2a~2d), 200~30B(Ba
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Figure 6.8 SPR calibration curve obtained with the measurémeS8PR response to a
series of glycerin aqueous solution with concemratange within 0.3~10% (v/v)
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Figure 6.91sotherm of higG and BSA adsorption from PBS huéfie modified gold with

and without peptide obtained by SPR
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Figure 6.10Comparing of the isotherm of higG adsorption frBBS buffer and that from
cMEM by SPR
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Figure 6.11Isotherm of higG and BSA adsorption on modifiettgeith and without
peptide obtained by QCM; the adsorption amount&walculated from the average of
frequencies changes recorded by 5th, 7th, 9th, 18hovertones and the error bar indicated
the variation coming from difference overtones
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Figure 6.12Kinetics fitting of higG adsorption on SPR sensurdified with peptide
HWRGWV. Figure a: SPR response data (solid lingl)fating result (dot line);
Figure b: modeling of the normalized protein coricaions close to sensor surface
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Figure 6.13Kinetics fitting of higG adsorption on QCM sensoodified with peptide
HWRGWYV. QCM experiment data (solid line), fittingsult (dot line) and modeling
of the normalized protein concentration close twsse surface (Csi{
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Figure 6.14Correlation between dissipationX) and frequency changesg/5) of higG
adsorption from 1mg rifisolution on top of SAM of HS(Chh1(CH,CH,0)sNH,
with and without peptide ligand
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Chapter 7. Conclusions and Recommendations for Futa Work
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7.1 Conclusions

7.1.1 Modification of Silica Surface

A new method is presented to modify silica surfasth PEG chains terminated with
amine groups. This kind of construct can be useithtoobilize biomolecules, allowing for
its use in fundamental studies of surface intevastibbetween immobilized biomolecules and
their targets with low nonspecific binding backgndu The spectra of time-of-flight
secondary ion mass spectroscopy (ToF-SIMS) of tlelifred surface provided direct
evidence that the silica surface was modified asirele. The density of amine groups
estimated from thickness measurement by ellipsgnistapproximately 2.74 chains ffin
which is significantly higher than that reported previous literature similar applications.
According to the contact angle titration and ToRSlexperiment results, the amine group
at the end of PEG chains has higher activity tina &t the end of APTES. The PEG chains
with only three repeat units can significantly reelloovine serum albumin (BSA) adsorption
on the surface. The adsorption of BSA on the mediBurface with PEG termination with
free amine groups depends on the pH of the soluioome the adsorption process is

controlled to a great degree by charge-chargedatiens.

7.1.2 Study the Affinity Interaction between Pepti@ Ligand HWRGWYV Immobilized
on Silica Surface and Immunoglobulin G (IgG) by Quatz Crystal Microbalance

A Quartz crystal microbalance (QCM) sensor withiveasilica surface was modified by
the same method mentioned above and then hexanptidgdigand HWRGWYV was

immobilized on it. The success of immobilizationsmaroven by ToF-SIMS spectra. The
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immobilization conditions were optimized. The high@eptide surface density estimated
from the thickness measurement by ellipsometer88 6hains ni.

As suggested by QCM results, the peptide immolalline the silica surface has high
affinity and specificity to higG binding even in @mplex medium such as complete
mammalian cell culture medium (cMEM). Both thermpdsnic and kinetic parameters of
affinity interaction were obtained by analysis o€K) data. The dissociation constaKt;,
and the maximum binding capacit@m.x have the values of 0.43 uM and 14 m¢ m
respectively. The absolute values could deviaten foae values due to the overestimation of
the amount of protein adsorption by QCM. Roughnestes of the association rate constant
ka, and the dissociation rate constantvere also presented with evaluation of the eftdct

mass overestimation from the QCM method.

7.1.3 Modification of Gold Surface

Gold surfaces were modified by oligo(ethylene glyxterminated alkanethiols. The
formation conditions of self assembled monolay&ANls) of HS(CH)11(CH,CH,O)sNH
(EGsNH2) and HS(CH)1,1(CH,CH,0);OH (EGOH) were studied. Ethanol with 3% of
triethylene amine was found to be the best solf@rthe formation of the SAMs of E{GH..
Both contact angle measurement and chemical forcemsatopy (CFM) results indicated that
the SAMs of E@NH,formed by immersing into 1 mM thiol solution wittthanol with 3%
of TEA as solvent for 1 day were more uniform thianse formed in ethanol or THF for the
same formation time. The formation of SAMs of 86 is not as sensitive to the solvent
conditions. Mixed SAMs of EgNH;and EGOH were formed under the best conditions for

the formation of pure SAM. An attempt was madeuargify the amine group density on the
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surface by radio labeling the amine group witfC[-formaldehyde, analyzing the XPS
survey and narrow scan results. None of these rdsthvere suitable for the quantization of
amine group density. The CFM scan result indicéitedl no phase separation was present in
the mixed monolayers on a scale of 10 nm when thene formed in ethanol with 3% of
TEA. The uniform and even distribution of amine gpe in the mixed SAM is favorable for

the immobilization of peptides.

7.1.4 Study the Affinity Interaction between Pepti@ Ligand HWRGWYV Immobilized
on Gold Surfaces and IgG by Quartz Crystal Microbahnce and Surface Plasmon
Resonance

The gold surfaces of both QCM and surface plasnemonmance (SPR) sensors were
modified with SAMs of EGNH, and the peptide ligand HWRGWYV was immobilized gsin
the best conditions obtained with silica surfacalification experiments. The success of the
peptide immobilization step was evident from thd=IRIMS spectra of X-ray photoelectron
spectroscopy (XPS).

Both SPR and QCM results showed that this hexareptige immobilized on gold
surface has high affinity and specificity to hig@sarption even in complex media such as
cMEM. Thermodynamic and kinetic parameters of #ffsity interaction were obtained by
the analysis of static and dynamic QCM and SPR. ddta estimated values QfaxandKy
by QCM in this study are close to those obtainett wsilica surface experiments discussed
before and again the existence of mass adsorptierestimation lead to divergence from
reasonable values. The estimated valu&gf (4.15 mg rif) by SPR is close to that of

chromatography resins with the same peptide (4.3 % n¥, variable with peptide density)
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and theKy value (1.83 pM) from SPR experiment is also witthie range of that obtained
with chromatography resin (0.95~30 uM, vary with te density). The kinetic parameters
obtained from the fitting of the kinetics model &R data is more reliable than those
obtained with QCM data. The QCM parameters exhiddtively large deviations between
fitting lines and experiment data, and the assiciatate constants showed a strong
dependence on higG concentration. The associatidrdigsociation rate constants estimated
by SPR have the values of 0.68 mol* s* and 1.24 x19s™ respectively, which are similar
orders to those obtained with chromatography tephes for other peptide ligand and protein
affinity interactions (1). Finally, the feasibilityf using the peptide functionalized SPR and
QCM sensors to quickly determine IgG concentrafrom the initial slopes of the system

response was proven.
7.2 Recommendations for future work

7.2.1 Characterization of the Peptide Ligands

In this thesis, the methods for peptide charac&om with QCM and SPR were
developed and applied to probe the affinity intecaicbetween the hexamer peptide ligand
HWRGWYV and hlgG under one condition (room tempagfor SPR experiment or 25 °C
for QCM experiment, PBS buffer, pH 7.4). In orderdeepen the understanding of affinity
interaction between this peptide and IgG, the wanaof adsorption behavior with solvent
environment need to be quantified by the same ndsthorhe binding temperature has a
direct relation with the binding mechanism, withdhyphobic interactions increasing as

temperatures increase, and ionic interactions denrg as temperature increases, the
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determination of binding isotherms at various terapees can provide some insight into the
binding mechanism between the modified surfaces ted target proteins (2). These
temperature-dependent isotherm measurements wilige an opportunity to determine the
change in free energy of adsorption, as well ascii@nge in entropy and enthalpy of
adsorption (3). In addition, the effects of pH aadic strength on affinity interaction will
also help to understand the affinity interactiortun@a of the ligand-protein adsorption
mechanism (3). Increasing ionic strength can enddrnyarophobic interaction and reduce
ionic interactions. The change of pH directly affemnization of charged residues on both
peptide ligand and target protein. The sensitititythe change of pH is an index of the
contribution of ion charge-charge force in the raffi interaction. All these studies will
provide information to improve previous moleculapcking calculations using the
HADDOCK software. Finally, ligand density can alaffect the interactions between the
peptide ligands and the target protein. Previoustiydies with chromatography resin
indicated that the affinity and specificity depedden peptide density (4). Peptide density
can be controlled by using the two components oMS/n gold surfaces: ESH, and
EGsOH. Variation of the ratio of EEBlIH, and EGOH in thiol solution for the formation of
SAM can lead to different densities of amine grdéoippeptide immobilization. XPS could

be used to probe the change of peptide densitytivglvariation of amine group density.

7.2.2 Application of the Biosensor Functionalized h Fc-specific Binding Peptide
Ligand
As shown in Chapter 6, the IgG concentration cd@djuickly determined from the initial

slope of SPR signals. The peptide-functionalizedfase can be regenerated by a
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combination of 0.85% PO, and 2 M urea. However, the peptide based biosestitloneed

to be tested further for stability, sensitivity angpeatability under various conditions to
proven its capability to be an alternative methadIf§iG concentration determination for the
application of process analysis and control as aelimedical diagnostics. These studies
should include comparisons of the HWRGWYV ligandnmnobilized protein A and capture
of higG from mammalian cell culture media in ord@mprovide a more realistic scenario for
biosensor performance.

Fc-specific binding peptide ligand can not onlytca@ 1gG, but also orient IgG on solid
surfaces to leave the fraction of the IgG molecakponsible for interaction with its epitope
free to react. As mentioned in Chapter 2, the righéntation of IgG is critical for the
sensitivity and repeatability of immunosensor (5-%he performance of immunosensor
based peptide ligands HWRGWYV should be comparekd thit based on other IgG affinity
ligands for antigen detection. Previously, a simgtudy was reported by Jung and his
colleagues for the detection of C-reactive protesmg SPR sensor with oriented 1gG by
three 1gG affinity ligands, including, linear pegdi ligand HWRGWYV, branched peptide
(GTT)K2KG (TG19318)and cyclic peptide, DCAWHLGELVWCT (10)Unfortunately,
Jung and his colleagues added glycine at the Ninatrand and Serine at C terminal end of
this linear peptide ligand HWRGWYV in their studydathey claimed that this peptide cannot
capture IgG well under the experiment condition liggpin their study. In fact, Yang
emphasized early that the binding strength of teetige ligand HWRGWV to HIgG
depends on the entire sequence of the peptide landhistidine side chain plays a very

important role in the protein-ligand interactiorL]1Any variation, especially those blocking
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the histidine at the N-terminal could greatly reglube affinity to IgG binding. Although
Jung and his colleagues’ conclusion on the pepgdad HWRGWV is incorrect, their work
demonstrated that antibodies captured by the pepighnd had higher antigen binding
capacity compared with randomly immobilized antiesd In future work, the peptide
ligands HWRGWYV should be compared with protein Aostein G and ligands such as A2P,
TG19318, for IgG oriented immobilization for thepdipation of immunosensor and the
effects of anchor ligands on the stability, sewsiti and repeatability we be studied

systemically.

7.2.3 Application of the methodology developed inhts study for the study of other

peptide ligand

The surface modification, peptide immobilizationCK) and SPR data analysis methods
developed in this research could be applied tcsthdies of other peptide ligands identified
in our group, which may provide an alternative pecdive and addition information for the
understanding the affinity interaction between ¢hgmeptide ligands and their target

biomolecules.
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