ABSTRACT
SHEN, FEI. Affinity Interaction between Hexamer Peptide Ligand HWRGWV and
Immunoglobulin G Studied by Quartz Crystal Microbalance and Surface Plasmon Resonance.
(Under the direction of Dr. Ruben G. Carbonell.)
Immunoglobulins (Ig), also referred to as antibodies, act as protective agents against
pathogens trying to invade an organism. Human immunoglobulin G (hIgG), as the most
prominent immunoglobulin presented in serum and other human fluids, has broad
applications in fields like immunotherapy and clinical diagnostics. Staphylococcus aureus
Protein A and Streptococcus Protein G are the most common affinity ligands for IgG
purifaction and detection. However, drawbacks associated with these two protein ligands
have motivated searches for alternative affinity ligands.

The hexamer peptide ligand

HWRGWV identified from a one-bead-one-peptide combinatorial library synthesized on
chromatography resins has demonstrated high affinity and specificity to the Fc fragment of
hIgG. A chromatography resin with HWRGWV can purify human IgG (hIgG) from complete
minimum essential medium (cMEM) with purities and yields as high as 95%, which are
comparable to using Protein A as affinity ligand (4). As a short peptide ligand, HWRGWV
can be produced at relatively low costs under good manufacturing practices (GMP)
conditions, it is highly robust, less immunogenic and allows for milder elution conditions for
the bound antibody (3, 5). Although this short peptide ligand has exhibited promising
properties for IgG capture and purification, limited information is available on the intrinsic
mechanisms of affinity interaction between the peptide ligand and target protein.
In this study, the affinity interaction between hIgG and peptide ligand immobilized on
solid surfaces was studied by quartz crystal microbalance (QCM) and surface plasmon

resonance (SPR). Compared with previous methods employed for the peptide
characterization, QCM and SPR can provide direct measurements of equilibrium adsorption
isotherms and rates of adsorption, allowing a complete kinetic and thermodynamics analyses
of the ligand-target interactions.
New methods were developed to modify gold and silica surfaces of QCM and SPR
sensors for the immobilization of peptide ligands with low nonspecific binding. The silica
surface was first modified by the formation of self-assembling monolayer (SAM) of 3amino-propyl triethoxy silane as an anchor layer. Short chains of poly(ethylene glycol) (PEG)
with Fmoc-protected amino groups at one end and carboxyl groups at the other end were then
coupled through the carboxyl terminal to the amino groups on the silane. The short PEG
chains served as spacer arms to reduce nonspecific binding to the substrate. The gold surface
was modified by a two-component SAM using mixtures of HS(CH2)11(CH2CH2O)6NH2 and
HS(CH2)11(CH2CH2O)3OH. The advantage of using a modified silica surface is its relatively
higher stability than the SAM on gold during the peptide functionalization step, however the
SPR sensors do not work on silica surfaces. In addition, the modification process of the gold
surface is relatively simple compared with that of the silica surface. The peptide
immobilization process was optimized with silica surfaces and the best conditions were
applied for the immobilization on gold surfaces. The results of surface modifications and
peptide immobilizations were characterized by various surface analysis techniques including,
ellipsometry, contact angle goniometer, chemical force microscopy (CFM), x-ray
photoelectron spectroscopy (XPS) and time of flight secondary ion mass spectroscopy (ToFSIMS).

QCM and SPR results indicated that this peptide ligand HWRGWV immobilized on
modified silica or gold surfaces has high affinity and specificity to hIgG binding even in a
complex medium such as cMEM. Both thermodynamic and kinetic parameters of affinity
interaction were obtained by the analysis of QCM and SPR data. Compared with QCM, SPR
is more suitable for quantitative analysis of the protein binding, which is essential for the
investigation of thermodynamics and kinetics parameters. The maximum binding capacity
(4.15 mg m-2) and the dissociation constant (1.83 µM) derived from SPR data are both close
to those obtained with chromatography techniques. The association and dissociation rate
constants (0.68 m3 mol-1 s-1 and 1.24 s-1 respectively) were acquired for the first time for the
affinity binding of IgG on peptide ligand HWRGWV functionalized surface. Although QCM
is not as quantitative as SPR, it provides additional information on the status of the adsorbed
layers. For instance, the dissipation measurement of QCM indicated that no significant
denaturation of adsorbed hIgG occurred during the adsorption process. In addition, it was
shown that the peptide ligand immobilized on modified silica surfaces has similar affinity
and binding characteristics for IgG adsorption as on modified gold surfaces.
In summary, new surface modification strategies were developed to study the affinity
interaction between peptide ligands and target biomolecules. The use of Fc-specific binding
peptides on QCM and SPR sensors could result in new devices for IgG concentration
determination and also have promise as platforms for the development of immunosensors.
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Chapter 1. Introduction

1

1.1 Motivation
Short peptide ligands are of great interest as replacements for monoclonal or polyclonal
antibodies in protein isolation and purification, protein detection, pathogen removal, and
many other applications (1). In the last ten years, our group has made significant progress in
the identification of ligands with sufficient specificity and affinity to separate proteins
specifically from complex media (2-28). These peptide ligands were well characterized to
deepen the understanding of the mechanisms of these affinity interactions between peptide
ligands and target biomolecules and also to optimize the performance of these peptide
ligands for separation or detection purposes. Previously, the kinetics and thermodynamics
parameters described the affinity interactions between peptide ligands and targets were
obtained by chromatography techniques (2, 6, 8-9, 11, 18-19, 23, 26-28). The
thermodynamics parameters were derived from isotherms obtained from batch adsorption
experiments with chromatography resins and the adsorption amounts at equilibrium were
calculated by mass balance. Complex kinetics models were employed to describe the
dynamic adsorption processes occurring within chromatography resins and columns to
quantify the intrinsic adsorption rates and desorption rates. These methods provided useful
information for the practical characterization of peptide ligands on resins, however it is also
of interest to determine the fundamental adsorption and binding mechanisms between peptide
ligands and target proteins at well-characterized interfaces.
Recently, biosensors have been applied widely to probe the binding events at solid-liquid
interfaces for studies of DNA assembly and hybridization (29), blood plasma coagulation
(30), pathogen detection (31), enzyme analysis (32), protein conformation analysis (33-34),
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DNA-protein interaction (35) and protein-protein interaction (36). Biosensor techniques can
monitor surface events in situ and directly measure adsorption amounts on solid surfaces in
real time. The other merits of biosensors lie in the fact that the labeling of biomolecules is
avoidable; consequently, the experiments are simpler and faster when compared with the
traditional techniques such as radioimmunoassays (RIAs) and enzyme-linked immunosorbent
assays (ELISAs). Biosensors can be divided into several types according to their transduction
mechanisms: thermal, optical, electrochemical, acoustic, or piezoelectric (24). Recently,
combining biosensor techniques based on different transduction mechanism have attracted
more attention, since different transduction mechanisms can provide different perspectives
on adsorption events (29, 34-39).

In this research, surface plasmon resonance (SPR)

spectroscopy and the quartz crystal microbalance (QCM) were chosen since they can provide
complementary information of affinity interactions.
Immunoglobulin G (IgG) is the predominant immunoglobulin in blood and other body
fluids (40). Quantification of human IgG (hIgG) concentration in human fluids currently is a
common test for the diagnosis of diseases (41-43) and purified hIgG has been widely used to
treat patients with primary and secondary immune-deficiencies (40, 44). The hexamer
peptide HWRGWV was identified using a radiolabeled target screening technique from a
combinatorial linear hexamer peptide library built on chromatography resins for IgG
purification and detection. This Fc-binding peptide ligand HWRGWV demonstrates the
ability to purify IgG. It can isolate hIgG from mammalian cell culture media containing 10%
fetal calf serum (cMEM) with more than 95% of both purity and yield (26). Although the
short peptide ligand HWRGWV has exhibited promising applications for IgG separation and
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concentration determination, limited information is available on the intrinsic mechanisms of
affinity interaction between this short peptide ligand and target protein. In this research, two
biosensor techniques, QCM and SPR, were employed to investigate the affinity interaction
between peptide ligand HWRGWV immobilized on solid surfaces and hIgG in fluids. In
addition, these peptide functionalized sensors could have two potential applications. First,
they could result in a new method for IgG detection and concentration quantification.
Detection and quantification of IgG concentration are critical for both disease diagnostics
(41-43) and for quality control in the biopharmaceutical industry (45-47). Second, these
peptide-functionalized biosensors could result in a new platform for immunosensor
fabrication. The peptide ligand immobilized on sensor surfaces can capture IgG through its
Fc fragment and leave the fraction of the IgG molecule responsible for interaction with its
epitope free to react. Currently, protein A and protein G are generally used as the anchor
proteins for immunosensor. The Fc-specific ligand, HWRGWV, could be an alternative of
these protein ligands for this purpose.

1.2 Goals
The primary goal of this project is to develop new methods for the study of affinity
interactions between peptide ligand and biomolecules. QCM and SPR were chosen to
monitor the hIgG adsorption process on hexamer peptide ligand HWRGWV functionalized
solid surfaces. This hexamer peptide ligand was picked since QCM and SPR sensors
functionalized with this ligand could have broad potential applications in quantification of
IgG for both clinical diagnostics and manufacturing quality control, as well as in the
fabrication of new types of immunosensors.
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The hexamer peptide ligand HWRGWV was immobilized on modified silica or gold
surfaces. The processes of surface modifications and peptide immobilization were optimized
and the resulted surfaces were extensively characterized by multiple techniques. The affinity
and specificity of the peptide to human IgG binding was investigated by QCM and SPR.
Thermodynamics and kinetics parameters were derived from quantification analyses of QCM
and SPR data. Finally, preliminary experiments were performed 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 affinity interaction between hexamer peptide
ligands HWRGWV and immunoglobulin G (IgG) by QCM and SPR.
Chapter 2 reviews the capacities and the advantages of using biosensor techniques
including QCM and SPR for the study of affinity interactions between peptide ligands and
target biomolecules. The achievements and possible drawbacks of the previous methods
employed in our groups for the characterization of peptide ligands are summarized. The
critical issues of the fabrication of biosensor for the study of affinity interaction are examined
and the potential applications of the hexamer peptide functionalized biosensor are discussed.
Chapter 3 exhibits a new silica surface modification method to introduce amine group for
peptide immobilization and to reduce non-specific binding. The characterizations of the
resulting surface by multiple methods indicate that the silica surface was modified as desired.
Chapter 4 presents the study of affinity interactions between the peptide ligand
HWRGWV immobilized on silica surfaces and IgG in solution by QCM. The affinity and
specificity of the peptide ligand to IgG binding are examined. The thermodynamics and
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kinetics parameters of this affinity interaction obtained from QCM data are presented. The
effects of the overestimation of adsorption amounts by QCM on the obtained values of
parameters are discussed. The role of PEG spacer arm in affinity interaction between
HWRGWV and IgG are also analyzed.
Chapter 5 shows a new strategy to modify gold surfaces for the study of affinity
interactions between peptide ligands and target biomolecules. The formation conditions of
SAMs of HS(CH2)11(CH2CH2O)6NH2, HS(CH2)11(CH2CH2O)3OH and mixtures of these two
species are presented. The best conditions for the formation of SAMs are summarized.
Chapter 6 presents an investigation of IgG binding on the peptide ligand HWRGWV
immobilized on gold surfaces by the parallel experiments with QCM and SPR. The affinity
and specificity to IgG binding are presented. Quantitative thermodynamic and kinetics
analyses are performed using this QCM and SPR data. The advantage and disadvantages of
QCM and SPR for this application are discussed. Preliminary experiments to test the
possibility of rapid measurements of IgG concentrations are presented.
All above results are summarized in Chapter 7 with recommendations for future work.
References:
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2.1 Short Peptides as Affinity Ligands
2.1.1

Overview

Affinity techniques are among the most efficient methods to purify and detect
biomolecules (1). Due to their high specificity, monoclonal antibodies are the most common
ligands currently used in affinity techniques. Short peptide ligands with sufficient specificity
can have many advantages over antibodies for purification or detection purposes. Short
peptides are more stable than monoclonal antibodies because they do not require a specific
tertiary structure to maintain their biological activity. The manufacture of short peptides can
be scaled-up under good manufacturing practices (GMP) conditions at relatively low cost.
The interactions between small peptides and proteins tend to be moderate so that the target
protein can be eluted under mild condition without a detrimental influence on protein activity
(2).
Short peptides have already been successfully screened and identified from peptide
libraries in our group for the purification or detection of S protein (3), von Willebrand factor
(4), alpha-1 proteinase inhibitor (5), fibrinogen (6), alpha-lactalbumin (7), staphylococcal
enterotoxin B (8), human IgG (9) and porcine parvovirus (10).
Although the peptide ligands identified for the different proteins were screened using the
same general methodology, the final results obtained were somewhat variable. Some peptide
ligands identified by library screening show high high specificity to their target protein. That
is the case for peptide YNFEVL and s-protein (3). Other peptide ligands behave as pseudoaffinity ligands, displaying dissociation constants (Kd) in the range of 10-5 to 10-8 M with
their target proteins. An example of this behavior is the peptide ligand RLRSFY and von
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Willebrand factor (vWF) (4). In general, pseudo-affinity peptide ligands are more suitable
for the capture or concentration of the target molecule at an early stage in purification, while
the more specific peptide ligands can be efficient for purifying the protein in one step, but
usually it is placed in the later stages to maximize the efficiency of the affinity column (2).
Generally, ligand-target interactions for short peptide ligands are stronger than the pure
ion exchange or pure hydrophobic interactions, since the affinity interaction between the
peptide ligands and target biomolecules is the result of the interactions of each amino acid in
the peptide sequences with the biomolecules. Any charged amino acid in the peptide ligand
tends to form ionic interactions with the target molecule, while the amino acids in the ligand
with hydrophobic groups interact with the hydrophobic patches on biomolecules (2). For a
specific peptide ligand, the interaction could be ion-interaction dominated or hydrophobicinteraction dominated and, in some cases, the dominant force could change with the solvent
conditions. For instance, the interaction between WHWRKR and alpha-lactalbumin at low
temperatures is dominated by electrostatic interactions, while, as the temperature increases,
hydrophobic interactions become the dominant binding mechanism (11).
2.1.2

Characterization of Peptide Ligands by Kinetics and Thermodynamics Analysis

As mentioned above, peptide ligands with different bio-selectivity to targets biomecules
could play different roles in purification processes. In addition, these affinity interactions
between peptide ligands and target biomolecules could have different characteristics. In order
to optimize the performance of these peptide ligands for bioseparation or detection, these
peptides need to be well characterized. Our research group has made extensive efforts to
characterize these peptide ligands by quantification of the thermodynamic and kinetic
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parameters of the interaction between peptide ligands on chromatographic resins and target
biomolecules under different conditions. It has been found that the affinity of the peptides to
target biomolecules can depend on the variation of experimental conditions including peptide
density (2-4, 8, 12), pH (4, 11-12), temperature (11, 13), and salt concentrations in the buffer
(4).
In previous studies of the adsorption isotherm of target proteins to ligands on porous
chromatography resins the adsorbed amounts of target biomolecules under different
conditions were determined by mass balance (3, 11-12, 14-16). This is an indirect method of
measuring the amount of protein adsorbed, and can generate a significant error when the
change of protein concentration due to adsorption is small compared to the unbound protein
concentration. The kinetic parameters of affinity binding to peptide ligands on resins were
studied by dynamic adsorption experiments carried using high performance liquid
chromatography (HPLC). Different models have been employed to describe the solute
transport within the chromatography column to get the intrinsic kinetic parameters. A lumped
kinetic model was employed for the study of the adsorption kinetics of fibrinogen that binds
to the short peptide FLLVPL (13). In this work, columns with varying peptide densities were
challenged with a fibrinogen solution at a constant flow rate. The concentration of the exit
stream was measured continuously as a function of time. The shapes of the breakthrough
curves were modeled using the lumped kinetics model that took into account axial dispersion,
interparticle mass transfer and intraparticle diffusion, and the rates of adsorption and
desorption of the protein to the surface. All the mass transfer parameters were estimated from
correlations or measured directly, and the only remaining parameter in each run was the
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adsorption rate constant onto the resin. The rate constant for adsorption was obtained by
finding the best fit to the breakthrough curve. The resulting analysis showed that the
adsorption rates were indeed rate-limiting and that the rate of adsorption was relatively
independent of peptide density. Although the lumped kinetics model threw a light on the
understanding of the relationship between adsorption rate and peptide density, it was found
that the capacity and association constant derived from the fitting of the experimental
breakthrough data with this model was inconsistent with equilibrium experiments (13, 17). A
more sophisticated effort using the General Rate Model of chromatography was shown to fit
well with experimental results in the analysis of Staphylococcal enterotoxin B (SEB) binding
with peptide ligand YYWLHH (15, 18). Generally, the reliability of the final results for the
kinetics of adsorption and desorption depend on the accuracy of the transport models and the
estimation of the mass transfer parameters.
In summary, the affinity interaction between peptide ligands and biomolecules have been
studied by indirect methods, batch adsorption mode and chromatography techniques, which
may lead to significant errors under certain situations. New methods that can directly monitor
the affinity interactions occurring at liquid-solid interface can lead to more detailed
information on the nature and rates of these interactions.

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 important role in research on biointeractions
during recent years (19-20). Compared with traditional detection methods, such as filter
binding assays, radioimmunoassays and enzyme-linked immunosorbent assays (ELISAs),
biosensors are fast, simple and relatively inexpensive. Biosensor systems can directly
monitor the macromolecular interactions happening on solid-liquid interface in real time. In
addition, the mass transport processes within these systems are generally simpler than those
in a chromatography column; consequently, the interpretation of the dynamic adsorption
behavior could be relatively easier.
A biosensor is basically a chemical or mass sensor in which the analytical signal is
generated by the bio-affinity elements immobilized or physically adsorbed on a transducer
(21-22).

During the design of an affinity biosensor, the following aspects need to be

carefully taken into consideration: the properties of the affinity recognition elements
(ligands), the mechanism of signal transduction, and the method of immobilization. This
research focuses on short (hexamer) linear peptide ligands. The mechanism of signal
transduction and the method of immobilization are discussed in the following paragraphs.
Biosensors can be divided into several types depending on the different transduction
mechanisms: thermal, optical, electrochemical, acoustic, or piezoelectric (23). Currently,
there is a trend to combine surface detection techniques based on different transduction
mechanism, which provides different perspectives on binding events occurring at interface
(24-26). In this research, attention is focused on two kinds of techniques: surface plasmon
resonance (SPR) and quartz crystal microbalance with dissipation (QCM-D). The features of
QCM and SPR techniques are summarized in Table 2.1. The most important difference
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between SPR and QCM methods is that SPR measures the dry mass of biomolecules
adsorbed on the surface, while QCM measure the total mass on the surface, including the
water and ions associated with the biomass (27-28). In general, SPR is more quantitative than
QCM, while the advantage of QCM over SPR is its capability to provide a qualitative
measure of the viscoelastic properties of the adsorbed protein layer (24). The combination of
these two techniques can provide more reliable and complementary data. The principles and
applications of these two techniques are presented in detail in the following sections.
2.2.2

Principle of QCM and Its Applications

QCM sensors consist of a thin slice of a single crystal of quartz sandwiched between two
metal electrodes, housed in a sealed package that provides a means of connection to a circuit.
An alternating electrical voltage applied to these electrodes causes the quartz to vibrate, or
oscillate, at its resonant frequency. This frequency is dependent on the mass of the crystal as
well as the mass of any layers confined on the surface of the electrode areas of the crystal.
When the electrical field applied to the quartz crystal is turned off, the oscillation of the
crystal attenuates as a result of the energy lost during oscillation. The dissipation factor, D, is
the sum of all the energy lost in the system per oscillation cycle (29). The dissipation
depends on the interaction between the film, the sensor surface and the properties of the
adsorbed film. When the film on the electrodes of crystal is slippery or when the film is
viscous, more energy will be dissipated by friction during the oscillatory motion induced in
the film. As a result, the dissipation factor D provides an indirect measure of the flexibility of
the adsorbed film.
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The merits of the QCM technique are primarily its simplicity and sensitivity (in the ng cm2

range). Sauerbrey reported a linear relationship between the frequency decrease of an

oscillating quartz crystal (∆f) and the bound elastic mass of deposited metal, ∆m (30),

∆f = −

2 f 02 ∆m

(ρ

q µq )

1/ 2

A

2-1

where f0 is the fundamental resonance frequency of the quartz crystal, ρq is the specific
density of the quartz (2.648 g cm-3), µ q is the shear wave velocity in quartz (2.947×1011 g
cm-1 s-2 for AT-cut quartz crystals) and A is the measuring area.
The Sauerbrey equation was derived based on two assumptions: (1) the film is rigid (no
internal friction in the added mass); (2) the film is coupled perfectly to the oscillatory motion
of the quartz crystal (no slip between the film and the crystal electrode).
For rigid, evenly distributed, and sufficiently thin adsorbed layers, the Sauerbrey equation
has indeed been shown to provide a good approximation (31-32). However, for soft adsorbed
films, this is not the case anymore, due mainly to two potential reasons: the first one is
connected with the propagation of the shear acoustic wave in a viscoelastic film. For a
sufficiently thin and rigid adsorbed film, the adsorbed layer acts as a “dead” mass on the
piezoelectric oscillator. On other hand, for a viscoelastic or thicker film coupled on oscillator,
the change of frequency is not directly proportional to change of mass. In other words, the
effectively coupled mass depends on how the oscillatory motion of the crystal propagates
into and through an adsorbed viscoelastic film (33-34). The second reason of the failure of
the Sauerbrey relation is the solvent, which, in most cases, is water. In QCM measurements,
water (or any other liquid or solvent molecules) may couple as an additional mass via direct
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hydration, viscous drag, or entrapment in cavities in the adsorbed film, which contributes to
the overestimation of the mass from the Sauerbrey equation. The typical amount of coupled
water in different systems has been shown to add a significant variation and it depends on the
nature of the film. The mass-uptake estimations could be 1.5 to 10 times larger than the
molar mass (27, 29, 34-37).
Early chemical applications of QCM involved monitoring of mass and film thickness in
coating equipment in vacuum and on investigating the adsorption in gas phase (32). In the
1980s, solution-based QCM was developed and it found more applications in mainly two
fields: electrochemistry and biotechnology. In the area of biotechnology, QCM has been used
to measure protein adsorption kinetics (38), protein conformation analysis (24, 39), antibodyantigen interactions (40-41), nucleotide hybridization (26), nucleotide-protein interactions
(42-43), and bacteria (44) and cell adsorption (25). In liquid-phase measurements, the QCM
is not a simple mass sensor, but provides valuable information about reactions and conditions
at the liquid-solid interface.
2.2.3

Principle of SPR and its application

Surface plasmon resonance is an optical technique that is widely recognized as a valuable
tool in the investigation of biomolecular interactions (45). It can monitor the dynamic
processes occurring on the surface in real time and provide kinetic and thermodynamic data
(46-47).
A surface plasmon is a longitudinal charge wave that propagates along the interface of
two media with very different optical densities such as metal and water. The attenuated total
reflectance (ATR) configuration developed by Krecthmann (as shown in Figure 1) is widely
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used in most SPR instruments. A monochromatic, p-polarized light traveling through an
optically dense medium (glass) reaches an interface between this medium and an optical
medium with lower density (buffer) and then reflects back into the denser medium (Figure
1). Under conditions of total internal reflection, most of the light will be reflected back into
the higher-density medium but there is still a small portion of light, the evanescent wave, that
penetrates the interface into the less-dense medium a distance of approximately one
wavelength (48). The evanescent wave vector can be expressed in the form,
K ev =

w0
η g sin θ
c

2-2

where, w0 is the frequency of incident light, c is the speed of light in a vacuum, η g is the
refractive index of the dense medium, and θ is the angle of incident light. The wave vector
corresponding to the surface plasmon is expressed by the formula,

K sp =

w0
ε mη s2
ηg
c
ε m + η s2

2-3

where, η s is the refractive index of the dielectric medium on the top of the sensor surface,
and ε m is the dielectric constant of the metal film.
When the incidence angle of the light is chosen in such a way that the magnitude of the
evanescent wave is equal to that of the surface plasmon wave vector,
K ev = K sp

2-4

the evanescent wave of the light can couple with the plasmon in the metal film. In other
words, the surface plasmon is resonantly excited.

In this situation, the incident light

dissipates energy into the metal film. As a result, the intensity of reflected light is reduced
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and forms a dip (49). Since K ev is a function of the refractive index of the dielectric
medium η s , η s can be measured by recording the change of this incident angle satisfying the
condition required for surface plasmon resonance.
When binding events occur on the surface, the adsorbed protein molecules replace the
buffer solution close to the sensor surface. The difference between the refractive index of the
adsorbed protein molecules and that of the buffer solution replaced will be detected by SPR.
There is no difference between the water molecules attached on the surface of proteins or
entrapped in the adsorbed protein layer and those in buffer solution replaced by the adsorbed
protein layer. Consequently, water molecules within the adsorbed protein layer cannot be
detected by the SPR. In other word, the mass measured by SPR is “dry mass”.
As an optical technique used for the study of affinity interactions, SPR has been
developed in the 1980’s (50). After that, SPR has played a significant role in the research of
biomolecules and their interactions. In the past decades, SPR has also been increasingly used
for detection and identification of chemical and biological substances (45).
2.2.4

Importance of Surface Preparation for Ligand Immobilization

Biomolecules can be immobilized on sensor surfaces by physical adsorption, covalent
bonding, crosslinking, entrapment, or encapsulation. Among those methods, adsorption and
covalent bonding are the most commonly used (28, 51).

Physical adsorption of the

biocomponent based on van der Waals attractive forces is the simplest method available and
it is feasible for various substrates. However, this method does not provide high surface
density of affinity elements, and the adsorbed biomolecules could be lost through changes in
pH, ionic strength, or temperature due to adsorption reversibility (51-52). Covalent bonding
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to the surface can lead to slight modifications of the biomolecules, but, this approach results
in more stable surfaces, and is more reliable and reproducible DNA-based formation of a
supported, three-dimensional lipid vesicle matrix probed by QCM-D and SPR (53-55).
For covalent bonding, generally the substrates need to be modified to introduce active
groups such as carboxyl, thioacetyl, hydroquinone, or epoxide groups for the immobilization
of biomolecules (56-59). Self-assembled monolayers (SAMs) are one of the most convenient
methods to modify the sensor surface. A SAM is a molecular assembly obtained by
immersion of an appropriate substrate into a solution of a surfactant in organic solvent (60).
This simple process makes SAMs technologically attractive for the functionalization of
sensor surfaces with active groups.
There are several types of SAMs and among them two kinds, organosilicon on
hydroxylated surfaces, and alkanethiols and dialkyl disulfides on gold and other noble
metals, are the most common methods for biomolecule immobilization (60-61). Due to their
simplicity and versatility, the SAMs of alkanethiols on gold have been the most studied
SAMs.
The structure of these SAMs is now well established (62). Sulfur compounds have a
strong affinity for transition metal surfaces (63). For an alkanethiols with an alkyl chain
longer than 10 carbon atoms, it is possible to obtain very ordered layers, with few defects,
depending mostly on the irregularity of the gold surface (31, 62, 64-65). The terminal
functional groups of o-substituted alkane thiols dominate the properties of the interfaces
between the SAMs and the contacting liquids and these groups offer great versatility to
covalently immobilize biological molecules, such as peptides or proteins on sensor surfaces.
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Chemisorption of alkanethiols as well as of dialkyl disulfides on clean gold gives
indistinguishable monolayers. The rates of formation of SAMs from dialkyl disulfides or
alkanethiols are also indistinguishable, but the rates of replacement of molecules from SAMs
by thiols are much faster than by disulfides (60).
SAMs

of

alkylchlorosilanes,

alkylalkoxysilanes,

and

alkylaminosilanes

require

hydroxylated surfaces as substrates, such as silicon oxide, aluminum oxide, quartz, glass,
mica, and zinc selenide, for their formations. The driving force for this self-assembly is the
formation of polysiloxane, which is connected to surface silanol groups (-SiOH) via Si-O-Si
bonds (61). The control of the quality of the SAMs of silanes is generally harder than that of
alkanethiols. The formation of silane SAMs is sensitive to water. While incomplete
monolayers are formed in the absence of moisture on substrate, the excess water results in
facile polymerization in solution and polysiloxane deposition of the surface (60). The
advantage of SAMs of silane over those of alkanethiols is their relatively higher stability
(61).
Besides the introduction of active groups for immobilization of biomolecules, there are
other two objectives of surface modification. First, adding a spacer arm on top of a substrate
is desirable to enhance the availability of the ligands on the surface of the modified layer.
Spacer arms have been widely used in affinity chromatography or membranes for
bioseparations. They can play a significant role in the affinity interaction between ligands on
solid surfaces and biomolecules in solution, especially for small ligands, and this effect could
be even more critical when the active site of the target molecule is located in a pocket (1, 66).
A good spacer arm should have just enough length to facilitate the formation of ligand and
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target biomolecule complex. If no spacer arm, or too short a spacer arm is used, it might be
hard to form the complex of ligand and target molecule due to steric hindrance; if it is too
long the density of ligand could be low and nonspecific binding to spacer arm could become
predominant over the affinity interaction (66). The other objective of surface modification is
to minimize the background noise from the nonspecific binding of proteins and other species
in the bulk solution. Poly (ethylene glycol) (PEG) is well-established as one of the primary
components in nonfouling film chemistry. The resistance of PEG coated surfaces to
nonspecific binding is dependent on the molecular weight of the PEG and the resulting
packing density of the PEG chains (67). In addition, PEG is also a good candidate spacer
arm, since PEG brushes have a high flexibility in biological media. Consequently, materials
including PEG composite have been widely applied to modify surface for bio-application
(68-72).

2.3 Potential Applications of Fc-specific Hexamer Peptide Functionalized
Biosensor
2.3.1

Fc-specific Peptide Ligand for IgG Purification

Antibodies, also known as immunoglobulins (Ig), are glycoproteins produced by white
blood cells, each having a special antigen-binding pocket that is sensitive to specific parts of
an antigen protein. The human immunoglobulins account for approximately 20% of all
proteins in human plasma, and can be divided into five classes or isotypes: IgG, IgA, IgM,
IgD, and IgE. Among them, IgG is the most abundant class of Igs in the body, constituting
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approximately 75% of the total immunoglobulins at an average concentration of 12 mg/ml in
adult blood (73).
As shown in Figure 2.1, IgG has a Y-shaped structure with the molecular weights of the
heavy (H) and light (L) chains being 50 and 25 KDa, respectively. Although the general
structures of IgGs are very similar, a small region at the tip of the protein is extremely
variable, allowing millions of IgGs with slightly different tip structures, or antigen binding
sites, to exist. As shown in Figure 2.1, the “V” label indicates a variable region where the
amino acid composition varies with the response antigens, while the “C” label denotes a
constant region where the amino acid composition is relatively invariant for IgGs. Starting
from the amino terminus, the L chains include the VL and CL domains while the H chains
encompass the VH, CH1, hinge, CH2, and CH3 regions. The V regions of both heavy and
light chains are responsible for antigen binding by forming a pocket with six loops. The C
region is engaged in a variety of effector functions (74).
IgG and its fragments have found a wide array of applications as pharmaceutical
compounds, in addition to their common usage in the purification and localization of proteins.
Conventionally, IgG preparations have been produced exclusively by precipitation
techniques, preferably involving cold ethanol fractionation. In recent years, however,
chromatographic steps have been introduced into the downstream of the ethanol fractionation
steps (75). Ion-exchange chromatography, hydrophobic interaction chromatography, sizeexclusion chromatography, and affinity chromatography have all been involved in IgG
capture and purification and, among them, affinity chromatography allows the possibility of
obtaining several fold purification with high recovery in fewer steps (76).
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Staphylococcus aureus Protein A and Streptococcus Protein G are the most common
affinity ligands for IgG purifications and detections (76-77). However, the drawbacks
associated with these two protein ligands, including high cost and low stability, have given
rise to the searching for alternative affinity ligands for antibody purification (76, 78). Special
attention has been paid to the use of small ligands for affinity purification of antibodies due
to their advantages of being more stable (no three-dimensional structure), less immunogenic,
and less expensive than large protein ligands. Some synthetic small ligands have been
extensively studied for IgG purification and detection, such as the hydrophobic charge
induced ligand MEP (4-mercapto ethyl pyridine) (79), the Protein A mimetic peptide KaptivGY based on the sequence (RTY)4K2KG (TG19318) (80) and a synthetic ligand MAbSorbant
A2P derived from a triazine derivative ligand 22/8 (81). However none of these ligands that
bind to antibodies behaved like Protein A in their binding specificity to the Fc fragment. The
ability to bind through the Fc fragment is an important function since it allows the ligand to
be used as a universal ligand for whole antibodies and Fc-fusion proteins, potentially
diminishing the time required to develop separation processes for new antibodies.
Three hexamer peptide ligands, HWRGWV, HFRRHL, and HYFKFD, identified by our
group, were the first reported short peptide ligands that were able to mimic the binding
specificity of Protein A to the Fc fragment of human IgG (hIgG) (9). The performance of the
peptide HWRGWV for the purification of hIgG in complex fluids has been extensively
studied and characterized. An HWRGWV resin with a peptide density of 0.08 meq g-1 of dry
resin was able to purify hIgG from mammalian cell culture media containing 10% fetal calf
serum (cMEM) with both purity and yield as high as 95%, comparable to Protein A and A2P
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agarose gels (12). The ligand also demonstrated its ability to isolate hIgG from Cohn II+III
paste and yields of 82% and purities of 73% were obtained in one step. Bound IgG can be
eluted under milder conditions than with Protein A, with the target molecule being released
from the resin at pH 4, in contrast to the typical pH 3.0 elution using Protein A. The ligand
was found to bind to IgG from different organisms, including bovine, murine, goat, and
rabbit IgGs. The peptide also displayed affinity to different subclasses of IgG, such as HIgG1,
HIgG2, HIgG3, and HIgG4.
2.3.2

Potential Application for IgG Concentration Quantification

Quantification of immunoglobulin concentrations in serum is one of the basic tools
commonly used for investigating abnormalities relating to the immune system and exposure
to infectious disease in humans and domestic species (73, 82). Besides serum, other body
fluids, including urine, saliva, milk and especially colostrums are all possible samples that
can be subjected to immunoglobulin quantification assays (73). Classical measurements of
hIgG involve techniques such as fluorescence immunoassays, radioimmunoassays (RIA) and
enzyme-linked immunosorbent assays (ELISA). However, they are time-consuming and need
labeling of biomolecules. For clinical diagnostics purposes, ELISA-based assays are only
employed for the measurement of antibody production against defined pathogens or antigens
for the investigation of suspected immunodeficiency (82). There are three types of assays,
(immunodiffusion, nephelometric, and turbimetric) commonly used by clinical immunology
laboratories to quantify human IgG, IgA, IgM, IgE and the kappa and lambda light chains of
Igs (73). The principle of these assays is similar, with highly avid antibody reagents added to
the sample containing immunoglobulins to form immune complexes, which are subsequently
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detected visually or by light-scattering techniques such as immunodiffusion, nephelometry,
or turbimetry. A variety of immunological reagents are used in clinical assays for the
quantification of human immunoglobulins. In the early years, polyclonal antibodies were
extensively used and more recently, well documented murine monoclonal antibodies have
become available. They are highly specific for human immunoglobulin and especially useful
in quantifying the amount of human IgG and IgA subclasses, where maximal specificity is a
requirement (73).
Besides diagnostic applications, the quantification of immunoglobulin is also important
for antibody production and dairy production. Several online immuno-monitoring systems
have been successfully developed for the measurement of hIgG based on turbidimetric assays
(83) and fluorescence measurements (84).
Biosensors have attracted wide-spread attention in the field of immunoglobulin
quantification in recent years for many reasons such as simple instrumentation, fast
operation, and high sensitivity and selectivity. Meanwhile, several biosensors have been
developed for measurement of hIgG, including piezoelectric (85) and piezomagnetic
biosensors (86), surface plasmon resonance biosensors (87-88) and electrochemical
biosensors such as amperometric biosensors (89) and potentiometric biosensors (90). The
majority of hIgG detection methodologies employed biosensor techniques are based on the
protein A or protein G sensing platform. However, in spite of its high selectivity, protein A
has some drawbacks such as its high cost, relatively low stability and the difficulty to
immobilize it in the proper orientation (91). As mentioned early, the hexamer peptide ligand
HWRGWV has a similar binding capability as protein A, and as a small ligand, the
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immobilization of HWRGWV in the right orientation is much easier. This ligand is a good
candidate to replace protein A for the production of a biosensors for immunoglobulin
quantification.
2.3.3

IgG Oriented Immobilization and Potential Application in Immunosensor
Fabrication

As mentioned earlier, the peptide ligand HWRGWV was found to bind the Fc fragment of
IgG, which is the conserved part of the molecule. The binding site was, however, different
from that for Protein A and Protein G attachment (91). According to mass spectrometry data,
the hexamer peptide ligand HWRGWV binds to the pFc portion of hIgG. Figure 2.3 shows
the result of a docking calculation using the HADDOCK (High Ambiguity Driven Docking)
program indicating that HWRGWV binds to the Ser383-Asn389 (SNGQPEN) motif on the
Fc fragment of hIgG. The binding of the loop to HWRGWV is specific, involving several
forces of hydrogen bonding, hydrophobic, and possibly electrostatic interactions (92). Since
the binding site is at the base of the Fc fragment, it is possible that when HWRGWV binds to
hIgG it may orient the antibody at the interface in such a way that the variable region for
antigen binding, the Fab fragments, will be more accessible to binding antigen in solution.
Orientation of IgG is critical for its applications for immunoassays and immunosensors.
For immunoassay or immunosensor applications, the antibodies need to be immobilized onto
a solid surface. The simplest method is a non-covalent adsorption of antibodies on surfaces.
However, many studies over the past few years have proven that these types of procedures
generally denature the majority of adsorbed antibodies (93-95). Alternatively, proteins can be
covalently coupled to chemically activated surfaces through the reaction of lysine side chains
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on the protein surface. IgGs can be directly coupled to amine-reactive surfaces (41, 96) or
they can be biotinylated using NHS-activated biotin and then immobilized onto streptavidin
(SA)-coated surfaces (95). Covalent immobilization could reduce the chances of denaturation,
but the random attachment can cause the lost of binding activity of IgGs to antigens due to
the following reasons. First, the antigen-binding site could be modified during the chemical
modification of IgG. Second, the steric hindrance from the substrate and adjacently
immobilized antibodies reduce the availability of immobilization IgG to antigens. Third,
since there are multiple binding sites on the protein surface, IgG could be immobilized by
multiple covalent bonds which could increase the chance of denaturation. For these reasons,
antibodies are sometimes specifically immobilized onto surfaces such that the antigenbinding site is oriented away from the surface itself. Specific orientation can be accomplished
by using an intermediate protein that binds to the Fc region of antibodies (97-99). The
intermediate protein can be protein A or protein G to capture and orient IgG on solid surface.
This type of immobilization strategy can result in a significantly higher fraction of active
antibodies. As mentioned earlier, the short peptide HWRGWV has similar IgG binding
behavior as protein A, while has several advantages over these protein ligands.
Consequently, it could be an alternative to replace protein A and protein G for the application
of immunoassay and immunosensors.
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Measurement
Response range
Intrinsic
sensitivity*
Environmental
effect

Table 2.1 Comparison of QCM and SPR
QCM
SPR
Total mass
Dry mass
Å - µm
Å - 300 nm
1Hz ~ 17.7 ng cm-2

1 millidegree ~ 0.64 ng cm-2

Sensitive
Less sensitive
Any coating with a viscosity
and viscoelasticity contrast Andy coating with an optical
with
the
surrounding constrast with the surrounding
Applicability
medium
medium
QCM damping is reflective
of the viscoelasticity of a
Other functions
coating
Liquid phase frequency Refractive index of the coating
response is complicated for must 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 depend on the instrument fabrication and the
value provided here is for the devices used in this study: QCM-D apparatus (model E4, QSense AB, Göthenburg, Sweden) and SPR-Navi device (KSV, Instruments OY, Helsinki,
Finland).

Figure 2.1 The principle of SPR
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2.1 Short Peptides as Affinity Ligands
2.1.1

Overview

Affinity techniques are among the most efficient methods to purify and detect
biomolecules (1). Due to their high specificity, monoclonal antibodies are the most common
ligands currently used in affinity techniques. Short peptide ligands with sufficient specificity
can have many advantages over antibodies for purification or detection purposes. Short
peptides are more stable than monoclonal antibodies because they do not require a specific
tertiary structure to maintain their biological activity. The manufacture of short peptides can
be scaled-up under good manufacturing practices (GMP) conditions at relatively low cost.
The interactions between small peptides and proteins tend to be moderate so that the target
protein can be eluted under mild condition without a detrimental influence on protein activity
(2).
Short peptides have already been successfully screened and identified from peptide
libraries in our group for the purification or detection of S protein (3), von Willebrand factor
(4), alpha-1 proteinase inhibitor (5), fibrinogen (6), alpha-lactalbumin (7), staphylococcal
enterotoxin B (8), human IgG (9) and porcine parvovirus (10).
Although the peptide ligands identified for the different proteins were screened using the
same general methodology, the final results obtained were somewhat variable. Some peptide
ligands identified by library screening show high high specificity to their target protein. That
is the case for peptide YNFEVL and s-protein (3). Other peptide ligands behave as pseudoaffinity ligands, displaying dissociation constants (Kd) in the range of 10-5 to 10-8 M with
their target proteins. An example of this behavior is the peptide ligand RLRSFY and von

13

Willebrand factor (vWF) (4). In general, pseudo-affinity peptide ligands are more suitable
for the capture or concentration of the target molecule at an early stage in purification, while
the more specific peptide ligands can be efficient for purifying the protein in one step, but
usually it is placed in the later stages to maximize the efficiency of the affinity column (2).
Generally, ligand-target interactions for short peptide ligands are stronger than the pure
ion exchange or pure hydrophobic interactions, since the affinity interaction between the
peptide ligands and target biomolecules is the result of the interactions of each amino acid in
the peptide sequences with the biomolecules. Any charged amino acid in the peptide ligand
tends to form ionic interactions with the target molecule, while the amino acids in the ligand
with hydrophobic groups interact with the hydrophobic patches on biomolecules (2). For a
specific peptide ligand, the interaction could be ion-interaction dominated or hydrophobicinteraction dominated and, in some cases, the dominant force could change with the solvent
conditions. For instance, the interaction between WHWRKR and alpha-lactalbumin at low
temperatures is dominated by electrostatic interactions, while, as the temperature increases,
hydrophobic interactions become the dominant binding mechanism (11).
2.1.2

Characterization of Peptide Ligands by Kinetics and Thermodynamics Analysis

As mentioned above, peptide ligands with different bio-selectivity to targets biomecules
could play different roles in purification processes. In addition, these affinity interactions
between peptide ligands and target biomolecules could have different characteristics. In order
to optimize the performance of these peptide ligands for bioseparation or detection, these
peptides need to be well characterized. Our research group has made extensive efforts to
characterize these peptide ligands by quantification of the thermodynamic and kinetic
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parameters of the interaction between peptide ligands on chromatographic resins and target
biomolecules under different conditions. It has been found that the affinity of the peptides to
target biomolecules can depend on the variation of experimental conditions including peptide
density (2-4, 8, 12), pH (4, 11-12), temperature (11, 13), and salt concentrations in the buffer
(4).
In previous studies of the adsorption isotherm of target proteins to ligands on porous
chromatography resins the adsorbed amounts of target biomolecules under different
conditions were determined by mass balance (3, 11-12, 14-16). This is an indirect method of
measuring the amount of protein adsorbed, and can generate a significant error when the
change of protein concentration due to adsorption is small compared to the unbound protein
concentration. The kinetic parameters of affinity binding to peptide ligands on resins were
studied by dynamic adsorption experiments carried using high performance liquid
chromatography (HPLC). Different models have been employed to describe the solute
transport within the chromatography column to get the intrinsic kinetic parameters. A lumped
kinetic model was employed for the study of the adsorption kinetics of fibrinogen that binds
to the short peptide FLLVPL (13). In this work, columns with varying peptide densities were
challenged with a fibrinogen solution at a constant flow rate. The concentration of the exit
stream was measured continuously as a function of time. The shapes of the breakthrough
curves were modeled using the lumped kinetics model that took into account axial dispersion,
interparticle mass transfer and intraparticle diffusion, and the rates of adsorption and
desorption of the protein to the surface. All the mass transfer parameters were estimated from
correlations or measured directly, and the only remaining parameter in each run was the
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adsorption rate constant onto the resin. The rate constant for adsorption was obtained by
finding the best fit to the breakthrough curve. The resulting analysis showed that the
adsorption rates were indeed rate-limiting and that the rate of adsorption was relatively
independent of peptide density. Although the lumped kinetics model threw a light on the
understanding of the relationship between adsorption rate and peptide density, it was found
that the capacity and association constant derived from the fitting of the experimental
breakthrough data with this model was inconsistent with equilibrium experiments (13, 17). A
more sophisticated effort using the General Rate Model of chromatography was shown to fit
well with experimental results in the analysis of Staphylococcal enterotoxin B (SEB) binding
with peptide ligand YYWLHH (15, 18). Generally, the reliability of the final results for the
kinetics of adsorption and desorption depend on the accuracy of the transport models and the
estimation of the mass transfer parameters.
In summary, the affinity interaction between peptide ligands and biomolecules have been
studied by indirect methods, batch adsorption mode and chromatography techniques, which
may lead to significant errors under certain situations. New methods that can directly monitor
the affinity interactions occurring at liquid-solid interface can lead to more detailed
information on the nature and rates of these interactions.

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 important role in research on biointeractions
during recent years (19-20). Compared with traditional detection methods, such as filter
binding assays, radioimmunoassays and enzyme-linked immunosorbent assays (ELISAs),
biosensors are fast, simple and relatively inexpensive. Biosensor systems can directly
monitor the macromolecular interactions happening on solid-liquid interface in real time. In
addition, the mass transport processes within these systems are generally simpler than those
in a chromatography column; consequently, the interpretation of the dynamic adsorption
behavior could be relatively easier.
A biosensor is basically a chemical or mass sensor in which the analytical signal is
generated by the bio-affinity elements immobilized or physically adsorbed on a transducer
(21-22).

During the design of an affinity biosensor, the following aspects need to be

carefully taken into consideration: the properties of the affinity recognition elements
(ligands), the mechanism of signal transduction, and the method of immobilization. This
research focuses on short (hexamer) linear peptide ligands. The mechanism of signal
transduction and the method of immobilization are discussed in the following paragraphs.
Biosensors can be divided into several types depending on the different transduction
mechanisms: thermal, optical, electrochemical, acoustic, or piezoelectric (23). Currently,
there is a trend to combine surface detection techniques based on different transduction
mechanism, which provides different perspectives on binding events occurring at interface
(24-26). In this research, attention is focused on two kinds of techniques: surface plasmon
resonance (SPR) and quartz crystal microbalance with dissipation (QCM-D). The features of
QCM and SPR techniques are summarized in Table 2.1. The most important difference
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between SPR and QCM methods is that SPR measures the dry mass of biomolecules
adsorbed on the surface, while QCM measure the total mass on the surface, including the
water and ions associated with the biomass (27-28). In general, SPR is more quantitative than
QCM, while the advantage of QCM over SPR is its capability to provide a qualitative
measure of the viscoelastic properties of the adsorbed protein layer (24). The combination of
these two techniques can provide more reliable and complementary data. The principles and
applications of these two techniques are presented in detail in the following sections.
2.2.2

Principle of QCM and Its Applications

QCM sensors consist of a thin slice of a single crystal of quartz sandwiched between two
metal electrodes, housed in a sealed package that provides a means of connection to a circuit.
An alternating electrical voltage applied to these electrodes causes the quartz to vibrate, or
oscillate, at its resonant frequency. This frequency is dependent on the mass of the crystal as
well as the mass of any layers confined on the surface of the electrode areas of the crystal.
When the electrical field applied to the quartz crystal is turned off, the oscillation of the
crystal attenuates as a result of the energy lost during oscillation. The dissipation factor, D, is
the sum of all the energy lost in the system per oscillation cycle (29). The dissipation
depends on the interaction between the film, the sensor surface and the properties of the
adsorbed film. When the film on the electrodes of crystal is slippery or when the film is
viscous, more energy will be dissipated by friction during the oscillatory motion induced in
the film. As a result, the dissipation factor D provides an indirect measure of the flexibility of
the adsorbed film.
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The merits of the QCM technique are primarily its simplicity and sensitivity (in the ng cm2

range). Sauerbrey reported a linear relationship between the frequency decrease of an

oscillating quartz crystal (∆f) and the bound elastic mass of deposited metal, ∆m (30),

∆f = −

2 f 02 ∆m

(ρ

q µq )

1/ 2

A

2-1

where f0 is the fundamental resonance frequency of the quartz crystal, ρq is the specific
density of the quartz (2.648 g cm-3), µ q is the shear wave velocity in quartz (2.947×1011 g
cm-1 s-2 for AT-cut quartz crystals) and A is the measuring area.
The Sauerbrey equation was derived based on two assumptions: (1) the film is rigid (no
internal friction in the added mass); (2) the film is coupled perfectly to the oscillatory motion
of the quartz crystal (no slip between the film and the crystal electrode).
For rigid, evenly distributed, and sufficiently thin adsorbed layers, the Sauerbrey equation
has indeed been shown to provide a good approximation (31-32). However, for soft adsorbed
films, this is not the case anymore, due mainly to two potential reasons: the first one is
connected with the propagation of the shear acoustic wave in a viscoelastic film. For a
sufficiently thin and rigid adsorbed film, the adsorbed layer acts as a “dead” mass on the
piezoelectric oscillator. On other hand, for a viscoelastic or thicker film coupled on oscillator,
the change of frequency is not directly proportional to change of mass. In other words, the
effectively coupled mass depends on how the oscillatory motion of the crystal propagates
into and through an adsorbed viscoelastic film (33-34). The second reason of the failure of
the Sauerbrey relation is the solvent, which, in most cases, is water. In QCM measurements,
water (or any other liquid or solvent molecules) may couple as an additional mass via direct
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hydration, viscous drag, or entrapment in cavities in the adsorbed film, which contributes to
the overestimation of the mass from the Sauerbrey equation. The typical amount of coupled
water in different systems has been shown to add a significant variation and it depends on the
nature of the film. The mass-uptake estimations could be 1.5 to 10 times larger than the
molar mass (27, 29, 34-37).
Early chemical applications of QCM involved monitoring of mass and film thickness in
coating equipment in vacuum and on investigating the adsorption in gas phase (32). In the
1980s, solution-based QCM was developed and it found more applications in mainly two
fields: electrochemistry and biotechnology. In the area of biotechnology, QCM has been used
to measure protein adsorption kinetics (38), protein conformation analysis (24, 39), antibodyantigen interactions (40-41), nucleotide hybridization (26), nucleotide-protein interactions
(42-43), and bacteria (44) and cell adsorption (25). In liquid-phase measurements, the QCM
is not a simple mass sensor, but provides valuable information about reactions and conditions
at the liquid-solid interface.
2.2.3

Principle of SPR and its application

Surface plasmon resonance is an optical technique that is widely recognized as a valuable
tool in the investigation of biomolecular interactions (45). It can monitor the dynamic
processes occurring on the surface in real time and provide kinetic and thermodynamic data
(46-47).
A surface plasmon is a longitudinal charge wave that propagates along the interface of
two media with very different optical densities such as metal and water. The attenuated total
reflectance (ATR) configuration developed by Krecthmann (as shown in Figure 1) is widely
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used in most SPR instruments. A monochromatic, p-polarized light traveling through an
optically dense medium (glass) reaches an interface between this medium and an optical
medium with lower density (buffer) and then reflects back into the denser medium (Figure
1). Under conditions of total internal reflection, most of the light will be reflected back into
the higher-density medium but there is still a small portion of light, the evanescent wave, that
penetrates the interface into the less-dense medium a distance of approximately one
wavelength (48). The evanescent wave vector can be expressed in the form,
K ev =

w0
η g sin θ
c

2-2

where, w0 is the frequency of incident light, c is the speed of light in a vacuum, η g is the
refractive index of the dense medium, and θ is the angle of incident light. The wave vector
corresponding to the surface plasmon is expressed by the formula,

K sp =

w0
ε mη s2
ηg
c
ε m + η s2

2-3

where, η s is the refractive index of the dielectric medium on the top of the sensor surface,
and ε m is the dielectric constant of the metal film.
When the incidence angle of the light is chosen in such a way that the magnitude of the
evanescent wave is equal to that of the surface plasmon wave vector,
K ev = K sp

2-4

the evanescent wave of the light can couple with the plasmon in the metal film. In other
words, the surface plasmon is resonantly excited.

In this situation, the incident light

dissipates energy into the metal film. As a result, the intensity of reflected light is reduced
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and forms a dip (49). Since K ev is a function of the refractive index of the dielectric
medium η s , η s can be measured by recording the change of this incident angle satisfying the
condition required for surface plasmon resonance.
When binding events occur on the surface, the adsorbed protein molecules replace the
buffer solution close to the sensor surface. The difference between the refractive index of the
adsorbed protein molecules and that of the buffer solution replaced will be detected by SPR.
There is no difference between the water molecules attached on the surface of proteins or
entrapped in the adsorbed protein layer and those in buffer solution replaced by the adsorbed
protein layer. Consequently, water molecules within the adsorbed protein layer cannot be
detected by the SPR. In other word, the mass measured by SPR is “dry mass”.
As an optical technique used for the study of affinity interactions, SPR has been
developed in the 1980’s (50). After that, SPR has played a significant role in the research of
biomolecules and their interactions. In the past decades, SPR has also been increasingly used
for detection and identification of chemical and biological substances (45).
2.2.4

Importance of Surface Preparation for Ligand Immobilization

Biomolecules can be immobilized on sensor surfaces by physical adsorption, covalent
bonding, crosslinking, entrapment, or encapsulation. Among those methods, adsorption and
covalent bonding are the most commonly used (28, 51).

Physical adsorption of the

biocomponent based on van der Waals attractive forces is the simplest method available and
it is feasible for various substrates. However, this method does not provide high surface
density of affinity elements, and the adsorbed biomolecules could be lost through changes in
pH, ionic strength, or temperature due to adsorption reversibility (51-52). Covalent bonding
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to the surface can lead to slight modifications of the biomolecules, but, this approach results
in more stable surfaces, and is more reliable and reproducible DNA-based formation of a
supported, three-dimensional lipid vesicle matrix probed by QCM-D and SPR (53-55).
For covalent bonding, generally the substrates need to be modified to introduce active
groups such as carboxyl, thioacetyl, hydroquinone, or epoxide groups for the immobilization
of biomolecules (56-59). Self-assembled monolayers (SAMs) are one of the most convenient
methods to modify the sensor surface. A SAM is a molecular assembly obtained by
immersion of an appropriate substrate into a solution of a surfactant in organic solvent (60).
This simple process makes SAMs technologically attractive for the functionalization of
sensor surfaces with active groups.
There are several types of SAMs and among them two kinds, organosilicon on
hydroxylated surfaces, and alkanethiols and dialkyl disulfides on gold and other noble
metals, are the most common methods for biomolecule immobilization (60-61). Due to their
simplicity and versatility, the SAMs of alkanethiols on gold have been the most studied
SAMs.
The structure of these SAMs is now well established (62). Sulfur compounds have a
strong affinity for transition metal surfaces (63). For an alkanethiols with an alkyl chain
longer than 10 carbon atoms, it is possible to obtain very ordered layers, with few defects,
depending mostly on the irregularity of the gold surface (31, 62, 64-65). The terminal
functional groups of o-substituted alkane thiols dominate the properties of the interfaces
between the SAMs and the contacting liquids and these groups offer great versatility to
covalently immobilize biological molecules, such as peptides or proteins on sensor surfaces.
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Chemisorption of alkanethiols as well as of dialkyl disulfides on clean gold gives
indistinguishable monolayers. The rates of formation of SAMs from dialkyl disulfides or
alkanethiols are also indistinguishable, but the rates of replacement of molecules from SAMs
by thiols are much faster than by disulfides (60).
SAMs

of

alkylchlorosilanes,

alkylalkoxysilanes,

and

alkylaminosilanes

require

hydroxylated surfaces as substrates, such as silicon oxide, aluminum oxide, quartz, glass,
mica, and zinc selenide, for their formations. The driving force for this self-assembly is the
formation of polysiloxane, which is connected to surface silanol groups (-SiOH) via Si-O-Si
bonds (61). The control of the quality of the SAMs of silanes is generally harder than that of
alkanethiols. The formation of silane SAMs is sensitive to water. While incomplete
monolayers are formed in the absence of moisture on substrate, the excess water results in
facile polymerization in solution and polysiloxane deposition of the surface (60). The
advantage of SAMs of silane over those of alkanethiols is their relatively higher stability
(61).
Besides the introduction of active groups for immobilization of biomolecules, there are
other two objectives of surface modification. First, adding a spacer arm on top of a substrate
is desirable to enhance the availability of the ligands on the surface of the modified layer.
Spacer arms have been widely used in affinity chromatography or membranes for
bioseparations. They can play a significant role in the affinity interaction between ligands on
solid surfaces and biomolecules in solution, especially for small ligands, and this effect could
be even more critical when the active site of the target molecule is located in a pocket (1, 66).
A good spacer arm should have just enough length to facilitate the formation of ligand and
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target biomolecule complex. If no spacer arm, or too short a spacer arm is used, it might be
hard to form the complex of ligand and target molecule due to steric hindrance; if it is too
long the density of ligand could be low and nonspecific binding to spacer arm could become
predominant over the affinity interaction (66). The other objective of surface modification is
to minimize the background noise from the nonspecific binding of proteins and other species
in the bulk solution. Poly (ethylene glycol) (PEG) is well-established as one of the primary
components in nonfouling film chemistry. The resistance of PEG coated surfaces to
nonspecific binding is dependent on the molecular weight of the PEG and the resulting
packing density of the PEG chains (67). In addition, PEG is also a good candidate spacer
arm, since PEG brushes have a high flexibility in biological media. Consequently, materials
including PEG composite have been widely applied to modify surface for bio-application
(68-72).

2.3 Potential Applications of Fc-specific Hexamer Peptide Functionalized
Biosensor
2.3.1

Fc-specific Peptide Ligand for IgG Purification

Antibodies, also known as immunoglobulins (Ig), are glycoproteins produced by white
blood cells, each having a special antigen-binding pocket that is sensitive to specific parts of
an antigen protein. The human immunoglobulins account for approximately 20% of all
proteins in human plasma, and can be divided into five classes or isotypes: IgG, IgA, IgM,
IgD, and IgE. Among them, IgG is the most abundant class of Igs in the body, constituting
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approximately 75% of the total immunoglobulins at an average concentration of 12 mg/ml in
adult blood (73).
As shown in Figure 2.1, IgG has a Y-shaped structure with the molecular weights of the
heavy (H) and light (L) chains being 50 and 25 KDa, respectively. Although the general
structures of IgGs are very similar, a small region at the tip of the protein is extremely
variable, allowing millions of IgGs with slightly different tip structures, or antigen binding
sites, to exist. As shown in Figure 2.1, the “V” label indicates a variable region where the
amino acid composition varies with the response antigens, while the “C” label denotes a
constant region where the amino acid composition is relatively invariant for IgGs. Starting
from the amino terminus, the L chains include the VL and CL domains while the H chains
encompass the VH, CH1, hinge, CH2, and CH3 regions. The V regions of both heavy and
light chains are responsible for antigen binding by forming a pocket with six loops. The C
region is engaged in a variety of effector functions (74).
IgG and its fragments have found a wide array of applications as pharmaceutical
compounds, in addition to their common usage in the purification and localization of proteins.
Conventionally, IgG preparations have been produced exclusively by precipitation
techniques, preferably involving cold ethanol fractionation. In recent years, however,
chromatographic steps have been introduced into the downstream of the ethanol fractionation
steps (75). Ion-exchange chromatography, hydrophobic interaction chromatography, sizeexclusion chromatography, and affinity chromatography have all been involved in IgG
capture and purification and, among them, affinity chromatography allows the possibility of
obtaining several fold purification with high recovery in fewer steps (76).
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Staphylococcus aureus Protein A and Streptococcus Protein G are the most common
affinity ligands for IgG purifications and detections (76-77). However, the drawbacks
associated with these two protein ligands, including high cost and low stability, have given
rise to the searching for alternative affinity ligands for antibody purification (76, 78). Special
attention has been paid to the use of small ligands for affinity purification of antibodies due
to their advantages of being more stable (no three-dimensional structure), less immunogenic,
and less expensive than large protein ligands. Some synthetic small ligands have been
extensively studied for IgG purification and detection, such as the hydrophobic charge
induced ligand MEP (4-mercapto ethyl pyridine) (79), the Protein A mimetic peptide KaptivGY based on the sequence (RTY)4K2KG (TG19318) (80) and a synthetic ligand MAbSorbant
A2P derived from a triazine derivative ligand 22/8 (81). However none of these ligands that
bind to antibodies behaved like Protein A in their binding specificity to the Fc fragment. The
ability to bind through the Fc fragment is an important function since it allows the ligand to
be used as a universal ligand for whole antibodies and Fc-fusion proteins, potentially
diminishing the time required to develop separation processes for new antibodies.
Three hexamer peptide ligands, HWRGWV, HFRRHL, and HYFKFD, identified by our
group, were the first reported short peptide ligands that were able to mimic the binding
specificity of Protein A to the Fc fragment of human IgG (hIgG) (9). The performance of the
peptide HWRGWV for the purification of hIgG in complex fluids has been extensively
studied and characterized. An HWRGWV resin with a peptide density of 0.08 meq g-1 of dry
resin was able to purify hIgG from mammalian cell culture media containing 10% fetal calf
serum (cMEM) with both purity and yield as high as 95%, comparable to Protein A and A2P
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agarose gels (12). The ligand also demonstrated its ability to isolate hIgG from Cohn II+III
paste and yields of 82% and purities of 73% were obtained in one step. Bound IgG can be
eluted under milder conditions than with Protein A, with the target molecule being released
from the resin at pH 4, in contrast to the typical pH 3.0 elution using Protein A. The ligand
was found to bind to IgG from different organisms, including bovine, murine, goat, and
rabbit IgGs. The peptide also displayed affinity to different subclasses of IgG, such as HIgG1,
HIgG2, HIgG3, and HIgG4.
2.3.2

Potential Application for IgG Concentration Quantification

Quantification of immunoglobulin concentrations in serum is one of the basic tools
commonly used for investigating abnormalities relating to the immune system and exposure
to infectious disease in humans and domestic species (73, 82). Besides serum, other body
fluids, including urine, saliva, milk and especially colostrums are all possible samples that
can be subjected to immunoglobulin quantification assays (73). Classical measurements of
hIgG involve techniques such as fluorescence immunoassays, radioimmunoassays (RIA) and
enzyme-linked immunosorbent assays (ELISA). However, they are time-consuming and need
labeling of biomolecules. For clinical diagnostics purposes, ELISA-based assays are only
employed for the measurement of antibody production against defined pathogens or antigens
for the investigation of suspected immunodeficiency (82). There are three types of assays,
(immunodiffusion, nephelometric, and turbimetric) commonly used by clinical immunology
laboratories to quantify human IgG, IgA, IgM, IgE and the kappa and lambda light chains of
Igs (73). The principle of these assays is similar, with highly avid antibody reagents added to
the sample containing immunoglobulins to form immune complexes, which are subsequently
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detected visually or by light-scattering techniques such as immunodiffusion, nephelometry,
or turbimetry. A variety of immunological reagents are used in clinical assays for the
quantification of human immunoglobulins. In the early years, polyclonal antibodies were
extensively used and more recently, well documented murine monoclonal antibodies have
become available. They are highly specific for human immunoglobulin and especially useful
in quantifying the amount of human IgG and IgA subclasses, where maximal specificity is a
requirement (73).
Besides diagnostic applications, the quantification of immunoglobulin is also important
for antibody production and dairy production. Several online immuno-monitoring systems
have been successfully developed for the measurement of hIgG based on turbidimetric assays
(83) and fluorescence measurements (84).
Biosensors have attracted wide-spread attention in the field of immunoglobulin
quantification in recent years for many reasons such as simple instrumentation, fast
operation, and high sensitivity and selectivity. Meanwhile, several biosensors have been
developed for measurement of hIgG, including piezoelectric (85) and piezomagnetic
biosensors (86), surface plasmon resonance biosensors (87-88) and electrochemical
biosensors such as amperometric biosensors (89) and potentiometric biosensors (90). The
majority of hIgG detection methodologies employed biosensor techniques are based on the
protein A or protein G sensing platform. However, in spite of its high selectivity, protein A
has some drawbacks such as its high cost, relatively low stability and the difficulty to
immobilize it in the proper orientation (91). As mentioned early, the hexamer peptide ligand
HWRGWV has a similar binding capability as protein A, and as a small ligand, the
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immobilization of HWRGWV in the right orientation is much easier. This ligand is a good
candidate to replace protein A for the production of a biosensors for immunoglobulin
quantification.
2.3.3

IgG Oriented Immobilization and Potential Application in Immunosensor
Fabrication

As mentioned earlier, the peptide ligand HWRGWV was found to bind the Fc fragment of
IgG, which is the conserved part of the molecule. The binding site was, however, different
from that for Protein A and Protein G attachment (91). According to mass spectrometry data,
the hexamer peptide ligand HWRGWV binds to the pFc portion of hIgG. Figure 2.3 shows
the result of a docking calculation using the HADDOCK (High Ambiguity Driven Docking)
program indicating that HWRGWV binds to the Ser383-Asn389 (SNGQPEN) motif on the
Fc fragment of hIgG. The binding of the loop to HWRGWV is specific, involving several
forces of hydrogen bonding, hydrophobic, and possibly electrostatic interactions (92). Since
the binding site is at the base of the Fc fragment, it is possible that when HWRGWV binds to
hIgG it may orient the antibody at the interface in such a way that the variable region for
antigen binding, the Fab fragments, will be more accessible to binding antigen in solution.
Orientation of IgG is critical for its applications for immunoassays and immunosensors.
For immunoassay or immunosensor applications, the antibodies need to be immobilized onto
a solid surface. The simplest method is a non-covalent adsorption of antibodies on surfaces.
However, many studies over the past few years have proven that these types of procedures
generally denature the majority of adsorbed antibodies (93-95). Alternatively, proteins can be
covalently coupled to chemically activated surfaces through the reaction of lysine side chains

30

on the protein surface. IgGs can be directly coupled to amine-reactive surfaces (41, 96) or
they can be biotinylated using NHS-activated biotin and then immobilized onto streptavidin
(SA)-coated surfaces (95). Covalent immobilization could reduce the chances of denaturation,
but the random attachment can cause the lost of binding activity of IgGs to antigens due to
the following reasons. First, the antigen-binding site could be modified during the chemical
modification of IgG. Second, the steric hindrance from the substrate and adjacently
immobilized antibodies reduce the availability of immobilization IgG to antigens. Third,
since there are multiple binding sites on the protein surface, IgG could be immobilized by
multiple covalent bonds which could increase the chance of denaturation. For these reasons,
antibodies are sometimes specifically immobilized onto surfaces such that the antigenbinding site is oriented away from the surface itself. Specific orientation can be accomplished
by using an intermediate protein that binds to the Fc region of antibodies (97-99). The
intermediate protein can be protein A or protein G to capture and orient IgG on solid surface.
This type of immobilization strategy can result in a significantly higher fraction of active
antibodies. As mentioned earlier, the short peptide HWRGWV has similar IgG binding
behavior as protein A, while has several advantages over these protein ligands.
Consequently, it could be an alternative to replace protein A and protein G for the application
of immunoassay and immunosensors.
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Measurement
Response range
Intrinsic
sensitivity*
Environmental
effect

Table 2.1 Comparison of QCM and SPR
QCM
SPR
Total mass
Dry mass
Å - µm
Å - 300 nm
1Hz ~ 17.7 ng cm-2

1 millidegree ~ 0.64 ng cm-2

Sensitive
Less sensitive
Any coating with a viscosity
and viscoelasticity contrast Andy coating with an optical
with
the
surrounding constrast with the surrounding
Applicability
medium
medium
QCM damping is reflective
of the viscoelasticity of a
Other functions
coating
Liquid phase frequency Refractive index of the coating
response is complicated for must 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 depend on the instrument fabrication and the
value provided here is for the devices used in this study: QCM-D apparatus (model E4, QSense AB, Göthenburg, Sweden) and SPR-Navi device (KSV, Instruments OY, Helsinki,
Finland).

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. The enzymatic fragments Fab, Fc,
F(ab’)2, Fc’ and pFc are indicated below the diagram.

Figure 2.3 IgG and hexamer peptide ligand HWRGWV binding model from HADDOCK
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Chapter 3. Modification of Silica Surfaces for Bioanalytical Applications
via Self-Assembly and Covalent Attachment of Amine-Terminated PEG
Chains
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Abstract
Flat silica surfaces were modified by the addition of short polyethylene glycol chains at
high density, and terminated by the addition of primary amine functional groups. This kind of
construct can be used to immobilize biomolecules, allowing for its use in fundamental studies
of surface interactions between immobilized biomolecules and their targets.
A self-assembling monolayer (SAM) of 3-amino-propyl triethoxy silane (APTES) was
formed on the silica surface as an initial anchor layer, then short chains of polyethylene
glycol with Fmoc-protected amine groups at one end and carboxyl groups at the other end
were coupled to the silane SAM to reduce nonspecific binding. The amine groups at the end
were liberated by Fmoc deprotection, to make them available for immobilization of
biomolecules. The estimated surface chain density from ellipsometric thickness measurement
of PEG chains and amine groups is 2.74 chains nm-2. The modified surfaces were
characterized by time of flight-secondary ion mass spectroscopy (ToF-SIMS). The presence
of peaks from the Fmoc group in the spectra of the sample before deprotection provides
direct evidence of successful immobilization. The pK1/2 of the amine group on the surface,
determined by contact angle titration, is around 7, a value that is much lower than that of its
free analogue in solution.
The amount of protein adsorption on the modified quartz surface was determined by
quartz crystal microbalance (QCM) measurements. Although there is some nonspecific
protein adsorption on the modified surfaces with the PEG layer terminated by amines, the
adsorption amount is much lower than that on bare silica surfaces and on the silica surfaces
modified only with APTES. The protein adsorption results on the surface with free amine
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groups are dependent on the pH and they are consistent with isoelectric point measurements
by contact angle titration.

3.1

Introduction

Bioactive surfaces have numerous potential applications, including affinity bioseparations,
diagnostics and biosensors, proteomics, biochips and bioreactors. Biomolecules can be
immobilized on the substrate by physical adsorption, covalent bonding, crosslinking,
entrapment, or encapsulation. Among those methods, adsorption and covalent bonding are
the most commonly used. Physical adsorption of the biocomponent based on van der Waals
attractive forces is the simplest method available and it is feasible for various substrates.
However, this method does not provide high surface density of affinity elements, and the
adsorbed biomolecules could be lost through changes in pH, ionic strength, or temperature
due to adsorption reversibility (1-2).
Covalent bonding to the surface can lead to slight modifications of the biomolecules, but,
this approach results in more stable surfaces, and is more reliable and reproducible (1, 3-5).
For covalent bonding, generally the substrates need to be modified to introduce active groups,
such as carboxyl, thioacetyl, hydroquinone, or epoxide groups for the immobilization of
biomolecules (6-9). In addition, adding a spacer arm on top of substrate is desirable to
enhance the availability of the ligands on surface and to reduce nonspecific binding of
proteins and other species from the bulk solution. Polyethylene glycol (PEG) is a good
candidate spacer arm, since PEG brushes have a high flexibility in biological media, and can
help minimize nonspecific protein binding and cell adhesion on surfaces (2, 10-12). The
resistance of PEG coated surfaces to nonspecific binding is related to the molecular weight of
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the PEG and the resulting packing density of the PEG chains (13). High chain densities on a
surface can be achieved by various methods, including alkanethiol-based self-assembling
monolayers (SAM) on gold surfaces. Whitesides and colleagues (13-15) studied alkanethiols
with various functional groups including oligo(ethylene glycol) and demonstrated that SAMs
containing othis compound resist the adsorption of proteins. Mrksich and colleagues (13-15)
successfully applied these kinds of oligo(ethylene-glycol)-coated surfaces to the
immobilization of proteins and peptides on sensors. One potential limitation of a thiol SAM
is its tendency to be slowly oxidized after prolonged exposure to air and light (16-17) or to
buffer for days or weeks. In addition, the formation of thiol SAMs is only viable for noble
metal substrates.
Beside SAMs on gold surfaces, other approaches have been taken for the modification of
substrates for high chain density of PEG chains with functional groups. Jaehne and coworkers (6) modified titanium oxide surfaces with carboxy-terminated oligo(ethylene
glycol)-alkane phosphate but the resulting density of PEG chains of 2.03 molecules nm-2 was
not as high as expected. Zhu and colleagues functionalized Cl-terminated silicon surfaces
with high-density PEG chain ends with hydroxyl groups for the immobilization of
oligonucleotides (18).

These surfaces are not very stable under strong acidic or basic

conditions, but the problem was resolved by using multiple-arm PEGs in the study of the
immobilization of poly histidine-tagged proteins by the affinity interaction with Cu2+ ions
chelating with iminodiacetic acid groups at the end of PEG arms (19). Several arms of
multiple-arm PEGs reacted with the Si-Cl surfaces, enhancing the stability of the PEG layer
on the surface.
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In this study we focused on the formation of high density of PEG chain coatings with
amine groups as functional groups for immobilization onto silica surface. Our main interest
here was to obtain amine-terminated chains on the surface for the immobilization of small
peptide ligands through their carboxyl groups. As far as we are aware, the only prior work
in this area is that of Howorka and colleagues (20) who modified glass surfaces with PEG
chains ending with amine groups for the fabrication of DNA oligonucleotide microarrays. In
their work, they grafted high density PEG-diamine (MW 2000) on SAMs of 3glycidoxypropyl trimethoxysilane (20). In this approach, both ends of the PEG-diamine can
react with the SAM on the surface, thus reducing the number of terminal amines potentially
available for attachment of biomolecules. To reduce this effect, a large excess of the diamine
is necessary during the coupling reaction.
Our interest is to study the affinity interaction of high density peptides immobilized on the
surface through their carboxyl terminals with target proteins in complex biological media. To
this end, this paper describes the modification of quartz silica surfaces via the formation of a
self-assembling monolayer of APTES, followed by reaction with a PEG compound with
Fmoc protection on the amino end and a free carboxyl end that was used to react with the
free amine on the APTES. We used a smaller molecular weight PEG than that used by
Howorka and colleagues in an effort to obtain a higher chain density. In addition, the
carboxyl-amine reaction with the Fmoc-protected PEG helped to ensure the availability of
the free amine at the end of the PEG after the deprotection of the Fmoc. This paper presents a
detailed analysis of the surface properties of this PEG-modified quartz via ellipsometry to
estimate the chain density, contact angle titration to measure the pK1/2 of the surface amino
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groups, ToF-SIMS to verify that the surface modification steps have successfully gone to
completion, and nonspecific protein binding studies of the modified surface with free amines
to verify that the protein adsorption is dependent on electrostatic interactions with the amine
groups as expected. This paper will lay the groundwork for additional studies involving the
attachment of peptides to these surfaces through their carboxyl termini.

3.2

Materials and Methods

3.2.1

Materials

Anhydrous toluene (99.8%), γ-amino-propyl triethoxy silane (APTES) (99%), N,Ndimethylformamide (DMF, ACS reagent, ≥99.8%), piperidine (biotech grade, ≥99.5%),
bovine serum albumin (BSA, ≥98%), ethanol (200 proof, absolute, for molecular biology),
phosphate buffered saline (PBS pH 7.4, monobasic sodium phosphate, dibasic sodium
phosphate, sodium chloride 0.138M, potassium chloride 0.0027M ) were obtained from
Sigma-Aldrich (St. Louis, MO) and used as received unless specified otherwise. Fmoc-11amino-3,6,9-trioxaundecanoic acid (Fmoc-mini-PEG-3TM) was obtained from Peptides
International,

Inc.

(Louisville,

KY).

Ethyl-3-(3-dimethylaminopropyl)

carbodiimide

hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were obtained from Pierce
(Rockford, IL). Nitrogen gas, purity 99.99%, was obtained from National Welders Supply,
Inc (Raleigh, NC). Deionized water (DI water, resistivity > 16 MΩ·cm) and Milli-Q water
(resistivity > 18 MΩ·cm) were obtained by using the Millipore water purification system
(Billerica, MA). Buffer solutions used for contact-angle titration measurements were 0.01 M
in concentration and were prepared using Milli-Q water and the following reagents: pH 1~2,
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hydrochloric acid/potassium chloride; pH 3~5, acetic acid/sodium acetate; pH 6~8
monobasic sodium phosphate/dibasic sodium phosphate; pH 9~10 sodium carbonate/sodium
bicarbonate; pH 11~12, dibasic sodium phosphate/sodium hydroxide. All the reagents used
to prepare the buffer solutions were obtained from Sigma-Aldrich (St. Louis, MO).
The buffers used for QCM experiment were the buffer prepared the same methods
mentioned above with the addition of sodium chloride and 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] orientation (Wafer World Inc., West Palm
Beach, FL) were cut into small pieces (~1 to 3 cm2), followed by removal of debris using
pressurized air. Silica-coated QCM sensors were obtained from Q-sense Inc. (Glen Burnie,
MD). The silica wafer slides and silica-coated QCM sensors were placed into an
ultraviolet/ozone (UVO) cleaner (Model 42, Suprasil lamp, Jelight Co., Irvine, CA) for 20
minutes. The lamp used was comprised of low-pressure quartz-mercury, with UV radiation
peaks at 184 and 254 nm, which can produce mono- and di-atomic oxygen. Atomic oxygen
cleans any hydrocarbon impurities present on the sample surface by oxidation, producing
gaseous CO and CO2. In addition, atomic oxygen can increase the density of – OH groups on
the silica surface which is the attachment point for silane molecules (21).
3.2.3

Surface Modification

The cleaned surface of the silica wafer slides or QCM sensor were modified using the
approach illustrated in Figure 3.1. The first step was to form a self-assembled monolayer of
APTES on the silica surface. The cleaned substrates were immersed into 1 wt% APTES
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solution in anhydrous toluene at 60°C for 5 minutes. The samples were then rinsed with
toluene at least 5 times and sonicated in toluene for 5 minutes. After that, the samples were
rinsed sequentially with toluene, acetone, ethanol and DI water, then dried by nitrogen stream.
The silanization method was adopted from Petri and his colleague’s work (22).
The second step was to couple the carboxyl termini of the Fmoc-mini-PEG-3TM to the
primary amines on the SAM of APTES, using EDC and NHS as coupling agents (23). Fmocmini-PEG-3TM, EDC and NHS were dissolved in a mixture of 0.1M 2-(N-morpholino)
ethanesulfonic acid hemisodium salt (MES, pH 4.7, Sigma, St. Louis, MO, prepared using
Milli-Q water) and 200 proof ethanol in the ratio of 1:1 to final concentrations of 5, 2.5 and
3.75 mg ml-1 respectively. The samples with APTES layers were placed in this solution right
after drying and were kept immersed at room temperature overnight (~16 hours) with gentle
shaking. Samples were then removed from the solution, rinsed with ethanol, followed by
rinsing with DI water. The physically adsorbed Fmoc-mini-PEG-3TM remaining on the
surfaces was removed by sonication at 40 Hz (Branson ultrasonic cleaner, Model 2510,
Branson Ultrasonics Corporation, Danbury, CT) in a 1:1 mixture of DI water and ethanol at
room temperature for 5 minutes in ethanol. The samples were rinsed with ethanol and DI
water at least 5 times, and then dried with nitrogen flow.
Step 3 was to de-protect the amine group at the amino terminus of Fmoc-mini-PEG-3TM.
The Fmoc groups were removed by keeping the samples in 50% (v/v) piperidine solution in
DMF for 1 hour (24). Samples were then rinsed with DMF at least 5 times, further cleaned
by sonication at 40Hz in DMF for 5 minutes, and rinsed again with DMF 5 times. In some
experiments the amine groups were acetylated by immersing in a mixture of 10% (v/v) acetic
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anhydride in acetone and 0.5M sodium acetate aqueous solution, at a ratio of 1:10 at room
temperature for 2 hours. The surfaces were then rinsed with DI water and further washed
with an ultrasonic bath again by sonication at 40Hz in DI water at room temperature for 5
minutes. Samples were dried with a nitrogen stream and kept in vacuum before any further
characterization experiments.
For convenience, in this paper the surface samples obtained after each step will be referred
to as APTES (after formation of the SAMs), APTES-PEG3-NH-Fmoc (after attachment of
the Fmoc-protected PEG), and APTES-PEG3-NH2 (after deprotection of the amine).
3.2.4

Ellipsometric Film-Thickness Measurements

The thicknesses of the surface films on the silica surface after each step were estimated
with a Rudolph/Auto EL Ellipsometer equipped with a He-Ne Laser (λ=632.8 nm) with fixed
incidence angle of 70.0º (New Jersey, USA), using the refractive indices of Si, SiO2 and
APTES as 3.838, 1.462, and 1.424 respectively (22). For the PEG layer, it was assumed that
its refractive index was similar to that of APTES. The data presented are the averages of at
least 5 points with an error of ± 2 Å.
The grafted surface density (σ, chain nm-2) can be estimated from the thickness
measurement using
N A dρ 0 × 10 −22
σ=
Mw

3-1

where NA is Avogadro’s number; d (Å) is the measured film thickness, Mw (g mole-1) is
the molecular weight of the chain, and ρ0 (g cm-3) is the density of the layer (25). Since the
actual densities of the immobilized layers are unknown and they depend on the surface chain
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densities, the bulk density of APTES (0.946 g cm-3) and PEG layer (1.08 g cm-3, value
provided by supplier) were used. The grafted surface density calculated by this equation is
only a rough estimation due to the difference between the density of layer immobilized on
surface and that of bulk material.
3.2.5

Contact-Angle Measurements and Contact-Angle Titrations

Contact angle measurements were performed using a Ramé-Hart contact angle goniometer
(model 100-00, Ramé-Hart, NJ, USA) equipped with a CCD camera and analyzed with
Ramé-Hart software under ambient conditions. The advancing contact angle of DI water (pH
6.8) or aqueous buffer solutions with different pH values on modified silica surfaces were
measured. The buffers used for this experiment were described in 2.1. Before the acquisition
of contact angle data, the samples were immersed for 30 minutes into the buffer solution that
was to be used for measurement. After removal from the solution, the sample was briefly
rinsed with DI water, dried with a nitrogen stream and then mounted in the goniometer. The
advancing contact angles were read by dropping 4 µl of probing buffer solution onto the
surface. Each data point reported represents an average of five measurements on the same
sample, with an error smaller than ±1.5º.
3.2.6

Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS)

The ToF-SIMS measurements were performed on a PHI TRIFT I mass spectrometer
(Model 2100, Kanagawa, Japan). In order to detect chemical components within only 2~3 nm
deep from the top of the surface, static model was chosen. The experiment was operated at a
pressure below 1×10-8 Torr (1 Torr = 133Pa). A Ga+ source operating at 15keV and giving a
dc ion beam current of 1µA was used. Charge compensation was accomplished with a pulsed
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low energy electron flood gun. The estimated raster area was about 80×80 µm. The total
primary ion dose was maintained below 1013 ions cm-2. The mass resolution obtained under
these operating conditions was m/∆m> 5000 at m/z= 28, ∆m is the smallest mass difference
that can be resolved between two species. ∆m is about 0.056 amu in this study, which is high
enough to resolve some important peaks like C2H5O+(m/z 45.03) from SiOH+ (m/z 44.98).
Spectra for positive and negative ions were acquired within 5 minutes. The mass scales of
the positive and negative ion ToF-SIMS spectra were calibrated to the CH3+, C2H3+, Si+ and
CH-, CN-, and Si- peaks respectively, before further analysis.
The pure Fmoc-mini-PEG-3TM obtained from Peptides International Inc. without any
treatment was used as positive control for this experiment. Fmoc-mini-PEG-3TM is gel at
room temperature and it was spread into a thin film directly with a clean pipette tip on silica
wafer surface cleaned by UVO with the method described in section 3.2.2. In addition, there
are three samples obtained after each modification step, APTES, APTES-PEG3-NH-Fmoc,
and APTES-PEG3-NH2. Both positive and negative spectra were collected from each sample
and positive control.
3.2.7

Quartz Crystal Microbalance (QCM)

A commercial QCM-D apparatus (model E4, Q-Sense AB, Gothenburg, Sweden) was
used to measure the changes in the resonance frequency (∆F) and in the energy dissipation
(∆D) due to the protein adsorption process.
The QCM crystal (diameter 14 mm, 5 MHz) was excited to oscillation in the thicknessshear mode at its fundamental resonance frequency and odd overtones (n = 3, 5, 7, 9, 11, 13)
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by applying a RF voltage across the electrodes on both sides of crystal. The voltage applied
to the oscillating crystal was automatically switched on and off, and the crystal decays as an
exponentially damped sinusoidal function,
 t
q (t ) = A0 exp −
 τ


 sin (ωt + ϕ )


3-2

where q is the amplitude of ossification, t is time, τ is the relaxation time, φ is the phase
constant and ω is the oscillation frequency, from which the resonance frequency and the
energy dissipation can be calculated by the following two equations (26-27):
D=

F=

2

3-3

ωτ
ω
2π

3-4

The Q-sense software numerically fits the amplitude and gives out the value of F and D.
Classically, the Sauerbrey relationship (28) has been used for quantitative determination
of mass deposited on the crystal surface,
∆f = −

2 f 02 ∆m

n(ρ q µ q )

1/ 2

A

=

1 ∆m
nC A

3-5

where f0 is the fundamental resonance frequency of the quartz crystal, ρq is the specific
bulk density of the quartz (2.648 g cm-3), µ q is the shear wave velocity in quartz (2.947×1011
g cm-1 s-2 for AT-cut quartz crystals), A is the measuring area, and n is the number of the
overtone (26, 29). For the sensor used in this work, C is equal to 17.7 ng cm-2 Hz-1, according
the information provided by the instrument company.
The measurements were done in small cells, designed to provide a rapid, non-perturbing
exchange of the liquid over one side of the QCM-D sensor. The temperature of the QCM-D

55

chamber and liquid inside were controlled at 25±0.1 °C. All solutions were passed through a
Corning 0.22 µm polyethersulfone (Sigma-Aldrich, St. Louis, MO) filter and degassed by
sonication at room temperature before use.
Since there is some variation between the results recorded by different overtones, in this
studies the average of the frequency changes of overtone 3, 5, 7, 9, 11 was used and the error
bar indicates the difference between overtones.
The bovine serum albumin (BSA) adsorption amount on silica surface before and after
modification was measured. The BSA was dissolved into PBS buffer for pH 6.0, 7.4, 8.0 and
acetate buffer of pH 4.0 to a final concentration of 0.05~10 mg ml-1.
The QCM-D apparatus (model E4) has four chambers and each chamber is connected to
the pump by tubing. First, the buffer was continually pumped at the flow rate of 100 µl min-1
through each chamber to get a stable baseline (indicated by a variation of frequencies of less
than 0.5 Hz for 30 minutes). The pump was then stopped and the flow was switched to the
protein solution with known bulk concentration. The pump was re-started and kept at a flow
rate of 100 µl min-1. The adsorption was monitored until the change of frequencies 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 silica surface was achieved through a 3-step
process: first, the monolayer of APTES was formed spontaneously during the contact of the
silane solution with the silica substrate, then Fmoc-mini-PEG-3TM was coupled to it, and
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finally the Fmoc group at the end was removed, exposing the amine functional group. After
each step, the thickness of the formed layer and the contact angle were measured and the
results are summarized in Table 3.1. Under the experimental conditions described in section
3.2.2, the thickness of the APTES monolayer was about 8 Å, which is close to the theoretical
thickness of APTES monolayer of 7 Å (30) and values reported in the literature (22).
Coupling of the Fmoc-mini-PEG-3TM increased the thickness by 14 Å and removing the 9fluorenylmethyloxycarbonyl (Fmoc) protecting group reduced the thickness of PEG layer to
8 Å. Assuming that the bond length of C-C is 1.52Å, the C-O bond length is 1.52 Å, and the
C-N bond length is 1.45 Å (31), the full length of stretched the mini-PEG without the Fmoc
group should be about 17.6 Å. The thickness obtained was lower than half of the full stretch
length calculated. This may suggest that the density of the mini-PEG layer obtained is not
very high so that there is enough room for the mini-PEG chains to be in an extended
conformation.
According to Equation 3-1, the estimated chain density of APTES is 3.86 chain nm-2 and
that of the PEG chain is 2.74 chain nm-2. This indicates that about 70 percent of the amine
groups of APTES on the surface reacted with Fmoc-mini-PEG-3TM. The density of PEG
chain obtained in this study was significantly higher than that obtained by Howorka and
colleagues (1.14 chain nm-2, estimated by Equation 3-1 from the ellipsometry measurement
of 3.5 nm) (20).
The contact angle of DI water on APTES monolayer was about 53o which is within the
range of 42o ~ 68o reported in the literature (22, 32). After coupling PEG layer to the surface,
the contact angle dropped due to an increase in hydrophilicity (12, 33-35). The average
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contact angle measured after PEG attachment was only 23°. There was not too much change
of contact angle after deprotection. It seems from these results that the relatively hydrophobic
Fmoc group must have been buried inside the film, thus exposing the hydrophilic groups of
PEG to the aqueous phase. Since the density of the PEG chain is not very high, it is possible
for the hydrophobic ends to be hidden inside the film surface.
3.3.2

Characterization of the Modified Silica Surfaces by ToF-SIMS

The modified surfaces were subjected to ToF-SIMS analysis to confirm the success of
each step of modification. Fmoc-mini-PEG-3TM directly spread on silica wafer surface was
included as positive control, in addition to the three samples obtained after each step, APTES,
APTES-PEG3-NH-Fmoc, and APTES-PEG3-NH2. Both positive and negative ion spectra
were collected for each sample, and the main peaks identified are summarized in Table 3.2.
For the sample comprised of an APTES SAM layer (column b in Table 3.2), the main
peaks found in the wide scan negative ion SIMS were H-, CN-, O- , OH-, C-, CH- , and C2-.
Among those, the CN- peak at m/z 26 is the characteristic peak, indicating a successful
deposition of APTES (36). Peaks relative to O- and OH- could be from the silane bond, silica
substrate, and also physical adsorption of water on top of the APTES layer (36). In the
positive ion spectrum of APTES, the signals around m/z 28 are the strongest. It is an
asymmetric peak (as shown in Appendix 3-1) with contributions from Si+ (m/z 27.99) and
CH2N+ (m/z 28.02) (37). Other important peaks are from the ions C2H3+, CH3N+, CH4N+,
C2H5+, C3H5+, C3H7+, C2H4N+ and C3H7N+.
For the samples of APTES-PEG3-NH-Fmoc and APTES-PEG3-NH2 (columns c and d in
Table 3.2, respectively), it was expected to observe the characteristic peak for poly(ethylene
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glycol) around m/z 45, which corresponds to the secondary ion of C2H5O+ (38-39). However,
since the PEG sample only has three repeat units of ethylene glycol, the intensity of this peak
should not be very strong. In addition around m/z = 45, there are other peaks from SiOH+
(37). Fortunately the resolution of ToF-SIMS used in this work was high enough to
distinguish these two peaks from each other. As shown in Figure 3.2, the peak of SiOH+ is at
m/z 44.98 in the APTES sample (Figure 3.2b), while the peak for C2H5O+ is at m/z 44.03 in
the spectrum of the control Fmoc-mini-PEG-3TM directly spread on the silica wafer surface
(Figure 3.2a). Since the thickness of the mini-PEG layer linked to the APTES film is only
about 2 nm, both of these peaks were detected in the spectra of APTES-PEG3-NH-Fmoc and
APTES-PEG3-NH2 modified silica wafer. Due to the difference of thickness, the peak of
SiOH+ in the spectrum of APTES-PEG3-NH-Fmoc is relatively weaker than that of APTESPEG3-NH2.
Comparing columns b, c and d in Table 3.2, there are several differences in the peaks that
are significant. First, there is a series of peaks at m/z 165, 178, 179, 180 found only in the
spectrum of the sample of APTES-PEG3-NH-Fmoc, but with almost no count within these
ranges in the sample with only APTES self assembled layer and very low counts for APTESPEG3-NH2 (as shown in Figure 3.3). These peaks were identified as potentially coming from
Fmoc groups in this positive spectrum (40-42) and the structure of these four peaks are
specified in Figure 3.4. There is also one peak at 165 in the negative spectrum of this positive
control sample from Fmoc (40-42) and again this peak only appeared in the spectrum of the
sample of APTES-PEG3-NH-Fmoc. These results are direct evidence of the presence of
PEG3-NH2-Fmoc layer and the successful removal of the Fmoc by deprotection.
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The other interesting results are the yield of peaks of NH3+ and NH4+. The yield of these
two peaks could be interpreted as an indication of the degree of protonation of the primary
amine groups present (43-44). The normalized intensities of these two peaks are higher for
APTES-PEG3-NH2 compared to those of APTES, which indicates that the amine groups at
the end of APTES are more difficult to protonate than those at the end of APTES-PEG3-NH2.
In summary, the ToF-SIMS results provide ample evidence that the chemistry is effectively
creating the type of surface anticipated in Figure 3.1, with the creation of the APTES layer
first, followed by the attachment of the Fmoc-protected PEG, and ultimately the exposure of
the amino group at the end of the PEG layer upon deprotection.
3.3.3

Determination of the pKa of Amine Groups on Surface by Contact Angle
Titration

The dissociation constants of surface acidic or basic groups often differ from the free
analogs in solution. Several factors contribute to these differences, including the low
dielectric permittivity region close to the acidic and basic groups, a reduction of the degrees
of freedom caused by immobilization, and excess electrostatic free energy of supporting
surface and change in the dielectric constant of the solution in the vicinity of a charged
surface (45). The contact angle titration method is widely used as a simple approach to
determine the pK value of functional groups on surfaces (46-47). The “non-reactive
spreading” protocol proposed by Creager and his colleagues was used in this work (46).
The contact angle results obtained for aqueous buffer solutions at different pH values on
silica surfaces with an APTES monolayer only and a sample containing a PEG layer on top
of the APTES layer are illustrated in Figure 3.5. It can be seen from the results that the pK1/2
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of the amine groups on APTES monolayer is about 6.2. It is in the middle range of two
values identified in the literature, and used as reference, 7.4 (48-49) and 4.3 (50) and both of
them were obtained using the contact angle titration by other groups. The wide range of pK1/2
values obtained from these different studies may be caused by differences in the substrate
cleaning process, silanization conditions and/or pre-treatments before surface titration. For
the APTES-PEG3-NH2 modified surface, contact angle data points begin at pH 4, because the
contact angles of the buffer with pH below that were too small to be measured. The pK1/2 of
amino groups on the surface with APTES-PEG3-NH2 is about 7. It is slightly higher than that
of amino groups of APTES monolayer. One possible reason for this difference is that the
amine groups at the end of PEG chain have more freedom comparing with the amino groups
at the end of APTES which may the amine groups are relatively easy to be protonated.
3.3.4

Measurement of Nonspecific Protein Adsorption by QCM

The QCM sensors with silica surfaces were modified in the same way used in the
modification of silica wafers. The adsorption of pure BSA on the modified silica surfaces
was monitored by QCM-D E4 in parallel until the frequency change was lower than 1 Hz for
at least 30 minutes. Typically, it took 3~8 hours for each sample to reach full equilibrium.
The isoelectric point of BSA is 4.7 (51) and the pK1/2 of the amine group on the APTES
and the APTES-PEG-NH2 measured by contact angle titration is around 7. In order to study
the effect of pH on the adsorption of BSA by the QCM surface, four buffer pH values were
selected: pH 4, which is below both the pI of BSA and pK1/2 of the amine group; pH 6.0,
which is between these two, and 7.4 and 8, above both. The amount of adsorption from 1 mg
ml-1 BSA in phosphate-buffered saline (pH 6.0, pH 7.4 or pH 8.0) or acetate buffered saline
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(pH 4.0) onto the modified silica surfaces were measured and compared with the bare silica
surface and the surface modified only by APTES. In order to exclude the effects of the
charge-to-charge interactions on the adsorption, the amine groups on a sample with APTES
surface and a sample with APTES-PEG3-NH2 were acetylated by acetic anhydride, and were
included as controls. The results are summarized in Figure 3.6. Generally, the frequency
change caused by protein adsorption on the surface with mini-PEG layer (Figure 3.6, column
c) was about 50~60 percent of that on the bare silica surface (Figure 3.6, column a) and the
surface with only APTES layer (Figure 3.6, column b) at all buffer conditions. In addition,
the surface with amine groups (column b and c) adsorbed more protein than their
corresponding acetylated surfaces (Figure 3.6, columns d and e). The surfaces with free
amine groups (Figure 3.6, columns b and c) adsorbed the most BSA from 1 mg ml-1 BSA
solution at pH 6.0 and least at pH 8.0, while the dependence of adsorption amount on
acetylated samples (Figure 3.6, columns d and e) on pH seems to be relatively weak. Chargeto-charge interactions appear to play an important role in the BSA adsorption by surfaces
with free amine groups at all buffer conditions, especially, at pH 6.0, when the charge on
surface and net charge on BSA are opposite.
For the APTES-PEG3-NH2 sample, the isotherms for BSA adsorption at different pH
values were also were obtained and shown in Figure 3.7. The protein adsorption amounts
provided here were converted from the frequency change caused by protein binding at
equilibrium by using the Sauerbrey relationship (Equation 3-5). The isotherm adsorption data
were fitted to a Langmuir model and the obtained maximum capacity (Qm) and dissociation
constant (Kd) values at different pH levels are listed in Table 3.3. The results in Table 3.3
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clearly indicate the effect of pH on the adsorption. The Kd value at pH 6.0 is significantly
smaller, indicating that the electrostatic interactions between the opposite charges on the
protein and the surface are playing a major role in the adsorption process. Also showed in
Table 3.3, the maximum capacity Qm is much larger than that for a full monolayer of BSA
on surface which should be around 2 mg m-2 (52). The adsorption amount measured by QCM
is probably overestimated as a result of using the oversimplified Sauerbrey model (53) or due
to the presence of water molecules associated with protein adsorbed on the surface (54).

3.4

Conclusions

A new method is presented to modify silica surfaces with PEG chains terminated with
amine groups. The density of PEG chain and amine group obtained is approximately 2.74
chain nm-2. In other words, the average distance between two chains is about 6 Å. ToF-SIMS
results provided direct evidence that the silica surface was modified as we expected.
According to the contact angle titration and ToF-SIMS experiment results, the amine group
at the end of PEG chains has higher activity than that at the end of APTES.
It was also shown that PEG chains as short as three repeat units can significantly reduce
BSA adsorption on the surface. The adsorption of BSA on the modified surface with PEG
termination with free amine groups depends on pH of the solution since the adsorption
process is controlled to a great degree by charge-charge interactions.
These well-characterized surfaces will be used in future studies to attach small affinity
peptide ligands through their carboxyl terminus in order to characterize the specific
interactions of proteins with these small biological ligands.
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Table 3.1 Thickness and contact angle measurements of modified silica surface
Sample

APTES

Average thickness (Å)
Average contact angle (°)

8±1
53±1

APTES-PEG3NH-Fmoc
22±1
23±1

70

APTES-PEG3NH2
16±1
23±1

Table 3.2 Positive and negative ion detection mode SIMS peaks of modified silica surfaces:
(a) Fmoc-mini-PEG-3TM directly spread on silica wafer surface, (b) APTES, (c) APTESPEG3-NH-Fmoc and (d) APTES-PEG3-NH2 modified silica wafer
Peaks
(m/z)
14
17
18
28
29
30
42
43
44
45
57

Normalized intensity*
b
c
0.78
0.65
0.09
0.15
0.19
0.19
40.4
15.8
19.4
10.5
3.82
3.88
2.82
3.51
3.16
3.3
1.02
5.91
3.87
2.54
1.2
1.97

Ion

a
d
CH2+ , N+
0.91
0.71
NH3+
0.01
0.5
+
NH4
0.03
1.28
+
+
Si , CH2N
1.29
25.6
+
+
CH3N , C2H5
2.32
17.3
+
CH4N
0.35
5.47
+
C2H4N
0.61
2.14
+
+
C3H7 , C2H3O
2.68
4.44
+
+
CON , C2H6N
1.22
3.51
+
+
SiOH /C2H5O
2.73
3.02
+
+
C3H7N , C3H5O
1.65
2.62
+
+
C3H8N , C3H6O ,
58
C2H4ON+
0.2
0.21
7.32
6.25
+
165
C12H8CH
3.48
0.01
0.23
0.02
+
178
C14H9
12.1
0.01
0.3
0.02
+
179
C14H10
14.7
0
0.23
0.02
180
C14H11+
2.77
0
0.04
0.01
-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
O
13.4
29.4
26.0
24.8
-17
OH
6.76
16.9
13.4
13.0
-24
C2
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
SiH0.07
0.66
0.32
0.34
-165
C12H90.13
0
0.02
0
*Peak areas divided by the total positive or negative ion yield in percentage
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Table 3.3 Apparent dissociation constant and maximum capacity of the BSA adsorption on
modified silica surface APTES-PEG3-NH2
pH

HO

4

Dissociation constant
Kd, µM
26.3

Binding capacity
Qm, mg m-2
6.73

6

7.49

7.02

7.4

16.5

6.97

8

25.3

6.18
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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-PEG-3TM directly spread on
silica wafer surfaces, (b) APTES (c) APTES-PEG3-NH-Fmoc (d) APTES-PEG3-NH2
modified silica wafer
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a)

b)

c)

d)

Figure 3.3 ToF-SIMS spectra around the peaks from Fmoc group fractions: (a) Fmoc-miniPEG-3TM directly spread on silica wafer surfaces, (b) APTES, (c) APTES-PEG3-NH-Fmoc and
(d) APTES-PEG3-NH2 modified silica wafer
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+

C14H10 m/z=179

+

C14H10 m/z=178

+

C13H8 m/z=165
+

C14H11 m/z=180

Figure 3.4 Peaks for the ions coming from the fraction of Fmoc group in ToF-SIMS
positive spectra
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Figure 3.5 Negative consines of advancing contact angles of buffer drops on APTES
(triangle) and APTES-PEG3-NH2 (square) modified silica surfaces
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Figure 3.6 BSA adsorption from 1mg ml-1 BSA in different buffer solution on (a) bare
silica surface, (b) APTES, (c) APTES-PEG3-NH2, (d) acetylated APTES and (e) acetylated
APTES-PEG3-NH2 modified surfaces
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Figure 3.7 The isotherms of BSA adsorption on modified silica surfaces APTES-PEG3NH2 from PBS buffer (pH6.0, 7.4 and 8.0) and from acetate buffer (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 information on the chemical composition of
surfaces (37, 55). The general principle of TOF-SIMS is shown in Figure 3.8.

Figure 3.8 schematic principle of ToF-SIMS
The area to be analyzed was bombarded by pulses of primary ions with a duration time ∆tp,
which is as short as possible, in ultra-high vacuum condition. During the bombardment,
sample material is sputtered from the surface. The majority of this sputtered material is in the
form of neutral atoms and molecules; however, a very small percentage of the sputtered
material is emitted as either positively or negatively charged ions. All the “secondary” ions
generated by a same pulse were accelerated by a constant voltage Vac over a very short
distance. The accelerated ions with virtually same kinetic energy Ekin simultaneously enter
the field free flight path of length L. The mass to the charge ratio could be measured
according to the following equations (55):
E kin = zVac =

t=

mv 2
2

3-6

L
m
=L
v
2 zVac

3-7
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m 2Vac t 2
=
z
L2

3-8

Figure 3.9 the static SIMS regime
(From the operator’s guide of TOF-SIMS of Phi physical electronics. Inc.)
The regime bombarded by primary ion is known as the “static” SIMS regime, within
which the number of primary ions impacting the surface per unit area is so lower that each
successive primary ion strike a virgin area of the surface. The static regime does not end
abruptly (as shown in Figure 3.9), but generally it is referred to the area where the density of
primary ion is within the range of 1012~1013 primary ions cm-2. The “static” SIMS can detect
the signal within 2~3 nm on the surface (56).
ToF-SIMS is a technique based on mass spectrometry, which is determined that it is not a
quantitative technique. The fundamental reason for mass spectrometry not being quantitative
in principle is the different response factors associated with different species. This related
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property termed the secondary ion yield, which is the number of secondary ions detected
relative to the number of primary ions used. The secondary ion yield is affected by many
factors, ionization probability, element type, chemical structure, etc. Furthermore, there is no
unique signal. The smaller the ions the less specific they are, i.e. they can be formed via
various reaction channels and originated from different part of surface (39).

Appendix 3-2. ToF-SIMS spectra around m/z 28
As shown in Figure 3.10 a, the most strongest peaks in the spectrum of APTES was a
asymmetric peaks from the contributions of Si+ (m/z 27.99) and CH2N+ (m/z 28.02) (37). It
was clear that the signal from Si+ was so strong that it was hard to distinguish the signal of
CH2N+ from that of Si+. For the positive control (Fmoc-mini-PEG-3TM gel spread on silica
wafer surface), there was an obvious peak from CH2N+ (m/z 28.02) and there was weak
signal of Si+ from the silica wafer below the Fmoc-mini-PEG-3TM gel (Figure 3.10 b). Two
partially overlapped peaks of Si+ (m/z 27.99) and CH2N+ (m/z 28.02) appeared in the spectra
of APTES-PEG3-NH-Fmoc and APTES-PEG3-NH2 (Figure 3.10 c and d). The intensity from
Si+ was much weak comparing with that in the spectra of APTES due to the attenuation
effects. In addition, the signal from Si+ was became relatively stronger after removing of
Fmoc group which reduced the thickness of organic layer on silica surface and also the
attenuation effect. All in all, the changes of the relatively signals of Si+ and CH2N+ were
explainable by the modification process.
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a)

b)

c)

d)

Figure 3.10 ToF-SIMS spectra around m/z 28 (a) Fmoc-mini-PEG-3TM directly spread on
silica wafer surfaces, (b) APTES (c) APTES-PEG3-NH-Fmoc (d) APTES-PEG3-NH2
modified silica wafer
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Chapter 4: Study of the Affinity Interaction between Hexamer Peptide
HWRGWV Immobilized on Modified Silica Surface and Human
Immunoglobulin G by Quartz Crystal Microbalance
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Abstract
The hexamer peptide ligand HWRGWV binds specifically to the Fc fragment of
immunoglobulin G (IgG). The affinity interaction between the human immunoglobulin G
(hIgG) and this short peptide ligand immobilized on a flat surface was studied by quartz
crystal microbalance (QCM) in real time. The QCM sensor with a native silicon oxide
surface film was modified to allow for peptide immobilization. A self-assembling monolayer
of 3-amino-propyl triethoxy silane was formed on the surface as an initial anchor layer.
Short chains of poly(ethylene glycol) (PEG) with Fmoc-protected amino groups at one end
and carboxyl groups at the other end were then coupled through the carboxyl terminal to the
amino groups on the silane. The short PEG chains worked as spacer arms to reduce
nonspecific binding to the substrate. The amino groups at the end of the ethylene glycol
chains were deprotected, and Fmoc-protected HWRGWV was immobilized through its
carboxyl terminal to these amines. The modified surfaces were characterized by ellipsometry
and time of flight-secondary ion mass spectroscopy (ToF-SIMS). The immobilization of
peptide was optimized, and the highest peptide surface density reached was 0.88 chains nm-2,
which is high enough to ensure that every hIgG molecule adsorbed on the surface interacts
with more than one peptide ligand on surface. The spectrum of ToF-SIMS demonstrated the
presence of the peptide after immobilization with a series of characteristic peaks from amino
acids and fragments of the peptide HWRGWV. Both thermodynamic and kinetic parameters
of affinity interaction were obtained by analysis of QCM results. The maximum binding
capacity was found to be 4.6 mg m-2, which corresponds to a monolayer of hIgG and is close
to that obtained from batch experiments with chromatography resin under similar conditions.
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The value of dissociation constant obtained in the present study was lower than that obtained
from with chromatography resin, probably due to the overestimatin of protein binding by
QCM. It was found that a PEG spacer arm enhanced the accessibility of the peptide to
protein target at high concentrations.

4.1 Introduction
Immunoglobulins (Ig), or antibodies, act as protective agents against pathogens trying to
invade an organism. They form an important class of proteins present in blood, saliva and
other body fluids. Human immunoglobulins can be divided into five isotypes: IgG, IgA, IgM,
IgD and IgE. Among them, IgG is the most abundant class of immunoglobulins, constituting
about 75% of the total Ig in adult blood. Immunoglobulins have found a wide range of
applications in fields such as immunotherapy, diagnostics and histology (1). Usually, IgG is
isolated from pooled blood plasma or produced in hybridoma cell culture. Affinity ligands
such as Staphylococcus aureus Protein A and Streptococcus Protein G are widely used as
affinity ligands for IgG separation and the determination of IgG concentrations (2). However,
as protein ligands, protein A and protein G have several disadvantages such as high cost,
variable binding specificity to different monoclonal antibodies, low stability under washing,
cleaning and regeneration conditions, high immunogenicity upon leakage from the resin, and
requires product elution at pH 3 which tends to denature antibodies (2). The drawbacks
associated with these two proteins have given rise to searching for alternative affinity ligands.
Our group has found several small peptide ligands that bind hIgG through its Fc portion,
with potential applicability to antibody purification and detection. The hexamer peptide
ligand HWRGWV was screened from a one-bead-one-peptide combinatorial library
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synthesized on chromatography resins (3). A chromatography resin with HWRGWV can
purify human IgG (hIgG) from complete minimal essential medium (cMEM) with purities
and yields as high as 95%, which are comparable to what is obtained with Protein A as
affinity ligand (4). HWRGWV offers several potential advantages over Protein A, such as it
can be produced at relatively low costs under good manufacturing practices (GMP)
conditions, it is chemically robust, less immunogenic, and allows product elution at pH 4 (3,
5).
Although the short peptide ligand HWRGWV has exhibited promising applications for
IgG separation and concentration determination, limited information is available on the
intrinsic mechanisms of affinity interaction between this short peptide ligand and target
protein. Previously, our group has obtained the thermodynamic parameters of affinity
interactions between target biomolecules and peptide-functionalized chromatography resins
by using batch experiments to determine isotherms, and the adsorption amounts were
calculated from mass balance (5-10). This indirect method to measure adsorption can
generate a significant error when the change of protein concentration due to adsorption is
small compared to the absolute protein concentration. The kinetic parameters of the affinity
binding to peptide ligands on resins were studied by dynamic adsorption experiments carried
on high performance liquid chromatography (HPLC). Different models were employed to
describe the solute transport within the chromatography column to get the intrinsic kinetic
parameters. A lumped kinetic model was employed for the study of the adsorption kinetics of
fibrinogen that binds to the short peptide FLLVPL. However, the capacity and association
constant derived from the fitting of the experimental breakthrough data with this model was
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inconsistent with equilibrium experiments (11-12). A more sophisticated model involving
theoretical plate estimations and General Rate Model was shown to fit well with
experimental results in the analysis of Staphylococcal enterotoxin B (SEB) binding with
peptide ligand YYWLHH (9, 13).
Generally, the reliability of the final results for the kinetic rate of adsorption and
desorption highly rely on the accuracy of the transport models and the estimation of the mass
transfer parameters. Surface detection methods like quartz crystal microbalance (QCM),
which monitor the adsorption step on a surface in situ, can provide more direct measurement
of adsorption amount in real time and enhanced insights on the role of ligand display on
binding.
QCM is a well established technique for monitoring solute adsorption to surfaces in the
gas phase (14) as well as liquid phases (15). It also has found applications in studies of
affinity reactions and pathogen detection in real time (16-22). In this work, we utilize this
technique to determine the thermodynamic and kinetic parameters of the affinity interactions
between hIgG in solution and immobilized HWRGWV on a flat silica surface. If the peptide
immobilized on a QCM sensor has similar high affinity and specificity for IgG adsorption as
on a chromatography resin, it could lead to a novel method for IgG concentration
determination but also provide a new platform for the development of immunosensors.
Because the ligand binds to the Fc fragment of IgG, the results of this study could also lead
to a new method to orient the IgG molecules on sensor surfaces. This orientation effect has
been found to be important in maintaining high affinity activity of immobilized IgG for
immunosensor applications (23-29).
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In order to investigate the interaction between ligand and protein the QCM sensor needs
to be functionalized by attaching the peptide ligand. The immobilized ligand density can
affect the interactions between the peptide ligands and the target biomolecule. For affinity
interactions of some small proteins with peptide ligands, such as s-protein to the peptide
sequence YNFEVL and SEB to peptide ligand YYWLHH, the binding is monovalent and
highly specific. In these cases the binding capacity increases with increasing ligand density,
while the association constant remains constant at low ligand density and decreases at high
ligand density due to steric effects (8-9). Thus there is an optimal density at which the
peptide ligands have high capacity and minimal steric hindrance. For the specific adsorption
between ligands and larger molecules, such as von Willebrand Factor (vWF) with small
peptide ligand Ac-RVRSFYK on a resin surface, the binding is attributed to multivalent
interactions and increasing the ligand density typically increases both the binding capacity
and the association constant (30). The peptide density can also affect the selectivity of ligand,
for instance, two trimeric peptide ligands, WRW and KYY, both exhibit higher selectivity to
porcine parvovirus (PPV) from solutions containing 7.5% human blood plasma at low
peptide density (31). For the specific case of IgG adsorption, it was found that maintaining
the right ligand density of peptide is crucial to ensure high purity and yield for hIgG
purification, since increases in ligand density from 0.8 to 11 chains nm-2 (0.04 to 0.55 meq g1

) increased binding capacity to hIgG but also increased non-specific binding of competitive

proteins. A peptide density of 1.6 chains nm-2 (0.08 meq g-1) exhibited both appropriate
binding capacity and specificity (5). In Chapter 3, we discussed in detail the optimization of
the silica surface modification process to introduce a high density of primary amino groups
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on the silica surface for peptide immobilization. Here the peptide immobilization process was
optimized and the best conditions obtained were used for the study of affinity interactions by
QCM. QCM recorded the binding processes of hIgG on modified silica surfaces and
provided both the data required for kinetics and thermodynamics analyses.

4.2

Materials and Methods

4.2.1

Materials

The following chemicals were obtained from Sigma-Aldrich (St. Louis, MO): Anhydrous
toluene (99.8%), γ-amino-propyltriethoxysilane (99%), N,N-dimethylformamide (DMF,
ACS reagent, 99.8%), anhydrous N,N-dimethylformamide (DMF), dichloromethane (DCM,
ACS reagent, 99.5%), ethanol (200 proof, absolute, for molecular biology), methanol (ACS
reagent, 99.5%), piperidine (biotech grade, ≥99.5%),

diisoproplyethylamine (DIPEA),

hydroxybenzotriazole (HOBt), trifluoroacetic acid (TFA, ACS reagent,
(≥99%), triisopropyl silane (TIPS, ACS reagent,

≥98%), anisole

≥99%), N,N’-diisopropylcarbodiimide

(DIC, ≥99.5%), bromo-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBrOP, ≥95% ),
acetic anhydride (ACS reagent, ≥98.0%), sodium acetate (ACS reagent, ≥99.0%), bovine
serum albumin (BSA, ≥98%) and phosphate buffered saline (pH 7.4, monobasic sodium
phosphate, dibasic sodium phosphate, sodium chloride 0.138M, potassium chloride
0.0027M). Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and Nhydroxysuccinimide (NHS) were obtained from Pierce (Rockford, IL). 2-(1H-benzotriazole1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU) was obtained from CalbiochemNovabiochem Corp (San Diego, CA). Human immunoglobulin (hIgG purity 97%) was
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obtained from Equitech-Bio, Inc. (Kerrville, TX). Nitrogen gas, purity 99.99%, was obtained
from National Welders Supply, Inc. (Raleigh, NC). Deionized water (resistivity > 16 MΩ·cm)
and Milli-Q water (resistivity > 18 MΩ·cm) were obtained by using a Millipore water
purification system (Billerica, MA). Fmoc-11-amino-3,6,9-trioxaundecanoic acid (Fmocmini-PEG-3™) was obtained from Peptides International, Inc. (Louisville, KY). Peptides
Fmoc-His-Trp-Arg-Gly-Trp-Val-OH, Fmoc-His(Trt)-Trp(Boc)-Arg(Pbf)-Gly-Trp(Boc)-ValOH, and Fmoc-His(Trt)-Trp(Boc)-Arg(Pbf)-Gly-Trp(Boc)-Val-Ala-Ala-OH were custom
synthesized using Fmoc chemistry by Peptides International, Inc. (Louisville, KY). All the
chemicals and proteins were used as received.
4.2.2

Surface Modification

PEG chains with amino terminal groups were introduce on the surface of the silica to
allow peptide immobilization. The modification details were described in Chapter 3. In short,
the silica surface was first modified by 3-amino propyl triethoxy silane (APTES) to form a
self-assembled monolayer. Functionalized PEG chains with a carboxyl group at one end and
an Fmoc-protected amine group at other end were immobilized on top of the APTES layer,
followed by the de-protection of the amine groups at end of the PEG chains, generating the
site for the immobilization of peptide ligands. The modification was proven to be as
described by characterization by ellipsometry and ToF-SIMS.
4.2.3

Peptide Immobilization and Protection Group Deprotection

The hexamer peptide ligand HWRGWV was immobilized on the modified surface
through a coupling reaction between the caryboxyl group at the C terminal of the peptide and
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amine groups on the sensor surface using coupling reagents. The results using several kinds
of coupling reagents were compared, including two kinds of carbodiimide, DIC and EDC,
one aminium-based reagent (TBTU) and one phosphonium-based reagent PyBrOP. Besides
coupling reagent type, the effects of peptide and coupling reagent concentrations on reaction
were studied by the combination of two peptide concentration levels and two coupling
reagents concentration levels. For each kind of coupling reagent, two different peptide
concentrations were used, 1 and 10 mg ml-1. The coupling reagent concentration was chosen
depending on the molar concentration of peptide; for a peptide concentration of 1 mg ml-1,
the coupling reagent used was either equal or 10 times the molar concentration of peptide;
and for a peptide concentration of 10 mg ml-1 the coupling reagent concentration was either
equal or 2.5 times of the molar concentration of peptide. DMF was used as solvent for all the
experiments.
In order to test the effect of steric hindrance of amino acid side chains of the C terminal
amino acid on peptide immobilization density, two amino acids, Fmoc-Alanine-OH and
Fmoc-Valine-OH, were immobilized on the modified silica surface.
The details of the immobilization process are as follows: peptides Fmoc-His-Trp-ArgGly-Trp-Val-OH, Fmoc-His(Trt)-Trp(Boc)-Arg(Pbf)-Gly-Trp(Boc)-Val-OH, Fmoc-His(Trt)Trp(Boc)-Arg(Pbf)-Gly-Trp(Boc)-Val-Ala-Ala-OH, and amino acids Fmoc-Alanine-OH and
Fmoc-Valine-OH were dissolved to a final concentration of 1 or 10 mg ml-1. Anhydrous
DMF was used as solvent for all experiments unless stated otherwise. For the experiment
using TBTU as coupling reagent, 1, 2.5 or 10 equivalents of TBTU and HOBt based on the
molar concentration of peptide and 2 equivalents of DIPEA to TBTU were added to the
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peptide solutions. When using EDC as coupling reagent, 1, 2.5 or 10 equivalents of EDC to
the molar concentration of peptide and 2.5 equivalents of NHS to DEC were added to the
peptide solution. Ethanol or DMF were used as solvents. For the experiment using PyBrOP
as coupling reagent, 1, 2.5 or 10 equivalents of PyBrOP and HOBt were added into the
peptide solution, which was then cooled to 0°C using an ice bath. Three equivalents of
DIPEA were added to the cooled solution and mixed on ice bath for 1 minute. Modified
silica surfaces with SAMs of APTES or APTES with PEG chains were put into 5 ml of one
of the above solutions in a glass Petri dish. The dish was gently shaken overnight (16 hours)
at room temperature, followed by rinsing the surface 5 times with 5 ml of DMF, and put into
a glass vial with 20 ml of DMF, and sonicated for 5 min. The materials were then rinsed
again with 5 ml of DMF 3 times and dried with nitrogen flow.
The Fmoc groups at N-terminal ends were de-protected by incubation in 50% piperidine
in DMF for one hour. After that the samples were rinsed with 5 ml of DMF 5 times,
sonicated in 5 ml of DMF for 5 minutes, rinsed again with 5 ml of DMF 3 times and dried
with nitrogen flow.
The side chain protection groups were deprotected by incubating in 5 ml of a mixture
containing TFA, anisole, purified water, and TIPS in the volume ratio of 88:5:5:2 for 2 hours.
After that, the surfaces were washed with 5 ml of DCM, DMF, methanol, DI water and 10%
ethanol. This wash sequence was repeated 2 more times in this order. The sensors were then
placed into 5 ml of 10% acetic acid for 5 minutes to remove CO2 adduct from Trp. Finally,
the sensors were rinsed with water and dried with nitrogen gas.
4.2.4

Film-Thickness Measurements by Ellipsometry
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The thicknesses of the films on the silica surfaces were determined with a Rudolph/Auto
EL Ellipsometer equipped with a He-Ne Laser (λ=632.8 nm) with fixed incidence angle of
70.0º (New Jersey, USA), using the refractive indices of Si, SiO2 and APTES as 3.838-0.018i,
1.462, and 1.424 respectively (32). For the PEG layer and peptide layer, it was assumed that
their refractive indexes were similar to that of APTES. The data presented is the average of at
least 5 points with error less than ± 2 Å.
The grafting density (σ, chain nm-2) can be estimated from the thickness measurement
using the expression,

σ=

N A dρ 0 × 10 −22
Mw

4-1

where NA is Avogadro’s number; d (Å) is the film thickness measurement, Mw (g mole-1)
is the molecular weight of the chain, and ρ0 (g cm-3) is the density. It is assumed that ρ0 is
0.946 g cm-3 of the APTES layer, 1.08 g cm-3 for PEG films and 1 g cm-3 for peptide layer
(values provided by the respective suppliers).
4.2.5

Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS)

ToF-SIMS analysis of the samples was performed using an ION-TOF SIMS 5 instrument
(ION-TOF GmbH, Münster, Germany). Operational parameters used were the same as those
described in Chapter 3.
The spectrum of the peptide HWRGWV (powder) was used as positive control. The pure
peptide powder sample was attached on a clean silica wafer with a stick tape made with
polydimethylsiloxane. The peptide in powder form was evenly spread on the tape and
pressured tightly, and then the loose powder was blown away using nitrogen gas before
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loading on the sample holder. After each step of surface modification, one sample was
collected. There were six samples in total for each silica wafer analyzed (unless stated
otherwise): pure peptide (HWRGWV, positive control), bare silica surface (SiO2), silica
surface with APTES (APTES), APTES with immobilized Fmoc-mini-PEG-3TM on silica
surface before deprotection (APTES-PEG3-NH-Fmoc), APTES with immobilized Fmocmini-PEG-3TM on silica surface after deprotection (APTES-PEG3-NH2) and peptide
immobilized on top of APTES-PEG-NH2 (APTES-PEG3-NH-HWRGWV-Fmoc). Both
positive and negative ions spectra were acquired for each sample. The ToF-SIMS spectra
were collected right after the preparation of the samples. The mass scales of the positive and
negative ion ToF-SIMS spectra were calibrated to the CH3+, C2H3+, C2H5+ and CH-, C2H2-,
CN- peaks respectively, before further analysis.
4.2.6

Quartz Crystal Microbalance (QCM) Experiments and Data Analysis

A commercial QCM-D apparatus (model E4, Q-Sense AB, Göthenburg, Sweden) was
used to measure the changes in the resonance frequency (∆F) and in the energy dissipation
(∆D) due to the protein adsorption process. The adsorption of hIgG or BSA on modified
silica surfaces from PBS buffer or complex complete minimum essential medium (cMEM)
containing 10% fetal calf serum was recorded until the adsorption reached equilibrium
(change of frequencies was less than 1 Hz for 30 min). The protein concentrations used were
within the range of 0.005 ~ 5 mg ml-1. All the experiments were performed at least in
duplicate. The operation of the QCM is the same as that described in Chapter 3. In short,
stable baselines were obtained with the flow of PBS buffer, and then protein solutions were
introduced to the QCM chamber to replace buffer solutions. The adsorption process was
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monitored until equilibrium was reached (the changes of frequency were less than 1 Hz for
30 minutes). The frequencies at equilibrium were used to plot the isotherm to obtained
thermodynamic parameters. The recorded frequency changes as a function of time were used
to do the kinetics analysis described below in section 4.2.6.2. The ∆F data were converted to
the amount of adsorbed protein by using the Sauerbrey equation (33),

∆Fn =

1 ∆m
nC A

4-2

where ∆m/A is the mass adsorbed per surface area, ∆Fn is the frequency change of
overtone n and the mass sensitivity constant, C, is equal to 17.7 ng cm-1 Hz-1 (value from
instrument provider).
Along with the change of resonance frequency, ∆Fn the change of dissipation, ∆Dn was
recorded as a function of time. Then, ∆Dn was analyzed by plotting the dissipation (∆Dn)
against the resonance frequency (∆Fn/n), which eliminated time as an explicit parameter. The
slope of the plot of ∆D vs. ∆Fn/n, labelled with the term K, is a measure of the energy
dissipation per unit mass added to the surface during the adsorption process. A more rigid
and compact mass is expected to yield a small K value and vice versa (34). For studies
related to adsorbed proteins, generally, significant changes in K value might be due to
conformation changes in the protein (15, 35-38).
4.2.6.1 Protein Adsorption Isotherm Curve and Langmuir Model Fitting
The isotherms were obtained by plotting the measured adsorbed protein per area of
surface at equilibrium obtained by QCM against the protein concentration at equilibrium with
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the surface. The isotherm curves were fitted to the Langmuir equation by nonlinear leastsquares regression,
Q=

Qmax × Cb
K d + Cb

4-3

where Q (mg m-2) is the adsorbed protein at equilibrium with a protein solution with a
concentration of Cb (M), Kd (M) is the dissociation constant and Qmax (mg m-2) is the
maximum adsorption capacity. By fitting the QCM isotherm curves into this equation the
values of Kd and Qmax can be obtained.
4.2.6.2 Kinetics Analysis
The convective mass transport step and the intrinsic adsorption step occurring at the fluidsolid interface in the QCM can be described by the following two ordinary differential
equations,

dq
= k m (Cb − C s )
dt

4-4

dq
= k a C s (Qmax − q) − k d q
dt

4-5

Here q (mg m-2) is the surface concentration of the adsorbed protein at time t (s); Qmax is
the maximum adsorption amount obtained from the isotherm study, ka (m3mol-1s-1) and kd (s-1)
are respectively the adsorption and desorption rate constants. Cb (M) is the protein
concentration in bulk solution and Cs (mol m-2) is the concentration in the fluid adjacent to
the sensor surface. The transfer coefficient km was estimated from the mass transfer
Sherwood number, Sh (kmdH/D), according to the following correlation (39),

Sh = 1.07(Re⋅ Sc ⋅ d / d H )1 / 3
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4-6

In this expression, Re (ρvdH/µ) is the Reynolds number, and Sc (µ/ρD) is the Schmidt
number. This equation is valid for the mass transfer in a mini-channel (hydraulic diameter in
the range of 0.2~3 mm) at low Reynolds numbers (Re < 250) (39). For the QCM E4 system,
d, the inside diameter, is 14 mm and dH, the hydraulic diameter of the chamber is 0.44 mm.
Under the conditions in this study, the viscosity µ and the density ρ were about 1 mPa·s and 1
kg l-1 respectively; the average velocity was about 4.6×10-4 m s-1, and the Reynolds number
has a value of 0.2. Equation 4-6 is valid for this research. The diffusion constant of IgG, D is
3.7×10-11 m s-1(40). The estimated transfer coefficient km from Sherwood number was
1.1×10-7 m s-1.
A MATLAB (The MathWorks, Inc., Natick, MA) code was written to solve these two
coupled ordinary differential equations for the quantities q and Cs using the built-in function
ode23s in MATLAB. The nonlinear least squares regression function lqvcurvefit was used to
fit the dynamic response data of the QCM to estimate the association rate, ka. The
dissociation rate kd value was calculated by the relationship of Kd =kd/ka, while the
dissociation constant, Kd was obtained from the isotherm fit described in section 4.2.6.1. The
dynamic experiments were done under a continuous feed of solvent at a fixed feed bulk
concentration Cb. As a result, the bulk IgG concentration in the chamber was considered to
be constant.
4.2.6.3 Effect of Spacer Arm on the Affinity Interaction
Spacer arms are widely used in affinity chromatography to reduce steric hindrance. In this
study peptide can be directly immobilized on top of APTES or at the end of spacer arm, PEG
chain. For the peptide with two additional alanines at C terminal end, these two alanines also

97

worked as spacer arm. The QCM equilibrium measurement of ∆F and ∆D for IgG adsorption
on different surfaces, including APTES, APTES-PEG3-NH2, APTES-HWRGWV, APTESAA-HWRGWV and APTES-PEG3-NH-HWRGWV, were compared to investigate the role of
spacer arm in the affinity interaction of hIgG with immobilized short peptide ligand.

4.3

Results and Discussion

4.3.1

Grafting of Peptide on Modified Silica Surface

In order to covalently immobilize the peptide ligand on the surfaces, the silica substrate
had to be modified to introduce amine groups for immobilization of the peptide ligand and
short PEG spacer arms to enhance the accessibility of peptide ligand to protein binding and
also reduce nonspecific binding to the substrate. The estimated density from thickness
measurement of PEG chains and the amine groups is about 2.74 chains nm-2. The details of
the modification and characterization of the silica surface have been discussed in Chapter 3.
The peptide Fmoc-HWRGWV-OH was immobilized on the modified silica surface by a
coupling reaction between the carboxyl groups of the peptide and the amine groups on the
surface. The efficiency of the peptide immobilization relies on both the activity and amount
of the amine group on the surface and the carboxyl group at the peptide end in solution. In
addition, the presence of side protection groups on the amino acid residues and the presence
of different amino acids on the C terminal can have an effect on the coupling efficiency. In
Chapter 3 all the efforts on improving amine group density on silica surface were discussed
and the optimized surface modification condition was used in this study. Here the effect of
peptide concentration, coupling reagent, and variations of peptide structure were investigated.
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4.3.1.1 Effect of Peptide Concentration, Coupling Reagent Types and Concentration
For a peptide coupling reaction, typically, the carboxylic acid moiety needs to be activated
by a suitable peptide coupling reagent to ensure high yield (41). Besides yield, the other
important issue of coupling reaction is racemization (41-42), which can occur at the Cterminal amino acid residue in the course of a coupling reaction due to the ionization of the
α-hydrogen and the formation of an oxazolone intermediate. An appropriate racemizationsuppressing agent needs to be added to suppress the undesired racemization and other side
reactions, and thus minimize the loss of the optical integrity at the chiral center (41-42). In
this study, the catalytic capability of four kinds of coupling reagents: DIC, EDC, TBTU and
PyBrOP were compared. Carbodiimides, as the lowest cost coupling reagents with high
activity, have been widely used both in industry and research laboratories (43). The
shortcomings of using carbodiimides are the tendency to racemization and low yields due to
the formation of the poorly active N-acylurea (43). For this kind of coupling reagents, adding
additives such as hydroxybenzotriazole (HOBt) or Cl-HOBt can reduce racemization of the
protected amino acid and avoid the formation of other less reactive derivatives (43). The
other two kinds of commonly used coupling reagents are phosphonium and aminium salts.
The structures of two kinds of coupling reagents both incorporate an equivalent of HOBt.
With the presence of a tertiary base such as N,N-diisopropylethylamine (DIEA), they can
form the corresponding active species oxybenzotriazole (OBt) esters. Adding an extra
equivalent of HOBt can accelerate the coupling process (41).
Hydroxybenzotriazole (HOBt) was used as additive for all conditions to reduce
racemization and to further raise the reaction conversion. The thicknesses before and after
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peptide immobilization were measured by ellipsometry and this thickness difference was
used to estimate the peptide density using Eq. 4-1. In this part of the work, the peptide with
only a single protecting group for the amine group at the N-terminal (Fmoc-HWRGWV-OH)
was used.
As shown in Table 4.1, among these four kinds of coupling reagents, DIC had the worst
performance, as the thickness of the peptide layer obtained after the immobilization step was
less than 5 Å, for all peptide concentrations and peptide/coupling reagent ratios tested. Due to
the poor performance, DIC was excluded from further studies. EDC combined with NHS as
coupling reagent and ethanol as a solvent was proven to be an efficient method to immobilize
high-density short poly(ethylene glycol) spacer arms on top of an APTES monolayer on
silica surface (more details in Chapter 3). It was also chosen for peptide immobilization. The
solubility of peptide in ethanol is low (less than 5 mg ml-1), so DMF was used instead in this
study. As shown in Table 4.1, with EDC and NHS as coupling reagent, the immobilization
density increased with increases of peptide and coupling reagent concentration. When TBTU
or PyBrOP were used as the coupling reagents, peptide density was also correlated positively
with peptide and coupling reagent concentrations, but the dependence on peptide
concentration was much weaker than that using EDC and NHS as coupling reagent. The
highest surface density, 0.88 chain nm-2, was obtained with TBTU as a coupling reagent. To
conclude, TBTU was found to be the best for this reaction. With TBTU, relatively high
peptide density could be achieved at relatively low peptide concentration (1 mg ml-1) and
coupling reagent concentrations (same molar concentration as peptide). These conditions
were used for all the following experiments. Considering the price difference between the
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peptide and coupling reagents, a low peptide concentration (1 mg ml-1) and a high coupling
reagent concentrations (10 times molar concentration of peptide) were used. Under these
conditions the peptide density obtained was about 0.8 chain nm-2, which is very close to the
density using high peptide concentration (0.88 chain nm-2).
4.3.1.2 Effect of Peptide Structure
Besides coupling reagents, the structure of the peptide itself could significantly affect the
activity of the carboxyl group at C terminal. Protecting groups on the residue can result in
steric hindrance effects that reduce coupling efficiency to the surface and changes in amino
acid structure at the C terminal can alter the reactivity of the carboxyl group to the surface. It
was found that the density of immobilized Fmoc-valine-OH (1.35 chain nm-2 on APTES and
1.54 chain nm-2 on APTES-PEG3-NH2) is only about half of that of Fmoc-alanine-OH (2.46
chain nm-2 on APTES and 2.95 chain nm-2 on APTES-PEG3-NH2). As a result, it was
decided to do one fully-protected sample with two additional alanines at the C-terminal
[His(Trt)-Trp(Boc)-Arg(Pbf)-Gly-Trp(Boc)-Val-Ala-Ala-OH], that act as a spacer to enhance
the immobilization density of peptide. Three kinds of peptides were compared: peptide
without side-chain protecting-groups Fmoc-His-Trp-Arg-Gly-Trp-Val-OH; and two versions
of side-chain protected peptides, without and with the 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 used strategy in peptide synthesis to avoid
undesirable side reactions (44). For instance, as a strongly nucleophilic group, the trifunctional guanidine side chain group of Arg in HWRGWV could react with the α-carboxyl
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group at the C-terminal in the same peptide molecule to form a ring structure or selfpolymerize by the same reaction with the α-carboxyl group at C-terminal on other peptide
molecules (45). These side reactions could affect the ability of the α-carboxyl group at Cterminal to react with amine groups on the surface for immobilization in our work. In this
study, the surface density of the immobilized peptides with and without side chain protection
was compared. As shown in Table 4.2, the resulting surface density decreased slightly with
the protection of side chains for the immobilization on APTES-PEG3-NH2, while it was
almost doubled by the protection of side chain for the immobilization on the surface of
APTES layer. It is apparent that protecting side chains enhance the activity of the carboxyl
group on the peptide by reducing the probability of undesirable side reactions. However, the
side chain protection groups also made the peptide molecule more hydrophobic. The fully
protected peptide is less compatible with a hydrophilic surface as the APTES-PEG3-NH2
(contact angle of distilled water ~ 25 degrees), which is lower than that of APTES surface
(contact angle of distilled water ~ 53 degrees). As a result of these two effects, the peptide
density using side protecting groups increased only on the more hydrophobic APTES surface.
As mentioned above, the activity of the carboxyl group at the C-end of the peptide could
be enhanced if hindrance can be reduced by the addition of two alanines at the C-terminal
end of the peptide. As shown in Table 4.3, the surface density of the peptide with two
alanines at the C terminal immobilized on APTES surface is 1.22 chain nm-2, which is much
higher than that without two alanines. On the other hand, there is almost no difference in
surface density for the immobilization on APTES-PEG3-NH2 between the peptide with and
without two alanines at the C terminal. This could be explained by the fact that the amine
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group at the end of APTES has less flexibility than that at the end of PEG chains.
Consequently, reducing the steric hindrance by adding alanines had a more obvious effect on
the immobilization on APTES surface than that on APTES-PEG3-NH2.
In summary, the effects of protecting the side chains on the peptide and adding two
alanines at the C-terminal on peptide immobilization density depended on the presence of a
spacer arm on the surface, which changed both the exposure of the amine groups and also the
hydrophilicity of the surface. The immobilization density of Fmoc-His-Trp-Arg-Gly-TrpVal-OH on the surface without spacer arms was only about half of that on the surface with
spacer arms. But the immobilization density on the surface with spacer arms cannot be
further enhanced by both side chain protection and adding two alanine as those for surface
without spacer arm. In the experiments to analyze IgG-peptide interactions, only Fmoc-HisTrp-Arg-Gly-Trp-Val-OH was used for the immobilization on the surface of APTES-PEG3NH2 and the peptide density was 0.80 chain nm-2 which is half of the best peptide density for
resin, 1.6 chain nm-2 (5).
4.3.2

Characterization of the Modified Surfaces with ToF-SIMS

ToF-SIMS is proven to be highly efficient in the determination of elemental and
molecular composition characterization of various kinds of solid surfaces, including peptides
synthesized on solid supports (46-49). ToF-SIMS can provide high mass range, high mass
resolution and high surface sensitivity spectra with low surface damage (50). Here, ToFSIMS was chosen to confirm the success of each step in surface modification instead of fast
atom bombardment (FAB) or matrix assisted laser desorption ionization (MALDI) mass
spectrometry because it does not need any prior solubilization process. The samples in our
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work have very small surface area, and cleaving, collecting and solubilizing the immobilized
peptide can be very challenging.
Both positive and negative ion mass spectra were collected for the samples after each
modification step. In total, six samples were analyzed: SiO2, APTES, APTES-PEG3-NHFmoc, APTES-PEG3-NH2 and APTES-PEG3-NH-HWRGWV-Fmoc, and HWRGWV as a
positive control. The main peaks from peptide were identified in the both positive and
negative ion mass spectra of the positive control, and were then compared to the intensity of
these peaks in the spectra of the five intermediate and final samples. These characteristic
surface peaks should only appear with significant intensity in the spectra of APTES-PEG3NH-HWRGWV-Fmoc.
In the positive spectrum of the positive HWRGWV control, shown in Figure 4.1 (1-3f), a
series of characteristic peaks from the amino acid side chains or the amino acids backbone of
the peptide were identified (51-52), including m/z 43, 59, 73, 100, 112 for Arg, m/z 81, 82,
110 for His, m/z 130, 159, 170 for Trp, m/z 41 for Gly and m/z 43, 100 for Val. This
spectrum also shows the characteristic peaks associated with the N-terminal Fmoc protecting
group (m/z 165, 178, 179, 180) (48-49). There are several relatively strong peaks observed
that correspond to fragments of the peptide: Gly-Trp (CH3-CO-NH+=CH-CH2-C8H6N, m/z
202), His-Trp (C3H4N-C2H4-CO-NH+=CH-CH2-C8H6N, m/z 281). The peaks from other
relatively large fragments such as His-Trp-Arg (C3H4N-C2H4-CO-NH=C(CH2-C8H6N)-CONH2-(C2H2)4-CH5N3+ ( m/z 494) and whole peptide (m/z 1002, 1061), were also found in
the spectrum of the positive control, but the signal-to-noise ratio for these peaks was
relatively weak (the result was not shown here). All these peptide peaks identified in the

104

positive spectra were used as reference peaks in the analysis of the spectra of samples
collected after each step of silica surface modification and peptide immobilization.
The spectrum of APTES-PEG3-NH-HWRGWV-Fmoc was compared with the other four
spectra of reference samples, as shown in Figure 4.1 (1-3a, 1-3b, 1-3c and 1-3d, collected
before peptide immobilization). Generally, the overall peak patterns and intensities of
APTES-PEG3-NH-HWRGWV-Fmoc are significantly different from the spectra without
peptide. The intensity of Si+ at m/z 28 had diminished; all the peaks from the single amino
acids present in the ligand (Arg, His, Trp, Gly, Val) and the peaks of fragment Gly-Trp and
His-Trp, His-Trp-Arg were only found in the spectrum of APTES-PEG3-NH-HWRGWV but
not in those of other four samples. The peaks from the Fmoc group appeared only in the
spectra of APTES-PEG3-NH-Fmoc and APTES-PEG3-NH-HWRGWV-Fmoc. However, the
peaks from large fragments and whole peptide were not found in the spectra of APTESPEG3-NH-HWRGWV-Fmoc. The peptide immobilized on solid surface tends to be broken
into smaller pieces by primary ion pulse of ToF-SIMS (more detail of ionization of sample
by ToF-SIMS included in Appendix 3-1), comparing with the free peptide in state of powder.
Generally, the negative ion spectra were far less intense than the corresponding positive
ion spectra, and they are not shown here. The peak of CN- (m/z 26) is one of the
characteristic peaks for molecules with amine groups (53-56) and it was observed in the
spectra of all samples except SiO2. Consistent with our expectation, the peak of OCN- (m/z
42) from the peptide backbone was observed with significant intensity in the spectra of
HWRGWV and APTES-PEG3-NH-HWRGWV-Fmoc but was much weaker in the spectra of
other samples. One important peak in the negative spectra is from Fmoc groups (m/z 165)
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(48). This peak was observed only in the spectra of APTES-PEG3-NH-Fmoc, APTES-PEG3NH-HWRGWV-Fmoc (the amine group at N-terminal was protected by Fmoc group before
deprotection step) and peptide powder. In summary, ToF-SIMS spectra provided direct
evidence peptide was successfully immobilized on silica surface.
4.3.3

Study of the Affinity Interaction between Peptide Ligand and hIgG by QCM

Hexamer peptide HWRGWV on solid chromatography resin surface was proven to be
able to specifically bind to hIgG (3). In this study, this peptide was immobilized on modified
flat silica surface as described above. It was first necessary to determine whether or not the
affinity to hIgG was maintained after immobilization on a surface that is quite different from
a chromatography resin with a peptide density of 0.80 chains nm-2. To do so, the role of the
presence immobilized peptide on the isotherm curve of hIgG adsorption from PBS buffer
was investigated. In addition, the adsorption behavior of hIgG was compared to that of
another protein, bovine serum albumin (BSA) to check whether or not the immobilized
peptide adsorption to hIgG is specific.

BSA was chosen since it should only have

nonspecific interactions with HWRGWV. As a highly hydrophobic protein, and the since
albumin is the contaminant in highest concentration in plasma and in some cell culture media,
it makes a good model for comparison. The Langmuir equation was fit to the isotherm curves
obtained (as shown in Figure 4.2) as described in section 4.2.6.1. The dissociation constants
(Kd) and maximum binding capabilities (Qm) obtained from Langmuir fits ware summarized
in Table 4.3.
The results in Figure 4.2 show that the amount of hIgG adsorbed on the surface with
peptide is significantly higher than that on the surface without peptide for each hIgG
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concentration within the range of 0.005 to 5 mg ml-1. The maximum binding capacity for IgG
binding is significantly higher in the presence of peptide as opposed to surfaces without
HWRGWV (as shown in Table 4.3). The dissociation constant of hIgG adsorption on surface
with peptide is two orders of magnitudes smaller than that of hIgG adsorption on surface
without peptide. These results indicate that the adsorption of hIgG on the surface with
peptide is dominated by the affinity interaction between peptide ligand and hIgG instead of
the nonspecific binding to the substrate.
In comparison to IgG adsorption behavior, the adsorption of BSA shows weaker
dependence on the presence of peptide. Instead of increasing, the absolute adsorption
amount decreased by a factor of 2 in the presence of peptide on the surface (as shown in
Figure 4.2). The dissociation constant for adsorption of BSA on the surface with and
without peptide are very similar. It is also evident that BSA was retained on the surface
with HWRGWV ligands predominantly by electrostatic interactions since the majority of
BSA was eluted with 1M salt (as shown in Figure 4.3), while the hIgG adsorbed on this
surface remained adsorbed almost after washing with high salt concentration buffer.
In order to further confirm the specificity of immobilized peptide to hIgG adsorption, the
isotherm of hIgG adsorption from cMEM that had been spiked with hIgG was obtained and
compared with the isotherm observed from PBS buffer. The total amounts of hIgG adsorbed
from cMEM-containing hIgG at different concentrations were measured by QCM. In order to
remove nonspecifically bound albumin, the most common protein contaminant in cMEM, the
hIgG sample injection was followed by an injection of PBS buffer with 1M NaCl. As shown
in Figure 4.4, about half amount of adsorption from cMEM could be removed from the
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surface with 1M NaCl, while most of adsorption from cMEM with IgG couldn’t wash away.
The cMEM with 10% fetal bovine serum solution contains about 2 mg ml-1 BSA (57). As
shown in Figure 4.4, before the wash step with high salt concentration buffer, the change of
frequencies by adsorption is about 12 Hz (corresponding to 2.1 mg m-2 protein on surface),
which is close to the adsorption amount from 2mg ml-1 BSA solution in PBS buffer. The
difference was that most of the adsorption of BSA from PBS from buffer could be removed
from the surface by a buffer containing 1N NaCl, while for the cMEM experiment only half
the amount was removable under the same conditions. After the wash step, the adsorption
amount from cMEM was about 1 mg m-2 which was about 9% of the maximum capacity (11
mg m-2) of hIgG adsorption from cMEM. In order to minimize the effects of cMEM, the
adsorption amounts after wash step were used to plot the isotherm. As shown in Figure 4.5,
with an increase of hIgG concentration in cMEM, the adsorption amount increased
significantly, which is in the same trend as that from buffer solution, except that the absolute
adsorption amount at each hIgG concentration from cMEM is lower than that from buffer.
This difference may be caused by the competition between hIgG and the albumin in cMEM
during the binding step. The Kd of the adsorption from cMEM is 0.46 µM, which is very
close to that obtained from buffer solution, 0.43 µM. To conclude, the affinity of the protein
adsorption is does not seem to be significantly affected by the complex media.
In order to compare the affinity interaction occurring on the flat silica surface with that on
resin surfaces the amounts of protein adsorbed to each material need to be quantified. The
Sauerbrey relationship is widely used to quantify adsorption amounts from QCM responses,
but it should be used with caution. The Sauerbrey equation is only valid for uniform,
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ultrathin, rigid films with material properties indistinguishable from those of the crystal
resonator QCM (15, 58-60).
It has been reported that QCM tends to overestimate the adsorbed amount of proteins for
several reasons. First, the frequency changes recorded by QCM include are the result of
adsorption of proteins and also water bound on protein molecules or entrapped inside the
adsorbed layers (35-37). Second, the Sauerbrey relationship, excludes the contribution of the
viscoelasticity of adsorbed layer on frequencies changes, and can skew the estimated
adsorption amounts (20, 35, 38, 61-67). Although the estimation of the adsorption amount
from QCM by the Sauerbrey equation may not be a perfect method for quantification
analysis, it is a straightforward way to obtain an approximate estimate of kinetic and
thermodynamic parameters. The maximum binding capacity obtained in the present study
was 14 mg m-2, with the knowledge that QCM tends to overestimate the adsorption amount.
Based on the known hydrodynamic dimensions of hIgG (235×44×44 Å), closely packed “end
on” and “side-on” monolayers of unperturbed hIgG molecules would give surface
concentrations of 13 and 2.4 mg m-2, respectively (1). Since it is unlikely that all of the hIgG
molecules on the surface are in an “end on” configuration, it is worthwhile exploring
potential correction factors that could be applied to the maximum binding capacity measured
in this study.
In Zhou’s work (38) on hIgG adsorption on a hydrophobilized gold surface, the
overestimation of mass adsorption by QCM was quantified by comparison to adsorption
measurements using surface plasmon resonance (SPR) and love mode surface acoustic wave
(SAW) techniques. SPR measures only the amount of adsorbed protein (“dry mass”), while
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QCM and SAW, acoustic wave devices, measure the combined mass uptake coming from
both adsorbed protein and entrapped water (“wet mass”). In addition, SAW signal is not as
sensitive to viscoelastic effects as that of QCM (68). Zhou’s work suggests that the “wet
mass” is overestimated by QCM by 1.2 to 1.6 times if the Sauerbrey relationship is used to
calculate the amount of protein adsorbed. It was also claimed that the overestimation was
mainly from viscoelastic effects and that water content contributed less that 10% of the
weight adsorbed (38). However in other references, it has been pointed out that the effect of
neglecting the viscoelastic effects by using the Sauerbrey equation led to an underestimation
of the amount adsorbed in comparison with that attained from fitting into the more
complicated Voigt-Kelvin model (35, 37, 69). Furthermore, for thin protein layers such as
those formed by IgG adsorption on hydrophilic TiO2 surfaces, this difference was found to be
in the range of 10% (37, 69). The other contribution verified consistently by all references is
that of water molecules embedded inside or associated on top of adsorbed protein layers (3538, 70-76). In Vörös’ study (37) on IgG adsorption on a TiO2 surface, the “wet mass”
measured by QCM is about 3 times of the “dry mass” measured by optical waveguide light
mode spectroscopy (OWLS). Since the frequency and dissipation changes observed in our
system (as shown in Figure 4.8) caused by hIgG adsorption at equilibrium at high protein
concentration (1~5 mg ml-1) are very close to those reported by Vörös (∆F: 56 ~ 68 Hz
(reconstructed from the adsorption amount data: 10 - 12 mg m-2), ∆D: 2 ~ 2.5 x10-6) (37), it
is reasonable to assume that the QCM-derived mass in our system is also about 3 times of
that of “dry mass” at equilibrium at high concentrations. If this assumption is correct, then
the maximum binding capacity of hIgG in our system should be adjusted to 4.6 mg m-2,
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which is a capacity comparable to that determined for a chromatographic resin with same
peptide density, 4.3 mg m-2 obtained under same adsorption conditions (5). This suggests that
a monolayer of hIgG with different conformations was formed on the surface when in
equilibrium at saturation concentrations.
The value of Kd of hIgG adsorption on silica surface functionalized by peptide ligand
obtained from QCM experiments is in the order of 10-7 M, which is one order of magnitude
smaller than that value for the same ligand immobilized onto polymethacrylate-based
chromatography resins (in the order of 10-6 M) (5). The effect of overestimation of QCM on
the measurement of Kd is not straightforward. It depends on the relationship between the ratio
of QCM-derived mass to “dry mass” and the amount of protein adsorption at various
concentrations. There is no clear way of making such corrections, other than to make
measurements on a different device (SPR for example) in which 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 rate constant ka and the desorption rate
constant kd, were estimated by using nonlinear least squares regression fitting of the dynamic
measurements of protein adsorption as a function of time, described in section 4.2.6.2. The
raw adsorption rate data and fitted curves at various protein concentrations are shown in
Figure 4.6 and the ka and kd values are summarized in Table 4.4.
The values of the rate constants depend on the measurements of Kd and Qmax (the original
Qmax value) as well as the estimate of the mass transfer coefficient (1.1 ×10-7 m s-1) described
in section 4.2.6.2. Because of the uncertainty in these parameters, it is not a surprise that this
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model did not seem to represent the raw data perfectly (as shown in Figure 4.6). It is clear
from the results in Table 4.4 that the values of ka are dependent on protein concentration.
Intrinsic rate constants should be independent on protein concentration, and this point to a
potential problem with estimated values of the dissociation constant and the binding capacity.
As shown in Figure 4.6, the calculated protein concentration near the sensor surface (Cs) was
noticeably lower than that in bulk solution, Cb. The difference was more obvious at low
protein concentrations and at the initial stage of adsorption. These results indicate that the
transport of the protein from bulk to surface limited the adsorption rate and it was necessary
to include the mass transport equation into the kinetic model. As shown in Table 4.5, neglect
of the existence of transport limitation (transfer coefficient km approaching infinity) led to an
underestimation of the intrinsic association and dissociation rate constants by about 1 time
for all experiments. In addition, in order to test the sensitivity of the estimated kinetics
parameters on the value of the mass transfer coefficient km, another correlation found in
literature were used to estimate the Sherwood number (77)

Sh = 1.58(Re⋅ Sc ⋅ d / d H )1/ 3

4-7

This empirical equation was derived from the experiments for laminar flow in narrow
channels (gaps 0.2~0.5 mm), which also has similar geometry as the QCM chamber (gap:
0.26 mm) in this study. In addition, as mentioned in section 4.2.6.2, under the experimental
condition in this study, the Reynolds number of the flow in QCM chamber was in the laminar
regime. The km calculated with this equation has a value of 1.6 ×10-7 m s-1. As shown in
Table 4.5, there was almost no change in the estimation of association rates if transfer
coefficient increased from 1.1 ×10-7 to 1.6 ×10-7 m s-1.
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The estimation of association rates is not sensitivity to the value of transfer coefficient in
this study.
4.3.5

The Effects of PEG Spacer Arm on the Affinity Interaction between Peptide
Ligand and IgG

Spacer arms are widely used in affinity chromatography or membranes for bioseparations
to enhance the accessibility of ligands. These spacer arms can significantly affect the proteinligand interactions, especially for small ligands, and this effect could be even more critical
when the active site of the target molecule is located in a pocket (2, 78). A good spacer arm
should have just enough length to facilitate the formation of ligand and target biomolecule
complex. If no spacer or too short a spacer arm is used, it might be hard to form the complex
of ligand and target molecule due to steric hindrance; if it is too long, the density of ligand
could be low and nonspecific binding to the spacer arm could become predominant over the
affinity interaction (2). In the work of Heldt et al., it was found that extension of the ligand
using a PEG spacer of 4 repeat units enhanced the binding of porcine parvovirus (PPV) to
peptide ligand WRW on a resin (31). In this study, the silica surface was functionalized first
with an amine group associated with APTES and then a spacer arm consisting of a short PEG
chain with 3 repeat units was attached. The peptide can be immobilized directly on top of the
APTES or through the spacer arm. In 4.3.2 the impact of spacer on peptide immobilization
density were discussed. In this section we describe the effect of spacer arm on binding. The
modified silica surfaces with or without peptide ligand and spacer arm were challenged with
1mg ml-1 protein solutions and the adsorption processes were compared.

113

As shown in Figure 4.7, the IgG equilibrium adsorption amount on APTES-HWRGWV
surface is about 4 times of that on the APTES surface alone. In addition, the adsorption
amount of hIgG on APTES-HWRGWV is about 10-fold of that of BSA at similar protein
concentration. All in all, the affinity of peptide ligand immobilized on APTES for hIgG
adsorption was very similar to that immobilized on APTES-PEG3-NH2. The spacer arm does
not seem to be critical to maintain the affinity of the peptide ligand immobilized on silica
surface. As mentioned before, the value of spacer arm is more obvious when the binding site
is hard to reach. It may hint that the binding site resides on the IgG molecule surface or at
least not in deep pocket. This deduction conformed to the study of binding sites by the mass
spectrometry and docking simulation done in our group (79). Compared to the adsorption
process on the surface with spacer arm (APTES-PEG3-NH-HWRGWV), the adsorption
process on surface without peptide is faster (as shown in Figure 4.7). It is apparent that the
spacer arm provides additional degrees of freedom and conformation and that this can reduce
the rate of adsorption while at the same time not having a strong influence on the binding
capacity.
This is a phenomenon that is not often considered when spacer arms are being used in
affinity applications. It was also found that the IgG adsorption rate increased by adding two
alanines between the peptide and APTES (APTES-AA-HWRGWV, as shown in Figure 4.7).
These two alanines as a short spacer arm reduce potential steric hindrance, while the length
of two alanines is much less than that of PEG3 and hence there was less chance that the
HWRGWV could interaction with the substrate. Consequently the association between
peptide and hIgG was higher than that on top of APTES.
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4.3.6

Dissipation Analysis

The analysis of energy dissipation provides additional information about the influence of
spacer arm in the affinity interaction between immobilized peptide and target protein. The
measurement of ∆D relates the viscoelastic property of adsorbed layer. Generally, compact
and rigid adsorbed layers lead to relatively smaller changes in dissipation comparing with
that from loosely packing adsorbents (34, 80-81). A convenient way of presenting the data of
dissipation is to display the quantity K which equates to the derivate of dissipation change
respective to absolute value of frequency change (the slope of ∆D versus –∆F curve). The K
value is a measure of the energy dissipation per unit mass added to the surface (34). As
shown in Figure 4.8, the dissipation of ∆D5 versus -∆F5/5 was plotted characterizing the
viscoelastic nature of the hIgG layers adsorbed at the solid/liquid interface. Here ∆D5 is the
change of dissipation and ∆F5/5 is the change of frequency normalized by number of
overtone, which were recorded simultaneously by QCM at overtone 5th.
For the case of protein adsorption directly on surface of APTES it is clear that the slope of
the dissipation-frequency change curves increased from 9×10-8 to 3×10-8 Hz-1 at a -∆F5/5 of
19 Hz. This evident switch is associated with a relatively large conformation change (15, 3538). As shown in Figure 4.9, this phenomenon was only observed when IgG concentration
was high (1 and 5 mg/ml). With increase of IgG surface density, the adsorbed IgG could
change from “side-on” to “end-on” conformation to allow more protein to adsorb on surface
(28). IgG adsorbed on surface with “end-on” conformation has less association with the
surface than that bound on surface with “side-on” conformation, and consequently leads to
relatively large dissipation change.
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For the adsorption on the other four surfaces (APTES-PEG3-NH2, APTES-HWRGWV,
APTES-AA-HWRGWV and APTES-PEG3-NH-HWRGWV) the plots of ∆D vs. ∆F are
almost straight lines with small deviation. These results indicated that no significant
conformation change happened on these surfaces. For the adsorption on APTES-PEG3-NHHWRGWV, the slope slightly decreased with frequency in the full range of data. This may
be the result of lost of water molecules associated with protein or PEG layers with increasing
packing density. The data of APTES-HWRGWV and APTES-AA-HWRGWV had the same
trend; at low frequencies, the slope decreases slightly with increasing frequency, which is
same result observed on the surface of APTES-PEG3-NH-HWRGWV. At higher frequencies
(45~50 Hz) the slope switched to higher value, but the changes of slopes is less significant
compared with that on the APTES surface. When the absorbed protein on surface became
crowded, for part of protein, the conformation may change for “side-on” to “end-on”. The
frequency at which the conformation change happened for the IgG adsorption on the surface
with peptide (45~50 Hz) was much higher than that of IgG adsorption on APTES surface
(19~22 Hz). This discrepancy could be caused by the difference in water amount in adsorbed
protein layer. The protein adsorbed on surface with peptide ligand could have more water
molecules embedded inside, since amide bond or peptide side chain tends to bound solvent
by H-binding. For the same protein surface density, the change of frequencies recorded by
QCM could be different.

4.4

Conclusions

HWRGWV was successfully immobilized on a silica surface with a surface density about
0.8 chain nm-2; in other words, the average distance between two peptide chains was about 1
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nm. It was high enough to ensure that every hIgG molecule (235×44×44Å) adsorbed on the
surface could interact with more than one peptide at the interface. The silica surface
functionalized by peptide was characterized by ToF-SIMS. The presence of peaks from
Fmoc groups and peptide itself provided direct evidence that the peptide was immobilized on
the surface at the proper orientation through the carboxyl terminus.
High affinity and specificity of HWRGWV to hIgG binding was maintained after
immobilization on the solid surface as evidenced by the adsorption isotherms of hIgG from
both buffer and cMEM, compared to that of BSA adsorption. Both the equilibrium
thermodynamic and kinetics parameters were obtained by analysis of QCM data. The PEG
spacer arm is not necessary to keep the affinity to hIgG binding.
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Table 4.1 Effect of coupling reagent and peptide concentrations on peptide immobilization
density

Coupling Reagent

DIC+HOBt

Concentration

Molar ratio of

Thickness

Surface

of peptide, mg

coupling reagent

of peptide

density,

ml-1

to peptide

layer, Å

chain nm-2

1

1:10

3±0.5

0.16

10

1:2.5

5±0.8

0.27

1:1

6±1.1

0.33

1:10

7±0.7

0.41

1:1

11±1.2

0.62

1:2.5

13±1.3

0.73

1:1

13±1.4

0.77

1:10

14±1.0

0.81

1:1

15±1.1

0.86

1:2.5

15±0.9

0.88

1:1

11±1.2

0.63

1:10

10±1.2

0.59

1:1

12±1.1

0.72

1:2.5

13±1.2

0.75

1
EDC+NHS+HOBt
10

1
TBTU+HOBt
10

1
PyBrOP+HOBt
10
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Table 4.2 Effect of side-chain protection on peptide density
Immobilization peptide on

Immobilization peptide on

APTES-PEG3-NH2

APTES

Surface

Peptide
Fmoc-His-Trp-Arg-GlyTrp-Val-OH
Fmoc-His(Trt)-Trp(Boc)Arg(Pbf)-Gly-Trp(Boc)Val-OH
Fmoc-His(Trt)-Trp(Boc)Arg(Pbf)-Gly-Trp(Boc)Val-Ala-Ala-OH

Surface

Thickness,

density,

Thickness,

density,

Å

chain nm-2

Å

chain nm-2

14

0.81

7

0.38

22

0.76

25

0.86

20

0.71

38

1.22

Table 4.3 Apparent dissociation constant and maximum binding capacity of the BSA and
hIgG adsorption on modified silica surface APTES-PEG3-NH2 and APTES-PEG3-NHHWRGWV-NH2
Surface

APTES-PEG3-NH2

APTES-PEG3-NH-HWRGWV-NH2

Protein

Kd, µM

Qm, mg m-2

R2

hIgG

14.1

4.6

0.87

BSA

16.5

6.97

0.953

hIgG

0.43

14

0.986

BSA

20.5

3.38

0.913

Table 4.4 Association rates and dissociation rates of hIgG adsorption on silica surface
functionalized with peptide ligands
IgG Concentration
(mg ml-1)
0.04
0.10
0.20
1.00
5.00

ka
(m mol-1 s-1)
0.70
0.36
0.31
0.16
0.11
3
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kd
(s ) ×103
3.01
1.55
1.33
0.69
0.47
-1

Table 4.5 Dependence of the estimated association rates on the transfer coefficient km value
IgG Concentration
(mg ml-1)
0.04
0.10
0.20
1.00
5.00

km =1.1×10-7
m s-1
0.70
0.36
0.31
0.16
0.11
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ka (m3 mol-1 s-1)
km =1.6×10-7
m s-1
0.69
0.36
0.31
0.16
0.11

km → ∞
0.39
0.17
0.15
0.09
0.05

Figure 4.1 ToF-SIMS spectra of samples SiO2 (a), APTES (b), APTES-PEG3-NH-Fmoc(c)
and APTES-PEG-NH2(d) and pure peptide HWRGWV (e) within the range of m/z 0~100
(1a~1f), 100~200 (2a~2f), 200~300 (3a~3f)

129

130

131

132

Figure 4.2 Isotherm of hIGgG and BSA adsorption on modified surface with and without
peptide; the fits correspond to Langmuir adsorption isotherms at the relevant protein
concentrations
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Figure 4.3 Wash the adsorbed hIgG and BSA adsorbed on modified silica surface
functionalized with peptide ligands by PBS with 1M NaCl
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Figure 4.4 IgG adsorption from cMEM on silica surface functionalized with peptide ligands

Figure 4.5 Isotherm of hIgG adsorption on modified silica surface functionalized with
peptide ligands from PBS buffer and cMEM
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Figure 4.6 Kinetics fitting Langmuir isotherm adsorption model to raw data of hIgG
adsorption on surface functionalized with peptide recorded by QCM. QCM experiment data
(solid line), fitting result (dot line) and modeling of the normalized protein concentration
close to sensor surface (Cs/Cb)

Figure 4.7 The kinetics of protein adsorption on silica surfaces with and without spacer and
peptides. The frequency changes recorded by QCM for hIgG or BSA adsorption with
concentration of 1mg ml-1 on modified silica surface of APTES, APTES-HWRGWV,
APTES-AA-HWRGWV and APTES-PEG3-HWRGWV
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Figure 4.8 Correlation between dissipation and frequency changes of hIgG adsorption from
1mg ml-1 solution on modified silica surface of APTES, APTES-PEG3-NH2, APTESHWRGWV, APTES-AA-HWRGWV and APTES-PEG3-NH-HWRGWV
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Figure 4.9 Correlation between dissipation and frequency changes of hIgG adsorption from
solution on modified silica surface of APTES

137

Chapter 5. Formation and Characterization of Self-Assembled Monolayers
of Thiolate Containing Oligo(ethylene glycol) Terminated with Amine
Groups on Gold
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Abstract
Self-assembled monolayers (SAMs) of oligo(ethylene glycol)-terminated alkanethiols can
resist the adsorption of proteins. A two-component SAM using HS(CH2)11(CH2CH2O)6NH2
and HS(CH2)11(CH2CH2O)3OH could be an excellent candidate as an anchor layer for the
immobilization of ligands in the study of protein-ligand binding events on surfaces with
lower background resulting from non-specific protein binding. Mixed SAMs are formed by
the co-adsorption of thiols. Consequently, the composition of the SAM and surface properties
depend on the concentration of thiol in solution and preparation conditions such as the
solvent and adsorption time. In this work, the dependence of the surface properties of pure
SAMs of HS(CH2)11(CH2CH2O)6NH2 and HS(CH2)11(CH2CH2O)3OH on thiol binding
conditions was studied. Both contact angle measurement and chemical force microscopy
(CFM) results indicated that the SAM formed by immersion into 1 mM thiol solution in
ethanol with 3% of TEA as solvent for 1 day was more uniform than that formed in ethanol
or THF for the same formation time.
The best formation condition for a SAM of HS(CH2)11(CH2CH2O)6NH2 was used to
produce a two-component SAM on a gold surface. The mixed SAM was subjected to
characterization by X-ray photoelectron spectroscopy (XPS) and CFM. The XPS results
indicated the dependence of surface compositions on thiol solution formulations. However,
quantification of the amine group density on the surfaces analyzed by XPS spectra or
radiolabeling methods did not yield useful results. Analysis of the CFM results showed that
no phase separation happened for the two-component SAM of HS(CH2)11(CH2CH2O)6NH2
and HS(CH2)11(CH2CH2O)3OH.
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5.1

Introduction

In Chapter 3, the modification of silica surfaces to introduce high-density poly ethylene
glycol chains and amino groups for the immobilization of ligands was discussed in detail.
These materials also show low non-specific protein binding, making them suitable materials
for specific binding and detection of specific proteins. As discussed earlier (Section 3.1), a
high surface density of PEG chains could provide a surface with low non-specific binding,
while a high density of the terminal amino groups, which are the attachment points for the
specific ligands, would allow for a better control of the final ligand density, and an
optimization of target binding, as ligand density is a critical parameter for affinity
chromatography using short peptide ligands. In this chapter, we discuss a strategy to modify
a gold surface for similar purposes.
Although self-assembled monolayers (SAM) of alkanethiols have some disadvantages,
including instability over long term use and the limitation of use only with noble metal
substrates (1-2), they are still attractive due to their simple formation process and wellorganized structure (3-8). Whitesides and colleagues (9-11) studied alkanethiols with various
functional groups including oligo(ethylene glycol) and demonstrated that SAMs containing
this compound resist the adsorption of proteins. They demonstrated that the resistance to the
adsorption of proteins increased with the length of the oligo(ethy1ene oxide) chain and also
the mole fraction of the thiolate containing PEG in mixed SAMs (10). SAMs containing PEG
chains and functional groups have already been applied for the immobilizations of
biomolecules for various applications. SAMs formed from oligo(ethylene glycol)-terminated
thiols with a reactive carboxyl end group have been reported to couple peptides for cell
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adhension studies (12-14), and to immobilize proteins for enzyme kinetics studies (15-16), as
well as for studies on affinity interactions. (17). There is a very limited number of references
on SAMs formed from oligo(ethylene glycol)-terminated thiols ending with amine groups.
Mrksich and colleagues reported the use of a SAM containing EG3NH2 for coupling a
phosphonate ligand onto a gold surface (18). In that work, the phosphonate ligand was first
coupled to a disulfide with a structure given by HO-EG3-(CH2)9-S-S-(CH2)9-EG3-NH2,
followed by mixing with a symmetrical EG3 disulfide (HO-EG3-(CH2)9-S-S-(CH2)9-EG3-OH)
and the final phosphonate ligand density obtained was 1%. The ligand density of 1% was
high enough for the study for the interaction between phosphonate ligand and cutinase, but it
is not sufficient enough for the purpose of this study. As mentioned in Chapter 3, high
peptide density is critical for the affinity interaction between short peptide ligands and target
biomolecules. In addition, in this study the peptide ligand is small in size in comparison with
the target protein (hIgG) and consequently, a short spacer arm was desired to enhance the
availability of ligand exposure.
Therefore, we pursued a new strategy to modify gold surfaces by SAMs with the
following two kinds of thiols: HS(CH2)11(CH2CH2O)6NH2 (in short, EG6NH2) and
HS(CH2)11(CH2CH2O)3OH (in short, EG3OH). The mixture of the EG6NH2 and EG3OH was
used to adjust the amine group density on the surface and the difference in chain length
between these two thiols could work as spacer arm. The formation conditions of the SAMs of
pure EG6NH2, EG3OH, or mixture of these two, were studied and the modified gold surface
was characterized by contact angle measurement, X-ray spectroscopy (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 biology), Tetrahydrofuran (THF, ACS reagent
99.5%), triethylene amine (TEA, ACS reagent 99%) and cyanoborohydride (NaCNBH3, ACS
reagent 99%), were obtained from Sigma-Aldrich (St. Louis, MO).

Deionized water

(resistivity > 16 MΩ·cm) and Milli-Q water (resistivity > 18 MΩ·cm) were obtained by using
a Millipore water purification system (Billerica, MA). Alkanethiols of structures of
HS(CH2)11(CH2CH2O)6NH2 and HS(CH2)11(CH2CH2O)3OH were obtained from Prochimia
Surfaces, Ltd. (Gdańsk, Poland). [14C]-formaldehyde (H14CHO, 55 mCi/mmol, 0.1 mCi/ml)
was obtained from American Radiolabeled Chemicals Inc. (St. Louis, MO). Nitrogen gas,
purity 99.99%, was obtained from National Welders Supply, 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 (dimension: 25 × 6.25 × 1 mm, EMF
Corporation, Ithaca, NY) was cleaned with an ultraviolet/ozone (UVO) cleaner (Model 42,
Suprasil lamp, Jelight Co., Irvine, CA) for 20 minutes. The glass slide was quickly immersed
and kept in ethanol to prevent contamination from air and a nitrogen stream was used to dry
the slide before use. The cleaned glass slide was modified by immersing into thiol solution of
HS(CH2)11(CH2CH2O)6NH2, or HS(CH2)11(CH2CH2O)3OH or the mixture of these two, with
a total thiol concentration of 1mM for all experiments in this study. One of following
solvents were used: pure 200-proof ethanol, ethanol with 3% (v/v) tri-ethylene amine (TEA)
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or THF. After immersing the glass slide in the thiol solution for 1 to 4 days, the slide was
removed from the solution and rinsed 5 times with 5 ml of ethanol and sonicated for 5
minutes in ethanol, followed by rinsing three times with 5 ml of ethanol, and finally drying
with nitrogen.
5.2.3

Contact Angle Measurement

Contact angle measurements were performed under ambient conditions using a RaméHart contact angle goniometer (model 100-00, Ramé-Hart, NJ, USA) equipped with a CCD
camera and analyzed with Ramé-Hart software. The advancing contact angle of DI water (pH
6.8) was measured by dropping 4 µl of DI water onto the modified gold surface and then the
receding contact angle was measured by withdrawal of 2 µl DI water from the surface with a
syringe. Each data point reported represents an average of five measurements on the same
sample, with an error smaller than ±1.5º.
5.2.4

Chemical Force Microscopy (CFM) Experiments

All CFM images were acquired with a scanning probe microscope (SPM, mode JSPM5200, JEOL, Inc., Tokyo, Japan) under vacuum (~10-6 Torr). The SPM was operated in
tapping mode using an AFM probe tip terminated with diamine molecules (product no.
CT.AU.NH3, provided by Novascan Technologies, Inc., Iowa, USA). The resonance
frequency of the tip was 300 kHz, and the spring constant was 40 N m-1. The dimension of
the cantilever was 125 × 40 × 4 µm. Tip geometry was pyramidal and its height was 14 µm,
with a radius of less than 10 nm. For the tip used in this study the lateral resolution was on
the order of 10 nm (information provided by the vendor). 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 Perkin-Elmer Physical Electronics
Industries Model 5400 ESCA system (Perkin-Elmer, Inc., Physical Electronics Division,
Eden Prairie, MN) with a concentric hemispherical analyzer. The photoelectrons were
excited by Mg Ka X-rays at 400 W of power. The system was operated under 10-8-10-9 Torr
of pressure. The take-off angle, which is defined as the angle between the collection axis of
the photoelectron analyzer and the sample plane, was 70°. The diameter of the analyzed spots
was about 0.6 mm. For the survey scans for carbon, the signal for the binding energy (BE)
within the range of 0 to1200 eV were recorded; pass energy was set as 100 eV, with an
energy step of 1.0 eV and the dwell time of 100 ms. High resolution spectra were recorded at
200 eV pass energy with a energy step of 0.1 eV and dwell time of 1.2 s. For survey spectra,
the average of 3 scans was recorded for all samples. For the high resolution spectra of C 1s
the average of 5 scans were recorded.
All peaks were calibrated with a reference of Au4f at 84.0 eV in the survey scans and C-C
component at 285 eV for the high resolution scans. The data were analyzed and fitted using
the CasaXPS software suite (Casa Systems Inc. Andover, MA) to measure the relative
amount of elements or components. The results presented in this study are the averages of
three measurements obtained on different positions of the same sample.
5.2.6

Measurement of Amine Group Density by Radiolabeling Method

The gold slides were modified by the SAM of EG6NH2 by the same method described in
section 5.2.2 and then put into a 5-ml glass vial (Fisher Scientific, Inc., Pittsburgh, PA) with
4 ml of PBS buffer (pH7.4). The gold slide has a surface area of 1.56 cm2 (25 × 6.25 mm)
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and the theoretical density of EG6NH2 was assumed to be the same as that of SAM of
HS(CH2)11(CH2CH2O)6OH, which is 2.14 molecule nm-2 (19). Therefore, the theoretical
amount of amine group in a well-packed SAM of EG6NH2 on one slide was 1.22 nmole.
Based on the calculated amount of amine groups, 1, 2, 5 or 10 equivalents of radiolabeled
formaldehyde (H14CHO) were added to a vial with one piece of gold slide. Then NaCNBH3
was added at 10 molar excess of the amount of H14CHO. The vial was gently shaken at room
temperature for 4 hours, followed by removal of the slide from the solution, and rinsing 10
times with 5 ml of DI water. The level of radioactivity in the slide was counted using a
Packard 1500 Tri-Carb Liquid Scintillation Analyzer (Meridan, CT) using CytoScint ES
scintillation liquid from ICN (Mesa, CA). The amount of radioactivity corresponds to the
number of amines acetylated with the radiolabeled formaldehyde.

5.3

Results and Discussion

5.3.1

Formation of pure SAMs of EG6NH2 and EG3OH

The formation of a SAM includes at least three steps: physical adsorption of thiol on the
surface, conversion of the physical adsorption to chemical adsorption, and the rearrangement
and organization of the molecules to form compact structures that minimize the Gibbs free
energy of adsorption (20). Kinetic studies of alkanethiol adsorption onto Au(111) surfaces
have shown that at relatively dilute solutions the two initial steps are well described by
diffusion-controlled Langmuir adsorption and the adsorption rate showed strong dependence
on thiol concentration (8). When the thiol concentration was as high as 1 mM, the first two
steps finished within a few minutes, while it required over 100 minutes at 1 µM
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concentration (21). The last step is similar to a crystallization process, where alkyl chains get
out of the disordered state and into unit cells, thus forming a two-dimensional crystal. The
kinetics of the last step is related to chain disorder such as gauche defects, the different
components of chain-chain interaction including van der Waals, dipole-dipole, charge-charge
forces and the exchange rates between thiolate on surface and thiol in solution or surface
mobility of chains. The last step is a relatively slow step when compared with the initial steps,
and it could take up to several days (3).
In order to avoid the diffusional transport limitation, a thiol concentration of 1 mM was
used for all the experiments in this study. Two SAM-formation times of 1 day or 4 days were
used and compared. Ethanol was the typical solvent for the formation of SAM containing
PEG (10-11, 13, 19, 22-23) and it was also chosen for this study. Jiang and his colleagues
reported that SAMs of thiol containing amine groups tended to form bilayers on a gold
surface when ethanol was used as a solvent (24). They suggested adding 3% (v/v) TEA into
ethanol to break the H bonding between the bilayer components and to suppress the
ionization of NH2 groups which also prevented the formation of compact SAMs due to strong
electrostatic repulsion in closely packed SAMs on surface. In this study, the effect of adding
3% (v/v) TEA in the ethanol solution on the formation of SAM of EG6NH2 was investigated.
In addition, one polar aprotic solvent, THF was also used to compare with ethanol (a polar
protic solvent) to study the effect of solvent on the formation of SAMs of EG6NH2. THF was
chosen because by comparing the Hansen solubility parameter (HSP) values of ethanol and
THF, it was possible to predict the status of the dissolved thiols in the solvent. A comparison
of the HSP values of ethanol and THF is presented in Table 5.1(25). In summary, the
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dispersion bonds inside of these two solvent are close, the polar bonds in ethanol are stronger
than those in THF, and the H-bonds in ethanol are much stronger than those in THF (26).
According to the comparison of these two solvents, it is reasonable to predict that there is
less interaction between solvent molecules with PEG (-CH2CH2O-) chains in THF than that
in ethanol due to the difference in H-bonds. In addition, the incompatibility between the
hydrophobic chain -(CH2)11- and THF is less than that in ethanol, due to the difference in
polar bonds. The summation of these two effects could lead to a relatively higher chance for
the thiol of EG6NH2 or EG3OH to form micelles in ethanol than in THF with the hydrophobic
chains in the core and the PEG chains exposed to ethanol. For these reasons, THF was also
chosen and compared to the common used solution ethanol for the formation of SAM of
EG6NH2 and EG3OH, since it could be better than ethanol to disperse thiol molecules in
solvent for SAM formation.
All in all, three solvents were used and compared: ethanol, ethanol with 3% TEA and THF.
The thiol concentration was 1 mM for all experiments and the SAM was formed by
immersing in the thiol solution for 1 day or 4 days.
SAMs formed under different conditions were subjected to characterization by contact
angle measurements and CFM.
5.3.1.1 Contact Angle Measurement
Measurement of contact angles is one of the most rapid and convenient methods of
characterizing surfaces (27). The equilibrium contact angle θY between a liquid and a solid
surface is given by the Young equation,

cos θ Y = (γ SV − γ SL ) / γ LV
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5-1

where γSV, γSL and γLV are the interfacial tensions between solid/vapor, solid/liquid and
liquid/vapor, respectively (28).

The Young equation assumes a perfectly flat and

homogenous surface but, in practice, solid surfaces are not ideal. Surface roughness and
heterogeneity cause a deviation in the equilibrium contact angle from that predicted by
Young’s equation (27, 29-31). Instead of one equilibrium state, a drop will assume a wide
spectrum of contact angles between the advancing contact angle θa (highest) and receding
contact angle θr (lowest) and the difference between advancing contact angle and receding
contact angle is referred to as contact angle hysteresis (32). Although the contributions to
contact angle hysteresis are not fully understood, it seems that the major causes of contact
angle hysteresis are surface roughness and surface heterogeneity (27, 33-34).
In this study advancing and receding contact angles were measured and the hystereses
were calculated for SAMs formed under different conditions. All these results are listed in
Table 5.2.
For SAM of EG3OH, the advancing contact angle was around 29~33 deg and receding
contact angle was around 17~24 deg. Considering the variation within one sample, which is
on the order of ±1.5 deg, the variations in advancing contact angles of SAMs of EG3OH
prepared under different conditions (±2 deg) were insignificant. Comparing with the
measurements of advancing contact angles, the variations in receding contact angles were
relatively large and this variation also led to differences in hysteresis values. As shown in
Table 5.2, the hysteresis of the SAM of EG3OH prepared in THF is smaller than that
prepared in ethanol, and adding TEA didn’t affect the hysteresis significantly. This result was
consistent as our prediction based on the difference in the properties of the solvents. The thiol
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functional groups should disperse better in THF than in ethanol, and this in turn can benefit
the formation of well-organized SAMs. The motivation of adding TEA was to suppress Hbonding and charge-to-charge interactions between amine groups, which do not exist in
EG3OH. Here the results indicated that the TEA did not significantly affect the interaction
between the thiol groups of EG3OH. In addition, the contact angle measurements of SAMs
of EG3OH prepared in ethanol obtained in this study were close to those of the SAMs of
HS(CH2)11(CH2CH2O)nOH (n=2, 4) prepared under same conditions reported in literature
(10).
As shown in Table 5.2, the hydrophobicity of SAMs of EG3OH varied significantly with
formation conditions. For SAMs of EG6NH2, the advancing contact angle was around 63
degrees and the hysteresis of the SAMs formed in ethanol were the largest compared to those
SAMs obtained in other solvents. The extension of the formation time to 4 days did not
significantly change the contact angles and hysteresis. Adding 3% of TEA into to ethanol
greatly reduced the contact angles and hysteresis and there was no obvious dependence on
time. The contact angle and hysteresis of DI water on the SAM formed in THF for 1 day was
smaller than that formed in ethanol but larger than that formed in ethanol with 3% TEA.
After lengthening the formation time to 4 days, the contact angle was close to that of a SAM
formed in ethanol with 3% TEA. It was found that the advancing and receding contact angles
measurements were larger when hysteresis was larger. In other words, the surface was
relatively hydrophobic when the surface was less uniform. From these results one could infer
that under these conditions a bilayer was formed in ethanol, which led to the exposure of
hydrophobic chains on the surface and the bilayer was not uniform even after immersion for
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4 days. The wetting properties of the SAMs formed in THF 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 the SAMs of EG6NH2 were strongly
dependent on preparation conditions. CFM was used in an effort to understand the possible
reasons for these differences.
Atomic force microscopy (AFM) is a powerful tool for determining the topology of
surfaces. Recently, the development of different AFM operation modes allows it to probe
different structural and property details of samples, including friction, and lateral chemical
surface composition (35).
The AFM operated under tapping mode can simultaneously provide topography imaging
and phase imaging (35-36). The interpretation of topography image is straightforward, while
the formation of phase images is relatively complex. The phase shifts recorded arise from the
difference of phase angles between the cantilever oscillation and its response, and are related
to tip-sample interactions determined by energy dissipation from adhesion/repulsion, energy
hysteresis and viscoelasticity. Consequently, phase imaging reflects differences in chemical
properties on surfaces (36). More details about AFM principles and operation modes are
included in Appendix 5-1. The uses of tips modified by covalent linking of organic
monolayers that terminate in well-defined functional groups can enhance the force between
the tips and surface and consequently, the chemical sensitivity. This ability to discriminate
between chemically distinct functional groups has led to naming this variation of AFM as
chemical force microscopy (CFM) (37-38).
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In this study, an AFM tip functionalized with diamine groups was chosen, since it has
relatively stronger repulsion force with an NH2 group than OH and -CH2- groups on the
surface (39). When this tip approached an area with NH2 groups, the relatively strong
repulsion force between the tip and the surface leads to a relatively large phase shift.
According to the contact angle measurements, the formation of SAMs of EG3OH did not
depend on solvent or immersion time. Therefore, only the SAMs formed by immersing in
ethanol for 24 hours (in short, EG3OH-EtOH) were included in this study. The SAM of
EG6NH2 formed with ethanol or ethanol with 3% TEA as solvent did not show a time
dependence, and consequently only SAMs of EG6NH2 formed in ethanol and ethanol with
3% TEA for 1 day (in short, EG6NH2-EtOH and EG6NH2-EtOH TEA, respectively) were
included in this study. The other two samples consisted of SAMs of EG6NH2 formed in THF
for 1 day and 4 days (in short, EG6NH2-THF-1 day and EG6NH2-THF-4 days respectively).
The phase images and topography images of these five samples were collected and
summarized in Figure 5.1 (A-F).
As shown in Figure 5.1, the roughness of the topographic images of the SAMs of EG6NH2
prepared under different conditions (Figures 5.1 2B, 3B, 4B and 5B) and those of EG3OHEtOH were similar (Figure 5.1 1B). The only noticeable difference is that the roughness for
the SAM of EG6NH2 is about double the value of those of the other four surfaces.
However, the phase images for these five samples were quite different. In general, the
variation of phase shifts in the phase image of EG3OH-EtOH, as shown in Figure 5.1 1A, at
less than 5 degrees, was much smaller than that of SAMs of EG6NH2 formed under different
conditions, at around 15 degrees (Figures 5.1 2A, 3A, 4A and 5A). The relative surface areas
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of bright and dark regions in the phase images of SAMs of EG6NH2 formed under different
conditions are quite different. For EG6NH2-EtOH (Figure 5.1 2A) the bright regions are in
the form of circles with diameters in the range of 1 to 15 nm and these spots are evenly
distributed on the surface. For EG6NH2-EtOH TEA, as shown in Figure 5.1 5A, the surface
was filled with bright regions separated by dark lines of thickness 1-3 nm. For the EG6NH2THF-1 day, as shown in Figure 5.1 3A, the bright regions were continuous and filled with
dark regions with diameters in the range of 1 to 10 nm. The phase image of EG6NH2-THF-4
days (Figure 5.1 4A) was similar to that of EG6NH2-EtOH TEA (Figure 5.1 5A).
The quantitative interpretation of the phase shifts is complicated (40), but some
interpretation is possible by comparing the phase images obtained under different conditions.
The bright regions should correspond to the areas of the surface containing amine groups, so
that, with the lengthening of immersion time from 1 day to 4 day, the SAM of EG6NH2
formed in THF became more and more organized (indicated by the reduction in contact angle
hysteresis) and consequently, more and more amine groups were exposed on top of the
surface (compare Figure 5.1 3A with 5.1 4A). Without adding TEA, the SAM formed in
ethanol resulted in a highly heterogeneous surface, as demonstrated by both AFM phase
images and the large contact angle hysteresis measurement. With the present of TEA, the
SAM of EG6NH2 formed in ethanol is as uniformed as that form in THF for 4 days.
In summary, THF was a better solvent than ethanol, but it needed a relatively long time to
form high quality SAMs; ethanol with 3% TEA was the best solvent for the formation of
SAMs of EG6NH2. Unless indicated otherwise, for all the following experiments, ethanol
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with 3% TEA was chosen as the solvent for the formation of mixed EG6NH2 and EG3OH and
1 day was chosen as formation time.
5.3.2

Formation of mixed SAMs of EG6NH2 and EG3OH

As mentioned in section 5.1, mixing of EG6NH2 and EG3OH at different ratios was
proposed to adjust the surface density of amine groups. However, the ratio of the fractions of
the two components in a mixed monolayer is not always the same as that in solution but
reflects the relative solubility of the components in solution and interactions between the
functional groups in the monolayers (41). Consequently, a method to quantify amine group
density on the surface was needed.
Besides the amine group density, the other important issue for the application of
biomolecules is the distribution of activity groups. An even distribution and mixture of the
species on a molecular level are desirable for immobilization of biomolecules to reduce steric
hindrance and increase coupling efficiency. It has been reported that phase separation could
happen in the nanometer scale in SAMs of n-alkanethiols on gold (42-43). In this study, an
effort was made to quantify the amine group density on the surface and to probe the
possibility of phase separation in mixed SAMs.
5.3.2.1 Amine Group Density Quantification by Radiolabeling Method
Radiolabeling amino groups with [14C]-Formaldehyde in the presence of NaBH3CN is a
widely used procedure to label free primary amino groups in proteins (44). The primary
amine reacts first with formaldehyde to form a Schiff base, which is then reduced by
NaBH3CN to the secondary amine. Although the secondary amine can again react and form
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the tertiary amine, the stoichiometry of [NH2]/[HCHO] can be fairly well controlled to 1
under appropriate reaction conditions. This reaction was also used to measure the amine
groups of silane on flat Ti surfaces by reaction with 14C formaldehyde at 20°C for 4 h (45). It
was assumed that the small formaldehyde molecule can diffuse into the film of silane and
react with all the primary amine groups (49).
The same reaction conditions were used to radiolabel the amine group of SAMs of
EG6NH2 for the measurement of amine group density. The measured amine group density
was compared with the calculated chain density of EG6NH2, assuming the structure of SAM
of EG6NH2 is the same as that of HS(CH2)11(CH2CH2O)6OH, which is 2.14 molecule nm-2
(19). As shown in Table 5.3, radioactivity counts depended on the amount of [14C]formaldehyde added.

The radioactivity counts ceased to increase when the [14C]-

Formaldehyde concentration was in a 5x molar excess to amino groups. The maximum
measured amine group density was approximately 22% of the theoretical maximum limit.
This difference may be caused by the erroneous expectation of 100 percent conversion, or
perhaps it is due to the assumption that the surface structure EG6NH2 is the same as
HS(CH2)11(CH2CH2O)6OH. Generally, SAMs of thiolates are much more well-organized
than those of silanes (3), which could make the diffusion of formaldehyde and the reaction
with amine group difficult. Since it was hard to reach 100 percent conversion, the
radiolabeling method was not feasible for the quantification of amine group on top of SAM
of thiolate.
5.3.2.2 Characterization of Mixed SAM and Amine Group Density Quantification by
XPS
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Besides a radiolabeling method, an attempt was made to use XPS to quantify the amine
group density on the surface. Both survey scan and narrow scans were performed.
Survey scans probed for the elements C, O and N in the SAMs, while the signal of sulfur
was too weak to be detected for most of the samples. The peak areas were used to estimate
the relative abundance of these elements in SAMs. The results were normalized based on C
amount and summarized in Table 5.4. As shown in Table 5.4, the relative abundance of
nitrogen was higher for the mixed SAMs formed with higher fraction of EG6NH2 in solution,
while the relative abundance of oxygen did not show any dependence on the formulation of
the thiol solution. Theoretically, the relative abundance of oxygen should also increase with
increases in the mole fraction of EG6NH2 in solution, but since the difference in relative
abundance of oxygen between EG6NH2 and EG3OH is small (as shown in Table 5.4), and
oxygen and carbon are both common elements in contamination from air, it was not a
surprise that the experimental measurement of oxygen only showed random deviations. The
nitrogen results were explainable considering the difference of the theoretical ratios of
EG6NH2 and EG3OH (as shown in Table 5.4). Although the experimental result was
consistent with our expectation, the survey scan was still not a suitable method to quantify
the amine group density on the surface because the measured fractions of both SAMs of
EG6NH2 and EG3OH were biased from the theoretical calculation due to attenuation effects.
For well organized SAMs, the fragments of -(CH2)11- are at the bottom of the layer and
subjected to additional attenuation effects compared with the elements arising from the
fragmentation of EG6NH2 (O and N). Consequently, experimental measurements deviated
from the theoretical ratios. This made the relationship between survey scan measurements
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and the real amine group amounts difficult. Also, the signal of nitrogen was not strong, and a
small measurement variation could lead to a significant error in the estimation of amine
group amount.
As shown in Figure 5.2, the narrow scan of the C with high resolution showed a split peak
for the sample of SAMs of EG3OH, EG6NH2 and their mixtures prepared in a solution with a
1:1 molar ratio of EG3OH to EG6NH2. The split peaks were fitted with several components:
C-C (285 eV), C-O (286.6 eV), and C-N (286.1 eV) (46) and the relative surface areas of
different components were calculated by software and summarized in Table 5.5. As shown in
Table 5.5, as the ratio of EG6NH2 to EG3OH in the thiol solution increased, the fraction of CO component increased, indicating that the fraction of EG6NH2 thiolate on the surface
increased. However, the ratio of C-N seems to be fairly random. As shown in Figure 5.2, the
C-N peak lies between two strong peaks from C-C and C-O, which already overlapped to
some extent. Therefore, a small error in the fitting line could lead to a significant deviation of
the estimated C-N component amount from its true value.
Although the fitting to the C spectra from the surface indicated that there is an increase in
the fraction of EG6NH2 on the surface resulting from an increase in the mole fraction of this
component in solution, further quantification of the chain density from these spectra, which
also involved the attenuation effect, is complicated (47).
Up to this point there is no reliable method to quantify the amine group density on surface
formed from mixed SAMs.
5.3.2.3 Study the Amine Group Distribution in Mixed SAMs by CFM
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According to the CFM results of the pure SAMs presented in section 5.3.1.2, the phase
imaging was more sensitive to chemical heterogeneity than to topography imaging. Therefore,
only the phase image results of the mixed SAM are presented here.
As shown in Figure 5.3, there was no obvious difference seen in the phase images of
mixed SAMs formed from various thiol solutions (molar ratio of EG3OH : EG6NH2 = 1:0,
3:1, 1:3 and 0:1) in ethanol with 3% of TEA as solvent in both scan sizes of 500nm2 and
5µm2. All the phase images of the mixed SAMs were similar to that of pure SAMs of
EG6NH2. However, as shown in Figure 5.4, for the case of mixed SAMs formed in THF for 1
day, phase separation in order of nanometers was observed and the area with amine groups in
mixed SAM (formed from the thiol solution of EG3OH and EG6NH2 in ratio of 1:1) was
smaller than that of pure SAM of EG6NH2. It means that, CFM method employed in this
study has the capability to detect phase separation in the scale above the lateral resolution of
AFM (~10 nm). As shown by XPS spectra, it is apparent that the surface composition
changed with increasing ratio of EG6NH2 to EG3OH for the mixed SAMs formed in ethanol
with 3% TEA. In other word, the amine group surface density was increased with the
increasing of the ratio of EG6NH2 to EG3OH in thiol solution, while CFM didn’t detect any
change. The only possible explanation for these results is that the amine groups were evenly
distributed in the mixed SAMs of EG3OH and EG6NH2 formed with ethanol with 3% TEA as
solvent. No phase separation was found within the lateral 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 EG6NH2 were studied, and ethanol with 3% of
TEA was found to be the best solvent for this application. Both contact angle measurement
and CFM results indicated that the SAM formed by immersing into 1 mM thiol solution with
ethanol with 3% of TEA as solvent for 1day was more uniform that that formed in ethanol or
THF for the same formation time.
The mixed SAMs of EG6NH2 and EG3OH were formed under the best conditions for the
formation of pure SAM. Attempts were made to quantify the amine group density on the
surface by radiolabeling amine groups with [14C]-formaldehyde, analyzing the XPS survey
and narrow scans results. None of these methods were suitable for the quantization of amine
group density. The CFM scan result indicated that no phase separation in the scale of 10 nm
for the mixed SAM formed in the ethanol with 3% of TEA.
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Table 5.1 Hansen solubility parameter (HSP) values of THF and ethanol
δD, Dispersion
δP, Polar
δH, Hydrogen bonding
THF
16.8
5.7
8
Ethanol
15.8
8.8
19.4

Table 5.2 Advancing and receding contact angle measurements and contact angle hysteresis
of the SAM formed under different conditions, mean value (standard deviation)
SAM of HS(CH2)11EG6NH2
SAM of HS(CH2)11EG3OH
hysteresis,
hysteresis,
Solvent
θa, deg θr, deg
deg
θa, deg θr, deg
deg
Ethanol
63(1.5) 44 (2.1)
19
32 (1.1) 22(2.0)
10
Ethanol 4 days 65 (1.9) 46 (2.3)
19
31 (1.3) 19 (1.9)
12
Ethanol with
3% TEA
37 (1.1) 27(1.2)
10
29 (1.7) 17 (1.5)
12
Ethanol with
3% TEA, 4day 36 (1.1) 28 (1.4)
9
30 (1.8) 19 (2.0)
11
THF 1 day
57 (1.2) 45(2.3)
12
33 (1.1) 24( 1.5)
9
THF 4 day
37 (1.2) 27 (1.7)
10
32 (1.3) 24 (1.4)
8
Table 5.3 Radioactivity of SAM of EG6NH2 radiolabeled by H14CHO
Radioactivity counts,
Measured amine group
H14CHO : 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 5.4 The relative abundance of C, N and O estimimated from the peak areas obtained
from survey scan
ratio of EG6NH2: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 EG6NH2
Theoretical ratio of EG3OH

1
1

0.04
0

0.26
0.24

Table 5.5 The relative abundance of difference carbon components estimated by fitting in the
sepctra of 1Cs narrow scan
EG6NH2:EG3OH in thiol solution
1:0
3:1
1:1
1:3
0:1
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C-C
1
1
1
1
1

C-O
1.26
1.20
0.95
0.72
0.68

C-N
0.07
0.07
0.13
0.04
0

Figure 5.1 Phase images (A) and topographic images (B) acquired with tapping-mode AFM
(size ~ 5µm2) of following samples: SAM of HS(CH2)11EG3OH prepared by immersing in 1
mM thiolate ethanol solution for 24 hrs (1A, 1B); SAM of HS(CH2)11EG6NH2 prepared by
immersing in 1 mM thiolate ethanol solution for 24hrs (2A, 2B); SAM of
HS(CH2)11EG6NH2 prepared by immersing in 1 mM thiolate THF solution for 1 day (3A, 3B)
and for 4 days (4A, 4B); SAM of HS(CH2)11EG6NH2 prepared by immersing in 1 mM
thiolate ethanol with 3% TEA solution for 1 day (5A, 5B) 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 of EG3OH (a), EG6NH2 (b) and
mixture SAM prepared by immersing into 1mM 1:1 mole ratio of EG3OH and EG6NH2 thiol
solution (c)

1a

2a

3a

4a

1b

2b

3b

4b

Figure 5.3 Phase contrast tapping-mode AFM images of SAMs prepared using ethanol with
3% TEA as solvent: SAM of HS(CH2)11EG3OH (scan size 500nm2, 1a and scan size 5µm2,
1b), SAM of the mixture of HS(CH2)11EG3OH and HS(CH2)11EG6NH2 with the ratio of 1:3
(scan size 500nm2, 2a and scan size 5µm2, 2b), SAM of the mixture of HS(CH2)11EG3OH
and HS(CH2)11EG6NH2 with the ratio of 3:1 (scan size 500nm2, 2a and scan size 5µm2, 2b),
and SAM of HS(CH2)11EG6NH2 (scan size 500nm2, 3a and scan size 5µm2, 3b)
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Figure 5.4 Phase contrast tapping-mode AFM images of SAMs prepared with THF as
solvent: SAM of HS(CH2)11EG3OH (scan size 500nm2, 1a and scan size 5µm2, 1b), SAM of
the mixture of HS(CH2)11EG3OH and HS(CH2)11EG6NH2 (scan size 500nm2, 2a and scan size
5µm2, 2b) and SAM of HS(CH2)11EG6NH2 (scan size 500nm2, 3a and scan size 5µm2, 3b)

Appendix 5-1: The Application and Operation Mode of AFM
In many research areas the possibility of analyzing surface properties with high resolution
is becoming increasingly important. Atomic force microscopy (AFM) is one of the most
powerful techniques for nanoscopic characterization of surfaces (48).
The AFM can operate in different modes, including static mode and dynamic mode (48).
In static mode, also referred as the constant force mode, the tip is in permanent physical
contact with the sample. The force between the tip and the sample surface, which is
proportional to the cantilever deflection in z-direction, is kept constant via electronic
feedback loop. Monitoring the signals received from the photodiodes and keeping the signal
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at a given level via a feedback loop accomplishes the latter. The feed back system feeds its
signal into the z-component of the piezo-scanner, which maintains the force to the cantilever
at the given level through appropriate movement in z-direction. Image of the sample surface
topography is created from the cantilever deflection. The interpretation of images acquired
by contact mode is straightforward, but the contact mode can only be used to image hard and
stable sample, which are no affected by the friction force components the tip applied to the
sample (48).
In order to reduce frictional interaction and damage to sample, dynamic mode has been
developed (37, 40). There are two common used dynamic modes, tapping mode and noncontact mode. In dynamic image mode, the cantilever oscillates in z-direction.
In tapping mode, the tip is forced to oscillate at certain frequency (generally 50~ 500 kHz
in air and ~ 10 kHz in fluids) (36). When the surface is away from the surface, the amplitude
the oscillation is in order of several tens of nanometer. If the oscillating tip moves towards
the surface and begins to touch or in other word “tap” the surface, the amplitude reduces due
to the lost of energy. The reduction of oscillation amplitude is used to measure surface
topographic feature. The average cantilever deflections are used as input signal into the feed
back loop similar to contact mode AFM to maintain a constant average applied force. For
tapping mode, phase imaging can be performed at the same time as topographic imaging. The
phase imaging mode is based on the fact that the interaction between tip and sample surface
depend on not only surface topography but also other surface characteristics such as hardness,
elasticity and adhesion (36, 40, 48). Variations in material property lead to the phase lag of
the cantilever oscillation, relative to the signal sent to cantilever piezo oscillation. Besides
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providing non-quantitative information about hardness, elasticity or surface adhesion, phase
imaging can also act as contrast enhancement technique because phase imaging highlights
edges (48). Fine features such as surface steps or edges, which can be obscured by rough
topography, are revealed more clearly through phase imaging.
In non-contact mode, the cantilever tip is placed in the attractive force region and force
gradients are detected (40). The amount of force applied by the AFM tip to the sample can be
even more reduced with this mode. The force gradients can be detected either from shifting
in resonance frequency of cantilever or the amplitude and the phase of the cantilever (40).
Although, the operation non-contact mode is more complicated than tapping mode, the
advantages of these approaches are the high sensitivity of gradient measurements and the
small forces are applied to the sample attract more and more attention especially for
biological and medical applications.
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Chapter 6. Affinity Interaction between Hexamer Peptide HWRGWV
Immobilized on Gold Surface with Human Immunoglobulin G by Quartz
Crystal Microbalance and Surface Plasmon Resonance
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Abstract
The hexamer peptide ligand HWRGWV binds specifically to the Fc fragment of
immunoglobulin G (IgG). The affinity interaction between the human IgG (hIgG) and this
short peptide ligand immobilized on a flat gold surface was studied by two complementary
methods, quartz crystal microbalance (QCM) and surface plasmon resonance (SPR).
QCM and SPR sensors with a native gold surface film were first modified by adding
amino-terminated

pegylated

thiols.

A

self-assembled

monolayer

(SAM)

of

HS(CH2)11EG6NH2 was formed on a clean gold surface by immersing in 1-mM thiol solution
in ethanol with 3% tri-ethylene amine (TEA) for 24 hours. Then, Fmoc-protected HWRGWV
was immobilized through its carboxyl terminal to the free amines on the surface of the SAM,
followed by removal of the Fmoc group by using 20% piperidine in DMF for 1 hour. The
success of the surface modification and peptide immobilization were evaluated by using xray photoelectron spectroscopy (XPS) and time of flight-second ion mass spectroscopy (ToFSIMS).
The affinity of the immobilized peptide on the gold surface to hIgG was studied by
measuring the frequency change by QCM and refractive index change by SPR due to protein
adsorption in PBS buffer (pH7.4) on modified surfaces with and without immobilized
peptide. In addition, the specificity of the ligand on the modified surface to hIgG was tested
by comparing the adsorption behavior of hIgG from mammalian cell culture media
containing 10% fetal calf serum (cMEM) with that from PBS buffer. The results showed that
this hexamer peptide immobilized on gold surface has high affinity for hIgG binding in
comparison to bovine serum albumin (BSA) and high specificity to hIgG adsorption even in
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complex media such as cMEM. The QCM and SPR data were further analyzed to obtain the
dissociation constant Kd, maximum binding capacity Qmax, association rate constant ka, and
dissociation rate constant kd of the affinity interaction. The estimated values of these
parameters obtained from QCM and SPR were compared and the effects of the
overestimation of adsorbed protein mass by QCM on the parameter estimations were
discussed. At the end of this study, the possibility to apply the peptide functionalized SPR
sensor for quick IgG concentration determination was examined.

6.1

Introduction

Surface plasmon resonance (SPR) spectroscopy and the quartz crystal microbalance (QCM)
method are both surface detection techniques with the capability of in situ monitoring of
molecular adsorption at solid-liquid interfaces. These two methods have been used widely in
the field of biological analysis in past decade (1-7). The merits of the SPR and QCM-based
bioassays lie in the fact that the biomolecular binding interactions can be monitored without
the use of molecular labels, thus shortening assay times while minimizing nonspecific
interactions (8-14).
Currently, there is a trend to combine the use of these two techniques, since they can
provide complementary information on a particular binding event (3, 15-16). These two
methods are based on different physical principles. Each method is sensitive to different
properties of the adsorbed material on the sensor surface. SPR spectroscopy is an optical
technique that detects changes of refractive index close to the noble metal sensor surface.
The measurement of SPR signal is proportional to the weight of adsorbed material and can be
used to quantify the amount of adsorption (12-13, 17). When binding events occur on the
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surface, the adsorbed molecules replace the solution close to the sensor surface. The
difference between the refractive index of the adsorbed molecules and that of the buffer
solution replaced can be detected by SPR. There is no difference between the molecules of
solvent attached on the surface or entrapped inside of adsorbed layer and those in solution
replaced by the adsorbed protein layer. Consequently, the mass adsorption measured by SPR
is said to be a “dry mass” (12-13, 17).
QCM is an acoustic wave device. The signal change of QCM is not only affected by the
mass associated with the sensor surface, including the solvent molecules associated with the
adsorbed layer, but also by the viscoelastic properties of the adsorbed material, and the
density and viscosity of the bulk liquid solution on the sensor surface (8-9, 18-20). For most
macromolecular films such as protein and DNA, the mass uptake converted from the
frequency changes recorded by QCM is always higher than the optical mass measured by
SPR. The difference can be as high as a factor of 10, depending on the nature and
conformation of the adsorbed molecules, and the liquid medium used (10, 20-24). The
strengths and weaknesses of these two techniques have already been discussed in detail in
studies of DNA assembly and hybridization (3), blood plasma coagulation (16), detection of
enterotoxin (25), enzyme analysis (26), protein conformation analysis (15, 27), DNA-protein
interaction (7), and protein-protein interaction (2). In general, SPR is more suitable for
quantitative analysis of protein binding, a property which is essential for the investigation of
thermodynamic and kinetic adsorption parameters. Although QCM is not a quantitative
technique to the same extent as SPR, the dissipation factor of the QCM provides a qualitative
measure of the viscoelastic properties of the adsorbed protein layer and the structure of the
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layer adhered to the sensor surface (3). For instance QCM can detect the denaturation of
hIgG adsorbed on hydrophobic surfaces by the direct measurement of the dissipation shifts
caused by the conformation changes associated with the denaturation process (15).
In this study we employed both QCM and SPR to study the affinity interaction between
human immunoglobulin (hIgG) in solution and the short peptide ligand HWRGWV
immobilized on gold sensor surfaces. The data generated by these two methods were used to
estimate the intrinsic thermodynamic and kinetic parameters of hIgG binding on sensors
functionalized with peptide ligands. The importance of this work and our previous efforts
spent on the understanding of these parameters of the affinity interactions between short
ligands and target biomolecules were already discussed in Chapter 4.

If the peptide

immobilized on QCM and SPR sensor elements exhibits high affinity and specificity to hIgG
adsorption, this technique could be used to develop a new method for real-time, on-line IgG
concentration determination as well as a new platform for immunosensors. Because the
peptide ligand HWRGWV binds to the Fc fragment of IgG molecule, it could also be used to
properly orient the IgG molecules on a sensor surface, which is very important factor in
maintaining high affinity activity of immobilized IgG for many applications (28-34).
The peptide can be physically or covalently attached to the surface, but previous studies
with peptide ligands indicate that the orientation of peptide is critical to maintain the affinity
to IgG binding (35). The peptide ligand needs to be covalently immobilized on the surface
through its carboxyl terminal end. Therefore, the sensor surfaces of both SPR and QCM need
to be prepared for peptide immobilization. The QCM sensor consists of a thin slice of a
single crystal of quartz sandwiched between two metal electrodes, generally made from gold.
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The SPR sensor is constructed with a metal surface deposited on a glass prism; and the
surface plasmon is a longitudinal wave of charge density propagating along the interface of
two media, a metal surface and a dielectric solution contacting the metal surface. Suitable
metals include silver, gold, copper and aluminum of which silver and gold are more
commonly used. In this study a gold surface was chosen to allow the use of both QCM and
SPR techniques on the same sensor. The gold sensor surface was modified with a selfassembled monolayer (SAM) of HS(CH2)11EG6NH2 for peptide immobilization by the
methods described in detail in Chapter 5. The optimized peptide immobilization conditions
described in Chapter 4 were applied in this study. Two complementary surface analytical
techniques, time of flight-secondary ion mass spectroscopy (ToF-SIMS) and X-ray
photoelectron spectroscopy (XPS), were used to monitor the sensor functionalization
processes.

6.2

Materials and Methods

6.2.1

Materials

The following chemicals and reagents were obtained from Sigma-Aldrich (St. Louis, MO):
N,N-dimethylformamide (DMF, ACS reagent, 99.8%), anhydrous N,N-dimethylformamide
(DMF), ethanol (200 proof, absolute, for molecular biology), triethyl amine (TEA, ACS
reagent 99%), methanol ( ACS reagents, 99.5%), piperidine (biotech grade, ≥99.5%),
diisoproplyethylamine (DIPEA), hydroxybenzotriazole (HOBt), trifluoroaectic acid (TFA,
ACS reagents, ≥98%), anisole (≥99%), triisopropyl silane (TIPS, ACS reagents, ≥99%),
acetic anhydride (ACS reagent, ≥98.0%), sodium acetate (ACS reagent, ≥99.0%), glycerin
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(ACS reagent ≥99.5%), bovine serum albumin (BSA, ≥98%) and phosphate buffered saline
(pH 7.4, monobasic sodium phosphate, dibasic sodium phosphate, sodium chloride 0.138 M,
potassium chloride 0.0027 M ). 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
tetrafluoroborate (TBTU) were purchased from Calbiochem-Novabiochem Corp. (San Diego,
CA). Human immunoglobulin (hIgG purity 97%) was obtained from Equitech-Bio, Inc.
(Kerrville, TX). Nitrogen gas, purity 99.99%, was obtained from National Welders Supply,
Inc. (Raleigh, NC). A Millipore water purification system (Billerica, MA) was used to
generate Deionized (DI) water (resistivity > 16 MΩ·cm) and Milli-Q water (resistivity > 18
MΩ·cm).. The alkanethiol HS(CH2)11(CH2CH2O)6NH2 was obtained from Prochimia
Surfaces, Ltd. (Gdańsk, Poland). Peptide, Fmoc-His-Trp-Arg-Gly-Trp-Val-OH, was customsynthesized using Fmoc chemistry by Peptides International, Inc. (Louisville, KY). All
reagents were used as received.
6.2.2

Formation of SAM of HS(CH2)11(CH2CH2O)6NH2

The native gold SPR sensor (KSV, Instruments OY, Helsinki, Finland) and the native gold
QCM sensor (Q-Sense AB, Göthenburg, Sweden) were cleaned by an ultraviolet/ozone
(UVO) cleaner (Model 42, Suprasil lamp, Jelight Co. Irvine, CA) for 20 minutes. The sensor
was quickly immersed and kept in ethanol to prevent contamination from air, and then was
dried by nitrogen stream before use. The cleaned sensor was modified by immersion in a
thiol solution of HS(CH2)11(CH2CH2O)6NH2 at a concentration of 1 mM in ethanol with 3%
(v/v) tri-ethylene amine (TEA) for 24 hours. After that, the sensor was rinsed 5 times with 5

179

ml ethanol and sonicated for 5 minutes in ethanol and then rinsed three times with 5 ml
ethanol.
6.2.3

Stability of SAM Under Peptide Immobilization and Protection Group

Deprotection Conditions
The modified sensor with SAM was placed into 5 ml one of following solutions, peptide
immobilization solvent (DMF), Fmoc group deprotection solution (20% piperidine in DMF)
and side chain deprotection solution (mixture of TFA/anisole/water/TIPS in the ratio of
88/5/5/2) for three different time periods: overnight, 1 hour and 2 hours respectively. After
that, the sensors were sonicated in DMF solution for 5 minutes, and then rinsed with 5 ml
DMF five times, and then dried with nitrogen and kept in a vial purged with nitrogen before
being transported to an XPS sampling chamber for characterization. The XPS spectrum of
narrow scan of S2p of each sample was obtained and compared to those of intact SAM. The
XPS experimental procedure used is described in detail in section 6.2.5).
6.2.4

Peptide Immobilization and Fmoc Group Deprotection

The Fmoc-protectec peptide Fmoc-HWRGWV was dissolved in anhydrous DMF to a
final concentration of 1 mg ml-1. Then 10 equivalents of TBTU and HOBt and 20 equivalents
of DIPEA based on the molar concentration of peptide were added into the peptide solution.
A newly-modified sensor with a SAM of alkanethiol obtained by the method described in
section 6.2.3 was placed into 5 ml of the above solution in a glass Petri dish. The dish was
gently shaken and kept at room temperature for 2 hours or overnight (about 16 hours). The
sensor was then rinsed 5 times with 5 ml of DMF, and put into a glass vial with 20 ml of
DMF, and sonicated for 5 min, followed by rinsing with 5 ml of DMF 3 times and drying
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with nitrogen flow. A solution of 20% piperidine in DMF was used to remove the Fmoc
groups at the N-terminal ends of the attached peptides. The sensors remained in the
deprotection solution for 1 hour. After that, the samples were rinsed with 5 ml of DMF 5
times, sonicated in 5 ml of DMF for 5 minutes, rinsed again with 5 ml of DMF 3 times and
dried with nitrogen flow.
6.2.5

Characterization of the Modified Gold Surface by XPS

XPS was used in the examination of the stability of SAM under peptide immobilization
conditions, and Fmoc group deprotection conditions and also for characterization of the peptide
functionalized surfaces.

XPS studies were performed on an analytical axis ultra X-ray photoelectron
spectrosctrometer (Kratos Analytical Inc., Chestnut Ridge, NY). Monochromatic Al Kα
(1486.7 eV) was used as the X-ray source and it was operated at voltage and current
conditions of 15kV and 8.9 mA respectively. The X-ray spot size was 400 µm on the sample
surface. The operation pressure of the sampling chamber was typically on the order of 10-9
Torr. The take-off angle, which is defined as the angle between the collection axis of the
photoelectron analyzer and the sample plane was 90°. For survey scans, binding energies (BE)
from 0 to 1200 eV were recorded; the pass energy was set as 100eV with an energy step of
1.0 eV and a dwell time of 100 ms. High resolution spectra were recorded at 200 eV pass
energy with an energy step of 0.1 eV and a dwell time of 1.2 s. For the high-resolution
spectra of C 1s, and N 1s, the average of 5 scans was recorded, and for spectra of S 2p the
average of 12 scans was recorded. All peaks were calibrated with a reference of Au 4f at 84.0
eV in the survey scan and a C-C component at 285 eV for high-resolution scan. The data
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were analyzed and fitted using the CasaXPS software suite (Casa Systems Inc. Andover,
MA). The relative amounts of carbon, oxygen, nitrogen and gold were calculated based on
the peak areas of each component identified by the position in the spectrum and the results
presented in this study are the averages of three measurements obtained at different positions
on the same sample.
6.2.6

Characterization of the Modified Gold Surface by ToF-SIMS

As a complement to XPS, ToF-SIMS was also employed to characterize the modified gold
surfaces.
ToF-SIMS analysis of the samples was performed using an ION-TOF SIMS 5 instrument
(ION-TOF GmbH, Münster, Germany). The operation of ToF-SIMS was the same as that
described in Chapter 4. The pure peptide powder sample attached on the clean silica wafer
with a stick tape made with polydimethylsiloxane was used as a positive control. Besides the
positive control, three samples were collected after each modification step: the gold surface
with SAM of HS(CH2)11(CH2CH2O)6NH2 (Au-C11EG6NH2), the gold surface with peptide
immobilized on top of SAM of HS(CH2)11(CH2CH2O)6NH2 before deprotection (AuC11EG6NH-HWRGWV-Fmoc) and that after deprotection (Au-C11EG6NH-HWRGWV). The
positive ion spectrum was collected for each sample. The mass scales were calibrated to the
CH3+, C2H3+, C2H5+, Au+ and AuC2H4+ peaks before further analysis.
6.2.7

Study of the Affinity Interaction between Peptide Ligand and hIgG by SPR

SPR-Navi device (KSV, Instruments OY, Helsinki, Finland) was used to monitor the
adsorption of hIgG or bovine serum albumin (BSA) from PBS buffer or complete minimal
essential medium (cMEM) on modified sensor surfaces. All experiments were performed at
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room temperature and the flow rate was set at 10 µl min-1. The changes of SPR signals were
converted to protein adsorption amounts. These data were used to carry out the
thermodynamic and kinetic analysis by the same methods described in Chapter 4.
6.2.7.1 SPR Device Operation
The SPR sensors were modified by the methods described in section 6.2.4. The modified
SPR sensor was installed into the sampling chamber. Pure ethanol, Milli-Q water, and then
buffer were pumped through the chamber in this order. An initial scan spectrum of
normalized reflected intensity vs. incidence angle (similar to that shown in Figure 6.1a) was
first obtained by scanning the angle of incidence of the laser beam installed in this SPR
device over a range of 39 to 79 deg. The normalized reflected intensity shows a sharp
minimum at the resonance angle, which depends on the precise architecture of the metaldielectric interface and is defined by the matching conditions for energy and momentum
between the evanescent photons and the plasmon surface polaritons (36) (more details on the
principle of SPR technique can be found in Chapter 2). Typically, the adsorption of proteins
on the surface shifts the position of resonance to a higher angle (12-13, 36-37), as shown in
Figure 6.1a. The adsorption process can be monitored under two different modes. One is the
angular scan mode which is kept recording the change of reflected intensity over a range of
incident angles. The other is the fixed angle scan mode, which monitors the intensity change
at a certain fixed incident angle. For protein adsorption experiments in this study, the change
of SPR response was generally less than 1 degree. Under this situation, the fixed angle scan
mode was chosen because of its higher sensitivity. A fixed angle was determined by the
system to be at the steep and nearly linear descending part of the SPR initial scan spectrum
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and the normalized reflected intensity at this incidence angle was recorded continuously.
After a stable baseline was acquired, the protein solution was loaded through a 200-µl sample
loop and then the sample loop was connected to the flow of buffer or cMEM solution. During
the adsorption process, the normalized reflected intensity was monitored as a function of time
(as shown in Figure 6.1b). With a 200-µl sample loop and a flow rate of 10 µl min-1, the
adsorption process lasted for 20 minutes. Within 20 minutes, generally the adsorption on the
surface was able to reach equilibrium (the change of SPR response within 2 minutes was less
than 5% of the total response to protein adsorption). In this study, the intensity change caused
by protein adsorption was all within the linear range in the initial scan spectrum, in other
words, the change of intensity (R2-R1) was proportional to the change of angle shift (δθ), as
illustrated in Figure 6.1a. As a result, the intensity change recorded in real time under fixed
angle mode (R2-R1 illustrated in Figure 6.1b, same as that in Figure 6.1a) could be converted
to angle shift (δθ, in Figure 6.1a), by the slope of the curve around the chosen fixed incident
angle in the initial scan spectrum. The angle shift measurement could be further
quantitatively converted to refractive index (RI) change 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. RI was obtained by using the following procedure.
Glycerin was dissolved into Milli-Q water to final concentrations of 0, 0.3, 0.7, 1, 3, 5 and
10% (v/v). The RIs of these solutions are reported to be in the range of 1.333 to 1.345 (38). A
gold SPR sensor was cleaned in the same way described in section 6.2.2 and installed into the
SPR sample chamber right after the cleaning step. Milli-Q water was flowing continuously
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through the sample chamber at a rate of 10µl min-1. After a stable baseline was obtained, the
glycerin solution was introduced into the sample chamber and the SPR angle shift change
was measured for each concentration. The SPR response was plotted against the refractive
index values obtained for the glycerin solutions.
The change in RI needs to be converted further to protein adsorption amount by using an
appropriate model describing the structure of adsorbed layers on top of the gold sensor
surface. In this study the gold sensor surface was modified by SAM of HS(CH2)11EG6NH2
with or without peptide immobilized on it. So there is an adsorbed layer between the gold
surface and the bulk solution, and after protein adsorption, there is one more layer of protein
formed on the gold surface (as shown in Figure 6.2). Both the bulk solution and the layer of
coating and bound protein on the sensor surface contribute to the RI measured by SPR. The
effective RI (ηeff) measured by SPR can be calculated with the depth integral,
2
ld

∞

ηeff = ( ) ∫η ( z ) exp(−
0

η b

η ( z ) = η a
η
 s

2z
)dz
ld

z ∈ (0, d b )
z ∈ (d b , d a )
z ∈ (d a , ∞)

6-1

where η(z) is the index of refraction at height z ,which equals to ηb , ηa or ηs (the refractive
index of modification layer, adsorbed protein layer and solvent respectively) in different
range. The ld is decay length, which is of 25 to 50% of the wavelength of the light (17). For
the instrument used in these studies ld has a value of 240 nm (value provided by the
manufacturer). For the adsorption on the modified sensor surface with a bilayer structure
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shown in Figure 6.2, the change of effective RI (∆ηeff) caused by protein adsorption can be
expressed as
∆η eff

2
= ( )[
ld

d a + db

∫
0

d

b
2z
2z
η ( z ) exp(− )dz − ∫η ( z ) exp(− ) dz ]
ld
ld
0

= (η a − η s )[1 − exp(−

2d a
)]
ld

6- 2

where ηa, the RI of the adsorbed protein layer, has a value of 1.57 (17). The quantity ηs,
the RI of the modified surface layer, has a value of 1.34 (17), and the quantity da is the
thickness of the adsorbed protein layer. When da is much smaller than ld, the above equation
can be simplified as
da ≅

l d ∆η eff
2 ηa −ηs

6-3

The adsorbed protein mass amount per unit sensor surface area (ma/A) can then be
estimated by the equation,
ma
l ∆η eff
≅ ρa ⋅ da ≅ ρa d
= C ⋅ ∆η eff
A
2 ηa −ηs

6-4

where, ρa is the density of protein with a value of 1.35 g cm-3 (17). The calculated C
( ρald/2(ηa-ηs) ) value was 711 mg m-2 RIU-1 in this study.

6.2.7.3 Thermodynamics and Kinetics Analysis
The adsorption of hIgG or BSA on modified gold surfaces from PBS buffer or complex
media mammalian cell culture media (complete minimum essential medium or cMEM)
containing 10% fetal calf serum was recorded. The protein concentration samples were
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within the range of 0.005 to 5 mg ml-1. All the experiments were performed at least in
duplicate. The measurements of adsorption amounts in equilibrium with protein solution with
different concentrations were used to plot the isotherms and then the isotherms were fitted
into a Langmuir model by the same method described in Chapter 4.
The association rate ka and the dissociation rate kd were obtained by nonlinear least
squares regression fitting of SPR data using the two-step kinetics model described in Chapter
4. All the parameters have the same values as those described before in Chapter 4, except for
the geometry of the sample chamber. For the SPR instrument, d, the inside diameter is 0.15
mm, and dH, the hydraulic diameter of chamber, is 0.28 mm. Consequently, the estimated
mass transfer coefficient km from the Sherwood number was 1.7×10-6 m s-1 for SPR.
6.2.8

Study of the Affinity Interaction Between Peptide Ligand and hIgG by QCM

A commercial QCM-D apparatus (model E4, Q-Sense AB, Göthenburg, Sweden) was
used to measure the changes in the resonance frequency (∆F) and in the energy dissipation
(∆D) due to the protein adsorption process. The adsorption of hIgG or BSA on modified gold
surfaces from PBS buffer was recorded until the adsorption reached equilibrium. The protein
concentrations applied were in the range of 0.005 to 5 mg ml-1. All the experiments were
performed at least in duplicate. The operation of the QCM apparatus was the same as that
described in Chapter 3. The ∆F data were converted to the adsorption amount by using the
Sauerbrey equation (Equation 6-5) (39), with the knowledge that QCM tends to overestimate
the adsorption amount, as discussed previously,
∆Fn =

1 ∆m
nC A
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6-5

Here, ∆m/A is the adsorption amount per surface area, ∆Fn is the frequency change of the
overtone n and the mass sensitivity constant, C, is equal to 17.7 ng cm-1 Hz-1 (value from the
instrument manufacturer).
The adsorption amounts calculated from QCM were used to perform the thermodynamic
and kinetics analysis by the same methods described in Chapter 4 and the results were
compared to those obtained from SPR experiments.
Along with the change of resonance frequency, ∆Fn, the change of dissipation, ∆Dn, was
recorded as a function of time. Then, ∆Dn was analyzed by plotting the dissipation (∆Dn)
against the resonance frequency (∆Fn/n). The slope of the plots of ∆D vs. ∆Fn/n defined as K
is a measure of the energy dissipation per unit mass added to the surface during the
adsorption process. A more rigid and compact mass is expected to yield a small K value and
vice versa (40). For studies related to adsorbed proteins, generally, significant changes in K
value might be due to conformation changes of protein (2, 15, 18, 21, 41).
6.2.9

Regeneration of SPR sensor online

The SPR sensor was modified to immobilize peptide ligands by the methods described in
sections 6.2.2 and 6.2.4. IgG adsorption experiments were performed as described in section
6.2.7, but instead of running the protein solution for 20 minutes, the adsorption step only
lasted for 3 minutes in this experiment, and then inlet feed was changed back to buffer for
rinsing for 10 minutes. After that, a wash was done with glycine-HCl buffer (pH 3) for 3
minutes and for a buffer rinse was applied for an additional 10 minutes. Then, a wash was
done with 0.85% (v/v) H3PO4 aqueous solution for 3 min, followed by a rinse with buffer for
10 minutes. Finally, change was made to 2 M urea to wash for 3 minutes followed by rinsing
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with buffer for 3 minutes before running a new round of protein injection. This process was
repeated to see if the regeneration steps cleaned the surface sufficiently to recover the
baseline of the sensor prior to introduction of the protein solution.

6.3

Results and Discussion

6.3.1

Immobilization of Peptide on SAM of HS(CH2)11(CH2CH2O)6NH2

In chapter 4, the optimization of the peptide immobilization reaction on modified silica
surface was discussed. The best condition obtained in these studies was applied to the gold
surface modified with a SAM of HS(CH2)11(CH2CH2O)6NH2. In short, the peptide was
immobilized using TBTU combined with HOBt and DIPEA as coupling reagent and
anhydrous DMF as solvent. The Fmoc group was deprotected by keeping in 20% piperidine
in DMF for 1 hour. As mentioned in Chapter 4, the protection of the side chain was critical
for the immobilization on APTES but not for that on APTES-PEG3-NH2. For the fully
protected peptide, the side chain protective groups needed to be deprotected after
immobilization by immersing the gold surface in a mixture of TFA/anisole/water/TIPS in the
ratio of 88/5/5/2 for two hours. In this study, the suitability of the extension of peptide
immobilization and deprotection methods developed for modified silica surface to modified
gold surface was studied first, then the modified gold surfaces before and after peptide
immobilization were characterized by XPS and ToF-SIMS.
6.3.1.1 Stability of SAM under Peptide Coupling and Deprotection Reaction Conditions
It has been reported that the SAMs of alkanethiols such as octadecanethiol on gold slowly
desorb from the surface when exposed to organic solutions such as tetrahydrofuran (42). The
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peptide immobilization and deprotection steps used here all involved the use of organic
solutions. Consequently, the stability of SAM under the conditions used for peptide
immobilization and deprotection became the first concern. XPS was used to determine the
extent of desorption of SAMs kept in solutions used for peptide immobilization and
deprotection of both side groups and terminal amino groups. XPS has proven be to an
efficient method to probe the chemical state of thiols on gold surfaces by monitoring the S2p
binding energy (BE) (43-45). In XPS spectra, S2p sulfur peaks of both bound and unbound
thiols have a doublet structure due to the presence of two states, the S2p3/2 and S2p1/2.
The BE state of S2p1/2 is always 1.2 eV higher than that of S2p3/2 and its peak area is
smaller than that of S2p3/2. Typically, the S2p3/2 BE for unbound alkanethiols is between 163
and 164 eV. After assembly of these molecules on the gold surface to form S-Au bond, the
S2p3/2 BE decreases to 162 eV (43). If the unbound thiol molecules physically adsorbed on
the surface were oxidized by oxygen in the air, the S2p BE of the oxidized sulfur species
would, typically, be larger than 165 eV (46). In the spectrum of original SAM, as shown in
Figure 6.3a, there were only peaks from bound thiolates, one at 163 eV for S2p1/2 and
another relatively small one at 161.8 for S2p3/2. After immersion into the solution used for
peptide immobilization and Fmoc deprotection, as shown in Figures 6.3b and 6.3c, these
two peaks remained unchanged, while after immersion in the deprotection solution for side
chains groups, as shown in Figure 6.3d, the intensity of these two peaks became much
weaker, which indicated a lower amount of bound thiolates in the surface. There were no
obvious peaks from unbound or oxidized thiols. The desorbed thiols should be removed
from the surface by rinsing and sonication.
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The narrow scan of sulfur peaks results indicated that the SAM on gold was unstable
when exposed to the side chain deprotection solution, while the desorption of SAMs of
HS(CH2)11(CH2CH2O)6NH2 under the peptide immobilization and Fmoc group
deprotection conditions was negligible. The instability of SAMs under the conditions used
for deprotection of the side chains can be explained by a mechanism which is basically the
reverse of the reaction for SAMs formation, as shown in the following equation (42),

RS − + Au s ←
→ RSAu s + e −
1
e− + H + ←
→ H 2
2
−
RSH ←
→ RS + H +

RSH + Au s ↔ RSAu s +

1
H2
2

6-6

As shown in Equation 6-6, the presence of H+ favors the deprotection direction, and
consequently, the SAM of alkanethiolate tends to be desorbed from gold surface with the
presence of strong acid, TFA.
Based on the XPS results, the SAM was not stable under the conditions of side chain
deprotection step. Hence, only the peptide without the side chain protection was used in the
following experiments.
6.3.1.2 Characterization of the Modified Surfaces by XPS
Although no significant changes were observed after immersing the modified gold surface
with SAMs of EG6NH2 in DMF overnight, the surfaces were exposed for 2 hours and 16
hours to peptide immobilization reaction conditions. XPS was also used to probe the
presence of peptide after immobilization and also to study the effects of reaction time on

191

peptide linkage stability. Both survey scans and narrow scans of C1s and N1s regions were
performed.
XPS survey scans were used to detect the elements expected from SAMS of thiol (C, O, N,
S), peptide (C, O, N), and the substrate (Au). It was found out that the intensity of sulfur was
too low to be detected for all the samples under the survey scan condition used in this study.
The peaks from other elements were identified by the binding energy positions. The relative
amounts of C, O, N and Au were calculated based on the peak area of each composition and
the results are summarized in Table 6.2. As shown in Table 6.2, the atomic percentage of the
substrate, Au, decreased from 21.8% to 19.9% after the immobilization of the peptide ligand
for 2 hours, and it decreased further to 18.0% after extending the immobilization reaction
time to 16 hours. This trend could be explained by the attenuation of the gold signal by the
overlying SAM and immobilized peptide layers. It was reported that the intensities of x-ray
photoelectrons from gold substrate decreased linearly as a function of film thickness for the
SAMs of HS(CH2)nCH3 (47-48). With the increase of immobilization time, the organic layer
on gold became thicker, and consequently the intensity from Au was reduced. As shown in
Table 6.2, the immobilization of peptide also changed the atomic percentages of the elements
from the organic layers. In order to make the results more straightforward, the atomic
percentages of these three elements C, O and N were normalized based on the percentage of
C. These results are presented in comparison with the theoretical ratios of peptide molecules
excluding hydrogen (C56O9N12) and those of thiolate molecules (C23O6NS) of SAM in Table
6.3. As shown in Table 6.3, the ratios of C:O:N of SAM obtained from XPS were slightly
different from the calculated stoichiometric ratios. Larger mole fractions were measured for
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N and O by XPS. For well organized SAMs, the fragments of -(CH2)11- are at the bottom of
the layer and subjected to additional attenuation effects compared with the elements arising
from the fragmentation of EG6NH2 (O and N). This leads to a deviation of experimental
measurements from theoretical calculations. With the immobilization of the peptide on the
surface, the fraction of oxygen decreased and that of nitrogen increased. In addition, with the
lengthening of the peptide immobilization reaction time from 2 to 16 h, those differences
became larger. These changes could be explained by the difference of the stoichiometric
ratios of peptide from that of thiol, as shown in Table 6.3.
The binding energy measured by XPS is sensitive to the chemical surroundings of the
target atom and high resolution narrow scans can distinguish the same element in different
chemical states (49). For the SAMs of HS(CH2)11(CH2CH2O)6NH2, there were three states of
carbon atoms, C-C (BE = 285 eV), C-O (BE= 286.4 eV ) and C-N (286.6 eV) (43). In the
peptide, as shown in Figure 6.4, carbon could be in one of the following bonding
arrangements: C-C, C-O, C-N, C=C (BE=284.8 eV (50)) and C=O (BE=288.5 eV (50)). The
C1s narrow scan results are summarized in Figure 6.5, where it can be observed that before
the immobilization of the peptide ligand, the C1s peak split into two components: one at 285
eV and the other at 286.6 eV, which should come from C-C bond, and the combination of CO and C-N bonds of thiolates respectively (50). After peptide immobilization, as shown in
Figure 6.5b, besides the main C1s peak including two components which were similar to
those before peptide immobilization, a small peak appeared at the position of 288~289 eV.
This new component should correspond to the C=O carbon of the peptide bond. The
contribution from the carbon in C=C bond (BE=284.8 eV) was not apparent, since it is
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almost at the same position of the peak for carbon in C-C bond (BE=285 eV). After removal
of the Fmoc group, no significant chance was observed, since all the C components exhibited
by the peptide molecule also exist in the Fmoc moeity (C-C, C=C and C=O).
The BEs of N1s of the free primary amine and protonated amine are around 399.6 eV and
401.5 eV respectively (51). The N1s narrow scan spectra of the original SAM and those after
peptide immobilization and Fmoc group deprotection are summarized in Figure 6.6. There is
an obvious peak around 399.6 eV related to free amine group, while the peak for protonated
amine at position of 401.5 eV was less significant. The BE of the amide in the peptide chain
is around 400.1 eV (52). The amide peak from the free amine, and that of the amide, overlap
due to the resolution limitations of the XPS. After immobilization of the peptide on top of
SAM, it was observed that the central position of the main N1s peak shifted from 399.6 eV to
400.1 eV, and the small peak around 401.5 eV disappeared. After the deprotection step, the
main N1s peak was similar as that before deprotection step and at the same time the small
peak from the protonated amine shows up again but still with low signal strength. In
summary, the changes of atomic percentages measured by the survey scan and the profiles of
C1s and N1s peaks recorded narrow scans were explainable by a successful peptide
immobilization process.
6.3.1.3 Characterization the Modified Surface by ToF-SIMS
Although XPS has been more widely used in the characterization of thin films on solid
surfaces, ToF-SIMS is more chemically selective than XPS(53). XPS was employed in this
study to further confirm the presence of peptide on the gold surface after immobilization.
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There were three samples collected for ToF-SIMS characterization, Au-C11EG6NH2, AuC11EG6NH-HWRGWV-Fmoc and Au-C11EG6NH-HWRGWV. In addition, the free peptide
ligand, HWRGWV, was used as a positive control. According to the ToF-SIMS experimental
results of the peptide functionalized silica surfaces described in Chapter 4, positive spectra
can provide sufficient information to prove the presence of peptide on the surface, and in this
study only positive spectra were collected.
The peaks associated with fragments of peptide identified from the positive control
experiments, described in detail in Chapter 4, were used as reference peaks to judge the
presence of peptide samples on Au-C11EG6NH2, Au-C11EG6NH-HWRGWV-Fmoc and AuC11EG6NH-HWRGWV. These peaks include m/z 43, 59, 73, 100, 112 for Arg, m/z 81, 82,
110 for His, m/z 130, 159, 170 for Trp, m/z 41 for Gly, m/z 43, 100 for Val, m/z 165, 178,
179, 180 for Fmoc group, m/z 202 for fragment of Gly-Trp (CH3-CO-NH+=CH-CH2C8H6N,), and m/z 281 for fragment of His-Trp (C3H4N-C2H4-CO-NH+=CH-CH2-C8H6N,).
The results aer summarized in Figure 6.7.
As shown in Figure 6.7, the peaks from Au+ m/z 197 and AuC2H4+ m/z 225 appeared in
the spectra for all three samples as expected and these two peaks were used for calibration of
the mass scales. The characteristic OEG fragments, including CH3O+ m/z 31, C2H3O+ m/z 43,
C2H5O+ m/z 45, C3H7O+ m/z 59 (54), and those from nitrogen-containing fragments,
including NH4+ m/z 18, CH2N+ m/z 28, CH4N+ m/z 30, C2H4N+ m/z 42, C2H5N+ m/z 43 (55),
were present in all three samples with significant intensity. But the relative intensities varied
from sample to sample and the most obvious change was that the main peak from the OEG
fragment at m/z 45 diminished after immobilization of the peptide. The most important
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differences came from reference peaks from peptide fragments that were only found in the
spectra of the sample with immobilized peptides (Figure 6.7 1-3b and 1-3c). In addition, the
peaks from the Fmoc group disappeared completely after the deprotection step (Figure 6.7
2c).
The ToF-SIMS spectra provided direct evidence that peptide was present on the surface
after the immobilization step and that the deprotection step was efficient.
6.3.2

Study of Protein Adsorption on the Modified Surface with and without Peptide

by SPR and QCM
SPR and QCM were used to investigate the adsorption of hIgG adsorption on modified
gold surfaces with peptide ligand HWRGWV.
6.3.2.1 Quantification of SPR Responses
The QCM measurements could be quantitatively converted to adsorption amount by the
Sauerbrey equation, although, as mentioned in Chapter 4, it was noticed that this relationship
tended to overestimate the adsorption amount. In order to compare the results obtained from
SPR to those obtained from QCM, a method to quantify SPR measurements must be
developed. SPR machines generate responses expressed as angle shifts or changes of wave
length. The instrument used in these experiments use angle shift measurements. The angle
shift is related to the refractive index (RI) changes happening close to the sensor surface. The
RI change can be further converted to surface concentration of adsorbed molecules with the
use of an appropriate model describing the structure of the adsorbed layer. Several papers
have already addressed the quantitative interpretation of SPR signals in terms of adsorbed
layer structural parameters (17, 37, 56-57). In general, these papers suggest that when the
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thickness of the adsorption layer is much thinner than the decay length of the evanescent
fields, the response of the SPR to reflective index (RI) change caused by adsorption can be
approximately linear in most cases. According to the structure of IgG (23.5×4.4×4.4 nm) (33)
and BSA (11.6×2.7×2.7 nm) (58), the thickness of an adsorbed protein monolayer should be
less than 24 nm, which is much smaller than the decay length of 240 nm (value provided by
the instrument manufacturer). Therefore, a simple linear relationship between adsorption
amount and SPR response was expected. The magnitude of the slope can be thought as a
sensitivity factor for the sensor and it can be obtained by the measurement of SPR response
to a series of solutions with known RI (17).
The standard curve for the device employed in this study was obtained by the measuring
the SPR response to changes of bulk solution from pure water to aqueous solutions of
glycerin with concentrations ranging from 0.3 to 10% with the bare gold sensor surface. As
shown in Figure 6.8, the slope (m) obtained from the linear regression was 110 degrees per
refractive index unit (RIU). With this standard curve, the SPR responses can be translated to
RI changes, which were further converted to protein surface concentration by the bilayer
model described in section 6.2.7.2. This model indicated a linear relationship between
adsorption amount per sensor surface area (ma/A) and effective refractive index change (∆ηeff).
With the linear standard curve of SPR response (∆R) vs. RI, the protein surface density can
be calculated from SPR response using the following equation,

ma
C
≅ C ⋅ ∆η eff = ∆R = C ' ∆R.
A
m
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6-7

where C is equal to 711 mg m-2 RIU-1 as estimated in section 6.2.7.2. The slope m of the
SPR response to RI had a value of 110 deg RIU-1. As a result, C’, the reciprocal of the mass
sensitivity of SPR was 6.46 mg m-2 deg-1.
6.3.2.2 Affinity and Specificity of hIgG Binding to HWRGWV Immobilized on Gold
Surface by SPR
The affinity of the immobilized peptide on gold surface was investigated by comparing
the adsorption behavior of hIgG on the modified gold surface with and without peptide with
that of bovine serum albumin (BSA). Isotherm curves for these proteins were obtained by
measuring the difference between baseline before protein adsorption and that after
equilibrium was reached, as shown in Figure 6.9, and then the isotherm curve was fitted into
Langmuir equation to estimate the dissociation constant, Kd and the maximum binding
capacity Qmax,

[Pr otein − Peptide]surface,eq =

Qmax × [Pr otein] solution,eq
K d + [Pr otein]solution ,eq

6-8

When using the surfaces without peptide ligands (Eg6NH2), the proteins were mainly
attracted by electrostatic forces between amine groups on the surface and negatively charged
patches on the protein molecules. The dissociation constants of IgG and BSA adsorption on a
surface without peptide ligands were both in the order of 10-5 M (as shown in Table 6.3). As
shown in Figure 6.9, after immobilization of peptide ligands on the sensor’s surface, the
adsorbed amount of BSA was clearly reduced, presumably due to the lower charge density
on the surface. On the other hand, the adsorbed IgG was noticeably increased due to the
affinity interaction of the protein to the peptide ligands. As shown in Table 6.3, the
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dissociation constant dropped slightly for BSA adsorption, while it dropped by two orders of
magnitude for hIgG adsorption. These results indicated that the immobilized peptide ligands
had high affinity to hIgG.
The specificity of immobilized peptide ligands to hIgG was studied by comparing the IgG
adsorption behavior from mammalian cell culture media containing 10% fetal calf serum
(cMEM) to that from PBS buffer. As indicated in Figure 6.10, the isotherm of hIgG
adsorption on peptide functionalized gold surface from cMEM was very close to that
obtained from PBS buffer. The adsorption to hIgG was not significantly affected by the
presence of a complex medium.
6.3.2.3 Comparison of Isotherms Obtained by QCM and SPR
In Chapter 4, the reasons behind the overestimation of protein adsorption by QCM were
discussed in detail, and how the accuracy of both thermodynamic and kinetic parameters
were affected. Here, parallel experiments were performed to quantify the extension of the
overestimation.
The isotherms of hIgG and BSA adsorption on modified gold surface with and without
peptide ligands were obtained using QCM and summarized in Figure 6.11. In general, the
shapes of the isotherms were similar to those obtained with SPR under the same conditions
(as shown if Figure 6.9) and the immobilization of peptide on the surface also enhanced the
amount of hIgG adsorption and suppressed the nonspecific binding to BSA. However, the
absolute adsorption amounts were significantly higher than those obtained with SPR for all
four isotherms. As shown in Table 6.4, the protein adsorption amount estimated from QCM
measurement was about 2.6~6.2 times of that obtained with SPR within the protein
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concentration range of 0.005~5 mg ml-1, and the amount of overestimation increased with
decreased protein concentration. This trend was consistent with the discussion of the
overestimation reasons and effects included in Chapter 4. The lower the protein surface
density, the more space available between protein molecules for solvent, which is one of
main contributions to the overestimation of mass adsorption by QCM.
The dependence of the overestimation on protein concentration led to a bias in the
calculation of thermodynamic parameters. As shown in Table 6.3, the binding capacity Qmax
values were overestimated and dissociation constant values Kd values were underestimated
for all experiments by QCM.
As mentioned in section 6.1, the SPR’s measurements relate to the “dry mass” and
provide relatively reliable data for kinetics and thermodynamics analysis. Therefore, we
compared only those parameters obtained from SPR with those of same ligand immobilized
onto polymethacrylate-based chromatography resins.
It was found that the dissociation constant Kd for hIgG adsorption on peptide
functionalized gold surface obtained by SPR was 1.83 µM, which is well within the range of
values from chromatography resins (0.95~30 µM depending on the peptide density) (59). As
mentioned in Chapter 4, a monolayer of unperturbed hIgG molecules would give surface
concentrations of 2.4~13 mg m-2. The binding capacity Qmax measured by SPR was 4.15 mg
m-2, which is reasonable and also very close to the value observed for chromatography resins
(4.4~5.3 mg m-2, slight increase with increased peptide density) (59).
6.3.2.4 Kinetics analysis
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SPR and QCM offer in situ monitoring of dynamic surface events, and consequently have
the capability of determining rates of adsorption and desorption for a range of surface
interactions (13, 37, 57).
The intrinsic adsorption and mass transport processes occurring inside of SPR and QCM
chambers can be described by a two-step kinetic model, as mentioned in chapter 4. The
adsorption rate constant (ka) was fit to the kinetic data by using a nonlinear least squares
regression analysis described in section 4.2.6.2. The raw data and fitting lines are shown in
Figures 6.12 and 6.13, and the ka and kd values are summarized in Table 6.5. In this analysis,
estimated values of the mass transfer coefficient and the equilibrium dissociation constant
and maximum binding capacity were used in the equations in section 4.2.6.2 so that only one
parameter needed to be fit to the data. The rate constant for desorption was estimated from
the relationship between the equilibrium dissociation constant as the ratio of the desorption
rate constant to the adsorption rate constant. As shown in Figures 6.12b and 6.13, for all SPR
and QCM experiments, the calculated protein concentration near the sensor surface (Cs) was
noticeably lower than that in bulk solution, Cb. The difference was more obvious at low
protein concentrations and at the initial stage of adsorption. These results indicate that the
transport of the protein from bulk to surface limited the adsorption rate and it was necessary
to include the mass transport equation into the kinetic model to obtain reasonable estimates
of the intrinsic association and dissociation rates. The sensitivity of the estimation of kinetics
rates on transfer coefficient km was tested by comparing the results obtain with km estimated
from equation 4-6 (60) and equation 4-7 (61). These two equations are both valid for the
experimental conditions of SPR and QCM in this study.
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The km values estimated with equation 4-7 were 1.47 times of those obtained with
equation 4-6. It was found that the estimation of kinetics parameters wasn’t affected by
increasing km value by 1.47 times. The kinetics analyses of both QCM and SPR data were
not sensitive to the choice of km.. As shown in Figures 6.12a and 6.13, the deviations between
fitting lines and experimental data for the QCM experiment were much larger than those for
the SPR experiment. In addition, as shown in Table 6.5, only the estimated association rate
constant values obtained from QCM data shown significant dependence on protein
concentration. These discrepancies between fitting lines and QCM experimental results and
unexpected dependence of association rate estimation on protein concentration were also
observed in the kinetic analysis of QCM data in the study of the affinity interactions between
hIgG and the peptide ligand immobilized on silica surface. The possible reasons were already
discussed in detail in Chapter 4. In short, the QCM overestimation of the mass absorbed that
results from measuring the solvent present in the protein layer causes the values of Kd to be
significantly lower than those measured by SPR and results in fits of adsorption rate
constants which depend strongly on protein concentration.
All in all, both kinetics and thermodynamics parameters obtained from SPR data analysis
were more reliable than those obtained from QCM experiments. The adsorption rate constant
and desorption rate constant estimated by SPR have average values of 0.68 m3 mol-1 s-1 and
1.24 s-1, which are both in the similar orders as those obtained with chromatography
techniques for other peptide ligand and protein affinity interactions (62).
Although QCM was not as quantitative as SPR for measurement of adsorbed amount, the
dissipation measurements of QCM provide additional information on the state of the
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adsorbed protein layers. As shown in Figure 6.14, the slope of ∆D vs. ∆F for hIgG
adsorption on HS(CH2)11(CH2CH2O)6NH2 without peptide was slightly larger than that of
SAM with peptide. The slope of the plot of ∆D vs. ∆Fn/n was defined as K, which is a
measurement of the energy dissipation per unit mass added to the surface during the
adsorption process. A rigid and compact mass is expected to yield a small K value and vice
versa (40). This difference in the slope shown in Figure 6.14 means that the adsorbed hIgG
packed more rigidly on top of SAM with peptide than that without peptide. In other words,
the association of adsorbed IgG molecules with the surface with peptide ligand is relatively
stronger. As also shown in Figure 6.14, the plots of D vs. F for hIgG adsorption on SAMs of
HS(CH2)11(CH2CH2O)6NH2 with and without peptide ligand were almost straight lines. The
nearly linear relationship suggests that no obvious conformation changes occurred during the
adsorption of IgG to these surfaces, which means that the protein molecules adsorbed to the
surfaces were intact after being adsorbed onto the surfaces. For the surface with peptide, the
curve of ∆D vs. ∆F was not a perfect straight line; it curved slightly downwards with
increasing frequency (increasing mass adsorption). The decrease in the slope of ∆D for the
IgG adsorption on the modified gold surface with peptide was also observed before for the
modified silica surface with peptide ligand (Chapter 4). The possible reason was also
discussed in Chapter 4. In short, with the increase of protein surface density along with the
adsorption process, water embedded in protein layer or PEG layers could be expelled and the
protein molecules packed more rigidly on surface. This trend was not observed for the
adsorption on surface without peptide, which may indicate 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 SPR sensor for IgG Concentration

Determination
As mentioned in section 6.1, if the peptide immobilized on the gold sensor surface still has
high affinity and specificity to hIgG binding, it could be of use in making real-time on-line
measurements of IgG concentration. Preliminary experiments were carried out to test the
possibility.
Although it was possible to determine the hIgG concentration by the isotherm curve (63),
it could take up to a few hours for the adsorption to reach equilibrium. The initial slope of the
SPR or QCM signal, which is related to the initial association rate, has been used to quantify
the concentration of bacterial (64) and proteins (65-66) in solution. Plots of the initial slope
of SPR and QCM signals vs. hIgG concentration are presented in Figure 6.15 and 6.16. As
shown in Figure 6.15 and 6.16, the initial slopes of SPR and QCM signals were both directly
proportional to the hIgG concentrations over approximately a 2 log range of concentration
for IgG adsorption from both PBS buffer and cMEM. With this relationship, the hIgG
concentration can be determined within 2 minutes by the measurements of initial slopes of
QCM or SPR signals in concentration ranges from approximately 0.02 to 5 mg/ml.
The other important issue for the application of hIgG concentration determination is the
reusability of the sensor. Considering the costs of the sensor, the surface modification and the
peptide immobilization processes, simple IgG elution and sensor regeneration methods could
be a critical issue for the future application of this peptide ligand base biosensor for IgG
concentration determination.
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Bound hIgG on peptide on chromatography resins can be eluted with phosphate buffer at
pH 4.0 (59). However this elution condition is not strong enough for the elution of the
adsorbed IgG from the peptide immobilized on gold surfaces. Almost no IgG molecules can
be removed from the surface by PB buffer at pH 4.0. Harsher elution conditions were tried.
As shown in Figure 6.17, washing with glycine-HCl pH 3.0 buffer can partially remove
adsorbed IgG, and most of IgG can be eluted by 0.85% H3PO4 solution (pH~1.7). 2M urea
was used after the elution step with H3PO4 solution to further clean the sensor surface. With
this elution and cleaning step the SPR signal returned back the baseline before the adsorption
step and the re-adsorption of hIgG was very close to that of the first run. For additional proof
of principle studies these cycles would have to be repeated to determine the maximum
number of cycles of use of the sensor in real applications using cell culture fluids and other
complex media.

6.4 Conclusions
In this study, a new method to immobilize small peptides on gold surfaces was developed
and the modified gold surfaces were characterized by both XPS and ToF-SIMS. SPR
spectroscopy and QCM techniques were used for the study of the affinity interaction between
immobilized peptide ligand and hIgG. Both SPR and QCM results show that the immobilized
peptide on gold surfaces still kept high affinity and specificity to hIgG binding. Through the
parallel measurements, it was possible to demonstrate that SPR is more suitable for
quantitative analysis of the protein binding, which is essential for the investigation of
thermodynamics and kinetics parameter of the hIgG adsorption on modified surface with and
without peptide ligands. Preliminary results indicate that the peptide functionalized SPR
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sensor might be a good tool to measure on-line and in real-time the protein concentration in
process streams.
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Table 6.1 XPS atomic percentage of SAM of HS(CH2)11(CH2CH2O)6NH2 before and after
peptide immobilization (mean ± standard deviation)

C(1s)
O(1s)
N(1s)
Au(4f)

Binding
Energy (eV)
285
532
400
83

after 2 hours peptide
immobilization
60.09 (1.6)
15.7 (1.2)
4.26 (0.6)
19.9 (0.8)

EG6NH2
58 (1.4)
16.9 (1.2)
3.23 (0.4)
21.8 (1.0)

after 16 hours peptide
immobilization
60.6 (1.3)
14.2 (0.8)
6.23 (0.6)
19.0 (1.2)

Table 6.2 Comparing the normalized XPS atomic percentage of the elements excluding that
of substrate with calculated stoichiometric ratios
Stoichiometric
ratio of SAM
C(1s)
1
O(1s)
0.26
N(1s)
0.04

Stoichiometric
ratio of
peptide
1
0.16
0.21

SAM
1
0.29
0.06

Ratios after 2
hours
immobilization
1
0.26
0.07

Ratios after 16
hours
immobilization
1
0.23
0.1

Table 6.3 Comparing the dissociation constant and maximum capacity of the BSA and hIgG
adsorption on gold surfaces measured by QCM and SPR

Surfaces
EG6-NH2
EG6NH2HWRGWVNH2

Protein
hIgG
BSA

Kd, µM
38
52.1

QCM
Qmax,
mg m-2
4.07
2.96

hIgG

0.53

12.5

0.97

1.83

4.15

0.99

BSA

31

0.02

0.91

35.4

0.64

0.93
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R2
0.91
0.9

Kd, µM
59.3
62.5

SPR
Qmax,
mg m-2
1.34
1.12

R2
0.92
0.89

Table 6.4 The ratios of protein adsorption amounts estimated from QCM data to those
estimated from SPR data
Protein concentration,
mg ml-1
0.005
0.02
0.5
1
2.5
5

Surface: EG6NH2
hIgG
BSA
5.5
3.1
5.5
3.1
5.3
3.1
5.2
3.1
4.8
3.0
4.4
2.9

Surface: EG6NH2-HWRGWV
hIgG
BSA
6.2
2.9
5.7
3.3
3.5
3.2
3.3
3.1
3.1
2.8
3.1
2.6

Table 6.5 Comparing the kinetic parameters ka and kd obtained by QCM and SPR
IgG
Concentration
mg ml-1
0.005
0.02
0.1
0.5
1
2.5
5

-1

3

3

-1 -1

-1

k , m mol s
a

kd , s ×10

ka , m mol s

kd , s ×10

0.81
0.72
0.48
0.15
0.12
0.11
0.11

4.3
3.8
2.5
0.80
0.64
0.58
0.58

0.77
0.71
0.69
0.55
0.91
0.61
0.54

1.40
1.30
1.26
1.00
1.66
1.12
0.99

R1

R2

R1

0

δθ
40
60
80
Incidence angle (deg)

3

b

1

a

R2

0

SPR

-1 -1

Intensity

Intensity

1

QCM
3

0

20 40 60 80 100 120 140
Time (mins)

Figure 6.1 (a) A schematic change of reflected intensity vs. angle curve during protein
adsorption process obtained with SPR. The angle θ at minimum reflected intensity in the
initial scan spectrum was around 69 deg for the sensor stabilized in buffer solution, while the
adsorption of protein to this sensor surface caused the shift of the minimum position by δθ. (b)
A schematic reflected intensity vs. time curve obtained with the SPR under fixed angle mode
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Figure 6.2 The schematic diagram of the bilayer structure of protein adsorption on
modified gold surface

Figure 6.3 The spectrum of narrow scan of sulfur peaks of SAM of
HS(CH2)11(CH2CH2O)6NH2 right after preparation (a) after keeping in DMF overnight (b)
after keeping in solution for deprotection of Fmoc group 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

Figure 6.5 The spectrum of C1s narrow scan of the SAM of HS(CH2)11(CH2CH2O)6NH2
right after preparation (a) after peptide immobilization (b) after deprotection of Fmoc group
(c)
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Figure 6.6 The spectrum of N1s narrow scan of the SAM of HS(CH2)11(CH2CH2O)6NH2
right after preparation (a) after peptide immobilization (b) after deprotection of Fmoc group
(c)
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Figure 6.7 ToF-SIMS spectra of samples SAM of HS(CH2)11(CH2CH2O)6NH2 (a) SAM with
the immobilized peptide before deprotection of Fmoc group (b) SAM with the immobilized
peptide after deprotection of Fmoc group (c) and pure peptide HWRGWV (d) within the
range of m/z 0~100 (1a~1d), 100~200(2a~2d), 200~300 (3a~3d)
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Figure 6.8 SPR calibration curve obtained with the measurement of SPR response to a
series of glycerin aqueous solution with concentration range within 0.3~10% (v/v)

Figure 6.9 Isotherm of hIgG and BSA adsorption from PBS buffer on modified gold with
and without peptide obtained by SPR
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Figure 6.10 Comparing of the isotherm of hIgG adsorption from PBS buffer and that from
cMEM by SPR

Figure 6.11 Isotherm of hIgG and BSA adsorption on modified gold with and without
peptide obtained by QCM; the adsorption amounts were calculated from the average of
frequencies changes recorded by 5th, 7th, 9th, 11th, 13th overtones and the error bar indicated
the variation coming from difference overtones
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Figure 6.12 Kinetics fitting of hIgG adsorption on SPR sensor modified with peptide
HWRGWV. Figure a: SPR response data (solid line) and fitting result (dot line);
Figure b: modeling of the normalized protein concentrations close to sensor surface
(Cs/Cb)
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Figure 6.13 Kinetics fitting of hIgG adsorption on QCM sensor modified with peptide
HWRGWV. QCM experiment data (solid line), fitting result (dot line) and modeling
of the normalized protein concentration close to sensor surface (Cs/Cb)

Figure 6.14 Correlation between dissipation (D5) and frequency changes (F5/5) of hIgG
adsorption from 1mg ml-1 solution on top of SAM of HS(CH2)11(CH2CH2O)6NH2
with and without peptide ligand
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Figure 6.15 The relationship between initial slope of SPR response and hIgG concentrations
PBS
cMEM

Slope of Frequencies (Hz/min)

4

3

2

1

0
0.01

0.1

1

IgG Concentration (mg/ml)

Figure 6.16 The relationship between initial slope of QCM response and hIgG
concentrations

226

PBS

PBS

0.8

Intensity

0.6

0.4

0.2
Gly-HCl
pH 3
0.0
IgG
0

20

Gly-HCl
pH 3

0.85% 2M Urea
0.85% 2M Urea
IgG
IgG
H3PO4
H3PO4
40
60
80
100
120

Time (s)
Figure 6.17 Regeneration of peptide functionalized SPR sensor for hIgG detection
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Chapter 7. Conclusions and Recommendations for Future Work
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7.1 Conclusions
7.1.1

Modification of Silica Surface

A new method is presented to modify silica surfaces with PEG chains terminated with
amine groups. This kind of construct can be used to immobilize biomolecules, allowing for
its use in fundamental studies of surface interactions between immobilized biomolecules and
their targets with low nonspecific binding background. The spectra of time-of-flight
secondary ion mass spectroscopy (ToF-SIMS) of the modified surface provided direct
evidence that the silica surface was modified as desired. The density of amine groups
estimated from thickness measurement by ellipsometry is approximately 2.74 chains nm-2,
which is significantly higher than that reported in previous literature similar applications.
According to the contact angle titration and ToF-SIMS experiment results, the amine group
at the end of PEG chains has higher activity than that at the end of APTES. The PEG chains
with only three repeat units can significantly reduce bovine serum albumin (BSA) adsorption
on the surface. The adsorption of BSA on the modified surface with PEG termination with
free amine groups depends on the pH of the solution since the adsorption process is
controlled to a great degree by charge-charge interactions.
7.1.2

Study the Affinity Interaction between Peptide Ligand HWRGWV Immobilized

on Silica Surface and Immunoglobulin G (IgG) by Quartz Crystal Microbalance
A Quartz crystal microbalance (QCM) sensor with native silica surface was modified by
the same method mentioned above and then hexamer peptide ligand HWRGWV was
immobilized on it. The success of immobilization was proven by ToF-SIMS spectra. The
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immobilization conditions were optimized. The highest peptide surface density estimated
from the thickness measurement by ellipsometer is 0.88 chains nm-2.
As suggested by QCM results, the peptide immobilized on the silica surface has high
affinity and specificity to hIgG binding even in a complex medium such as complete
mammalian cell culture medium (cMEM). Both thermodynamic and kinetic parameters of
affinity interaction were obtained by analysis of QCM data. The dissociation constant, Kd,
and the maximum binding capacity, Qmax have the values of 0.43 µM and 14 mg m-2
respectively. The absolute values could deviate from true values due to the overestimation of
the amount of protein adsorption by QCM. Rough estimates of the association rate constant
ka, and the dissociation rate constant kd were also presented with evaluation of the effect of
mass overestimation from the QCM method.
7.1.3

Modification of Gold Surface

Gold surfaces were modified by oligo(ethylene glycol)-terminated alkanethiols. The
formation conditions of self assembled monolayers (SAMs) of HS(CH2)11(CH2CH2O)6NH2
(EG6NH2) and HS(CH2)11(CH2CH2O)3OH (EG3OH) were studied. Ethanol with 3% of
triethylene amine was found to be the best solvent for the formation of the SAMs of EG6NH2.
Both contact angle measurement and chemical force microscopy (CFM) results indicated that
the SAMs of EG6NH2 formed by immersing into 1 mM thiol solution with ethanol with 3%
of TEA as solvent for 1 day were more uniform than those formed in ethanol or THF for the
same formation time. The formation of SAMs of EG3OH is not as sensitive to the solvent
conditions. Mixed SAMs of EG6NH2 and EG3OH were formed under the best conditions for
the formation of pure SAM. An attempt was made to quantify the amine group density on the
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surface by radio labeling the amine group with [14C]-formaldehyde, analyzing the XPS
survey and narrow scan results. None of these methods were suitable for the quantization of
amine group density. The CFM scan result indicated that no phase separation was present in
the mixed monolayers on a scale of 10 nm when they were formed in ethanol with 3% of
TEA. The uniform and even distribution of amine groups in the mixed SAM is favorable for
the immobilization of peptides.
7.1.4

Study the Affinity Interaction between Peptide Ligand HWRGWV Immobilized

on Gold Surfaces and IgG by Quartz Crystal Microbalance and Surface Plasmon
Resonance
The gold surfaces of both QCM and surface plasmon resonance (SPR) sensors were
modified with SAMs of EG6NH2 and the peptide ligand HWRGWV was immobilized using
the best conditions obtained with silica surface modification experiments. The success of the
peptide immobilization step was evident from the ToF-SIMS spectra of X-ray photoelectron
spectroscopy (XPS).
Both SPR and QCM results showed that this hexamer peptide immobilized on gold
surface has high affinity and specificity to hIgG adsorption even in complex media such as
cMEM. Thermodynamic and kinetic parameters of this affinity interaction were obtained by
the analysis of static and dynamic QCM and SPR data. The estimated values of Qmax and Kd
by QCM in this study are close to those obtained with silica surface experiments discussed
before and again the existence of mass adsorption overestimation lead to divergence from
reasonable values. The estimated value of Qmax (4.15 mg m-2) by SPR is close to that of
chromatography resins with the same peptide (4.3 ~ 5.3 mg m-2, variable with peptide density)
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and the Kd value (1.83 µM) from SPR experiment is also within the range of that obtained
with chromatography resin (0.95~30 µM, vary with peptide density). The kinetic parameters
obtained from the fitting of the kinetics model to SPR data is more reliable than those
obtained with QCM data. The QCM parameters exhibit relatively large deviations between
fitting lines and experiment data, and the association rate constants showed a strong
dependence on hIgG concentration. The association and dissociation rate constants estimated
by SPR have the values of 0.68 m3 mol-1 s-1 and 1.24 ×103 s-1 respectively, which are similar
orders to those obtained with chromatography techniques for other peptide ligand and protein
affinity interactions (1). Finally, the feasibility of using the peptide functionalized SPR and
QCM sensors to quickly determine IgG concentration from 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 characterization with QCM and SPR were
developed and applied to probe the affinity interaction between the hexamer peptide ligand
HWRGWV and hIgG under one condition (room temperature for SPR experiment or 25 °C
for QCM experiment, PBS buffer, pH 7.4). In order to deepen the understanding of affinity
interaction between this peptide and IgG, the variation of adsorption behavior with solvent
environment need to be quantified by the same methods. The binding temperature has a
direct relation with the binding mechanism, with hydrophobic interactions increasing as
temperatures increase, and ionic interactions decreasing as temperature increases, the
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determination of binding isotherms at various temperatures can provide some insight into the
binding mechanism between the modified surfaces and the target proteins (2). These
temperature-dependent isotherm measurements will provide an opportunity to determine the
change in free energy of adsorption, as well as the change in entropy and enthalpy of
adsorption (3). In addition, the effects of pH and ionic strength on affinity interaction will
also help to understand the affinity interaction nature of the ligand-protein adsorption
mechanism (3). Increasing ionic strength can enhance hydrophobic interaction and reduce
ionic interactions. The change of pH directly affects ionization of charged residues on both
peptide ligand and target protein. The sensitivity to the change of pH is an index of the
contribution of ion charge-charge force in the affinity interaction. All these studies will
provide information to improve previous molecular docking calculations using the
HADDOCK software. Finally, ligand density can also affect the interactions between the
peptide ligands and the target protein. Previously studies with chromatography resin
indicated that the affinity and specificity depended on peptide density (4). Peptide density
can be controlled by using the two components of SAMs on gold surfaces: EG6NH2 and
EG3OH. Variation of the ratio of EG6NH2 and EG3OH in thiol solution for the formation of
SAM can lead to different densities of amine group for peptide immobilization. XPS could
be used to probe the change of peptide density with the variation of amine group density.
7.2.2

Application of the Biosensor Functionalized with Fc-specific Binding Peptide

Ligand
As shown in Chapter 6, the IgG concentration could be quickly determined from the initial
slope of SPR signals. The peptide-functionalized surface can be regenerated by a
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combination of 0.85% H3PO4 and 2 M urea. However, the peptide based biosensor still need
to be tested further for stability, sensitivity and repeatability under various conditions to
proven its capability to be an alternative method for IgG concentration determination for the
application of process analysis and control as well as medical diagnostics. These studies
should include comparisons of the HWRGWV ligand to immobilized protein A and capture
of hIgG from mammalian cell culture media in order to provide a more realistic scenario for
biosensor performance.
Fc-specific binding peptide ligand can not only capture IgG, but also orient IgG on solid
surfaces to leave the fraction of the IgG molecule responsible for interaction with its epitope
free to react. As mentioned in Chapter 2, the right orientation of IgG is critical for the
sensitivity and repeatability of immunosensor (5-9). The performance of immunosensor
based peptide ligands HWRGWV should be compared with that based on other IgG affinity
ligands for antigen detection. Previously, a similar study was reported by Jung and his
colleagues for the detection of C-reactive protein using SPR sensor with oriented IgG by
three IgG affinity ligands, including, linear peptide ligand HWRGWV, branched peptide
(GTT)4K2KG (TG19318) and cyclic peptide, DCAWHLGELVWCT (10). Unfortunately,
Jung and his colleagues added glycine at the N terminal end and Serine at C terminal end of
this linear peptide ligand HWRGWV in their study and they claimed that this peptide cannot
capture IgG well under the experiment condition applied in their study. In fact, Yang
emphasized early that the binding strength of the peptide ligand HWRGWV to HIgG
depends on the entire sequence of the peptide and the histidine side chain plays a very
important role in the protein-ligand interaction (11). Any variation, especially those blocking
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the histidine at the N-terminal could greatly reduce the affinity to IgG binding. Although
Jung and his colleagues’ conclusion on the peptide ligand HWRGWV is incorrect, their work
demonstrated that antibodies captured by the peptide ligand had higher antigen binding
capacity compared with randomly immobilized antibodies. In future work, the peptide
ligands HWRGWV should be compared with protein A or protein G and ligands such as A2P,
TG19318, for IgG oriented immobilization for the application of immunosensor and the
effects of anchor ligands on the stability, sensitivity and repeatability we be studied
systemically.
7.2.3

Application of the methodology developed in this study for the study of other

peptide ligand
The surface modification, peptide immobilization, QCM and SPR data analysis methods
developed in this research could be applied to the studies of other peptide ligands identified
in our group, which may provide an alternative perspective and addition information for the
understanding the affinity interaction between these peptide ligands and their target
biomolecules.
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