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Abstract

The study of protein—surface interactions represents one of the most important topics in the field of
biomaterials. The immobilization of proteins on solid surfaces is an important step in biosensor
fabrication as well as medical devices. Infrared spectroscopy is a powerful technique for the
determination of conformation and orientation of lipids and proteins including membrane proteins,
and of antibody-antigen reactions on solid surfaces. Infrared reflection absorption spectroscopy
(IRRAS) is one of the FT-IR techniques for determination of biomaterials on IR reflective metals, and
very few IRRAS systems are found to determine the adsorbate at solid-solution interfaces.

For my doctoral research work, I have constructed a new narrow gap infrared reflection absorption
spectroscopy (NG-IRRAS) system with a prism/narrow solution layer/substrate arrangement, to which
substrates for biosensors and biochips can be directly attached. Advantages of this new NG-IRRAS
system over other conventional-IR systems are i) different IR reflective materials can be used as a
substrate ii) having a sufficient large gap (~8 pm ) to flow reagent solution, and iii) a solution
injection system is included to introduce reagent solution onto the sample substrate from outside.
Another advantage of this IRRAS system is that this system can easily be rearranged to vacuum
IRRAS system. There were two problems to be solved for the standardization of this NG-IRRAS
system, i) the baseline was fluctuated due to the change of solution layer thickness, and ii) sample

biomaterials was adsorbed on prism surface. Liquid in and out
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Fig. 1 Schematic diagram of the sample holder for
investigated the experimental conditions and found  solid-solution interface IRRAS measurement.
that the following procedures are crucial for the
stability of the baseline: 1) evacuation of the sample chamber at least for 6 h was necessary to
minimize the adsorbed water vapor effect, i) injection flow rate was kept less then 2 mL/h, iii) room
temperature fluctuation was controlled within 1°C, and iv) Ni spacer thickness was 8 um.

After the standardization of the NG-IRRAS, I started the IRRAS measurement of solid surfaces in
three different conditions. 1) The observation of CaF, prism surface in total internal reflection (TIR)

mode to investigate the adsorbed biomaterials on prism surface. ii) The observation of biomaterials
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adsorbed at the interface between the sample substrate and solutions. Two IR-reflective substrates, Si
wafer with buried metal layer (BML) and gold were used. iii) The observation of adsorbed
biomaterials on the solid surface in vacuum.

Fibronectin (FN) and immunoglobulin G (IgG) were selected for observation at solid-solution
interface. But, during the experiments, IR absorbance from the adsorbed biomaterials on the prism
surface overlapped the IRRAS spectra of the biomaterials on the sample substrate. Thus, I controlled
the adsorption of biomaterials on the prism surface by regulating the effects of salt and pH of the
solution and by coating the CaF, prism with 2-methoxy-(polyethylene) oxypropyltrimethoxysilane
(PEG). Interestingly, the adsorption tendency on the prism surface was completely opposite with salt
effects between these two biomaterials (Fig. 2).
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only on the BML surface, but not on the Fig. 2 The amide I bands of adsorbed proteins on a PEG-

] coated prism surface measured with the total internal
PEG-coated prism surface. I found that  reflection (TIR) arrangement.

FN adsorbed on the prism surface in @) Spectra of FN using (A) D,0O-based PBS solution and
D,0 based phosphate buffered saline ﬁ?)sgiiirfécf)la‘gsﬁ;igik) pure D,0, (B) NaCl (140 mM)
(PBS) solution, but ignorable adsorbed  D,O solution, (C) D,O-based PBS solution and (D) NaCl-
FN was found on the PEG-coated prism added (140 mM) D,O-based PBS solution as solvents.
surface when pure D,0 was used in the experiment (Fig. 2a).

The IRRAS of adsorbed FN was observed at BML-D,0O interface using this condition. The protein
amide I band appear in the range of 1600 — 1700 cm™ assigned to the C=O stretching. The fine
structure in the amide I supplies the information of the protein secondary structure, because the peak
shift of v (C=0) due to the hydrogen bonding characteristics of the secondary structure, e.g. v (C=0)
of P-sheet at 1613 -1638 cm™', o-helix at 1645 - 1657 cm™ , and P-turn at 1662 -1683 cm™'. The amide
I band of FN was observed at approximately 1637 cm™ (B sheet) with shoulders around 1671 and
1683 cm™ (B turn) (Fig. 3a). The ignorable conformational change of FN was found due to the
adsorption on BML-D,0 interface.

Immobilization of IgG on gold is an active research field for designing immunosensor for medical
diagnostic purpose. The adsorption state of the IgG at the gold-solution interface was investigated by
the NG-IRRAS. IgG was adsorbed on gold surfaces i.e. coated by the 16-mercaptohexadecanoic acid
(MHA)-SAM and by the MHA-SAM activated by N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS). It was also found that IgG was easily

adsorbed on the PEG-coated prism surface in pure D,O, while IgG adsorption on the PEG-coated

v



CaF, surface was suppressed

) ) a 1637 ——A] b —a
sufficiently in NaCl/D,O (140 :[0 5t —B
mM) and D,O based PBS r —_

. . 2l 1639 —F
solutions (Fig. 2b). I chose D,0  § o/ — -
based PBS solution containing g. _— /o
140 mM NaCl for IRRAS <[ /
measurement of IgG at the
gold-solution interface. 1700 1680 1660 1640 1620 1600 1700 1680 1660 1640 1620 1600

Wavenumber (cm) Wavenumber (cm '1)

The IR spectra showed that ) ) ) . .
Fig. 3 The amide I bands of adsorbed proteins at solid-solution

IgG easily adsorbed on the iperface observed by the new NG-IRRAS.

MHA-SAM coated and a) Spectra of FN using pure D,0 as the solvent.

activated-MHA-SAM  coated b)IStpectra of IgG using NaCl (140 mM) added D,O based PBS
solution.

gold surfaces. The  A) Spectra for protein injection and waiting 3 h (FN) and 30 min

conformation change of the (IgG) for adsorption on solid surfaces,

) Spectra were taken every after 0.5 ml D,O solutions flushes; B)
IgG adsorbed on the MHA- (5" | ) 0 mi D) 1.5ml E) 2.0 ml, and F) 2.5 ml.
SAM coated gold surface was

ignorable when the IRRAS spectrum was compared with the FT-IR spectra of IgG dissolved in
solution. Absorption spectra at the amide I band region of the IgG in the solution phase and at the
solid-solution interface were measured with good reproducibility. The amide I band of the IgG
molecule covalently bonded to the MHA-SAM (Fig. 3b) was quite similar to that of the IgG on the
MHA-SAM coated gold surface. The covalent bond is formed between the COOH-terminated MHA-
SAM and the lysine residue of the IgG. Because of lysine residue distributes almost homogeneously
on the IgG surface, the covalently bonded IgG had random orientation similar to the physisorbed IgG
on MHA-SAM coated gold surface.

After the solid-solution interface IRRAS experiments, the same substrates were examined in the
vacuum IRRAS. The amide I band shape was significantly different from that in the solution for both
FN and IgG. This change of amide band is due to the denaturation of the proteins during the removal
of water from the substrate surface.

As a whole, I have succeeded for the first time in constructing a new NG-IRRAS system having 8
um gap to flow reagent solution for monitoring the chemical reaction. A specially designed sample
holder is used to keep the gap constant during the injection of the reagent solution within a certain
injection speed. Adsorption of proteins on the prism surface, which interferes with precise
measurement, is suppressed using PEG-coating of the prism surface and controlling the solution pH
and the effects of the salt. The amide I bands of the IgG molecules dissolved in the solution and
covalently bonded to the COOH-terminated SAM surface at solid-solution interface have been clearly
recorded for the first time. This new IRRAS instrument can be easily applicable in the characterization

of different antibody-antigen reactions on IR-reflective metal surfaces in physiological condition.
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Chapter 1

Introduction

1.1 General principle of protein-solid interaction in aqueous solution
Spontaneous adsorption of protein at solid-solution interfaces has been extensively
studied [1-54]. Protein interactions with solid surfaces involve a complex interplay of van
der Waals force, hydrogen bonding, electrostatic force and hydrophobic interaction [§].
Previous studies of protein adsorption on solid surfaces showed that both hydrophobic
and electrostatic interactions determine the amount of the adsorbed protein [9] and that
the effect of the electrostatic interaction becomes more important when the adsorption is
performed at low ionic strength where the screening effect of added salts is weakened

[10].

Adsorption of protein at a solid-solution interface is not only dependent on the protein
but also strongly influenced by the chemical and physical properties of the interface. In
protein adsorption studies, various kinds of materials are used such as oxides, polymers,
metals and minerals. On a hydrophobic surface, proteins strongly adsorbed with high
surface coverage and with conformational change [11, 12]. To study the effect of surface
chemistry on the degree of protein adsorption, the preparation of self-assembled

monolayers (SAMs) provides an efficient way [13].
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Figure 1.1 Schematic of the protein adsorption process at solid-aqueous solution
interface [14].

A general illustration of protein adsorption process at solid-solution interface is shown
in Figure 1.1. This protein adsorption process can also be explained by the following

equilibrium equations [14]

K
P-(m+n)H0+S - (r+v) H,0 <—kL> P S (+v)HO+m+1)HO......... 1)
K

PS (n+0)H0 — 5 BT+ (04 0) HaOovovoeoeereree 2)

P = concentration of protein in aqueous solution

S = concentration of active site of the surface

P - S = concentration of reversibly adsorbed protein on the active site of the surface
P - S = concentration of irreversibly adsorbed protein on the active site of the surface
ky= forward reaction rate constant of reversible adsorption

k, = reverse reaction rate constant of reversible adsorption

k; = irreversible reaction rate constant of irreversible adsorption

Protein (P) reversibly adsorb on the active site of the surface (S) with a concentration

(P - S) from the solution with the reaction rate of krand k; constants for the forward and



reverse reactions, respectively (eq. (1)). P - S is the concentration of irreversibly adsorbed
protein on the active site of the surface with reaction rate constant of k; for the transition
of the reversibly adsorbed protein form to an irreversible bound state. Water molecules in
or on the protein are released to bulk solution at various stages during the adsorption on
surface.

A surface becomes saturated with the adsorbed protein if sufficient interaction time is
provided because of the irreversible step of protein adsorption process (eq.(2)). The
adsorbed protein layer is assembled on the surface through protein—surface and protein—
protein interactions. In the protein adsorption process on the protein saturated surface, the
irreversible step of the protein adsorption is decreased by the steric restrictions of the
previously adsorbed protein due to the hydration shell on the protein. Thus, the proteins
additionally adsorbed on the saturated protein layer were found in native and possibly in
the reversible adsorbed state [15]. This behavior is frequently observed. A fraction of
protein is found to desorb from an adsorbed protein layer during the following exposure
of the surface to pure buffer solution while another fraction of the protein layer remains
irreversibly adsorbed to the surface.

When a protein solution and a solid surface come in contact with each other, then the
protein starts to absorb on the surface until saturation. In case of a hydrophobic surface,
the protein is absorbed on its hydrophobic region. The protein unfold and spread its
hydrophobic core over the surface owing to the thermodynamic driving force to reduce
the net hydrophobic surface area of the system exposed to the aqueous solvent [16]. On
hydrophilic surfaces, the protein adsorption is mainly dominated by the electrostatic
interaction caused by the charged and polar functional groups of the protein surface [16].
The protein adsorption processes stop on the surface at the monolayer coverage, and then
the further adsorption of protein induced by protein-protein interactions. The final
organization of the adsorbed protein layer depends on the chemical and physical
properties of the protein, the surface, and the aqueous solution, and the thermodynamics
of the interactions between these system components [17]. Agnihotri and Siedlecki used

tapping-mode atomic force microscopy (AFM) to observe time dependent structural



differences in fibrinogen adsorbed to hydrophilic (mica) and hydrophobic (graphite)
surface [18]. In this study, four different orientational states of fibrinogen were observed
on each surface. The height of the adsorbed protein on the hydrophobic surface decreased
with time to a plateau value of ~1.0 nm, while the height increased to a plateau value of
~2.1 nm with time on the hydrophilic surface. And it was also observed that the AFM tip
did not tend to move the protein on the hydrophobic surface, which indicates tight

bounding between the protein and the hydrophobic surface.

1.2 Studies on protein adsorption at solid-solution interfaces

Protein adsorption on solid inorganic surfaces has received considerable interest in the
research area for biosensor. Protein immobilization is not only carried out on flat bulk
surfaces but also on nanoparticle surfaces [19-22, 42-44, 48-54]. Silicon and gold were
extensively used in biomaterials research for their inactive characteristics; a few
representative examples are introduced in this section.

Silicon is an excellent substrate material for biosensor devices, since advanced micro-
fabrication technologies can be applied to integrate biosensors in electronic devices [23].
Silicon surface is covered by a native or an artificial silica layer, and various kinds of
surface modification techniques have been used for the protein immobilization, e.g.
hydrophilicity control [24], SAM formation [12], and grafting of ligand molecules such
as biotin [25, 26]. The adsorption state of fibronectin (FN) on silica surface is an
important issue, because FN coating is used as an extra cellular matrix for cell ion
channel current measurement [27]. Human plasma FN absorption was studied on bare
hydrophilic silica and a methylated hydrophobic silica surface [22]. In this experiment,
on the hydrophilic silica surfaces 70% of the adsorbed FN molecules had an elongated
structure with partial intramolecular chain interactions, compared to the FN molecules
adsorbed on the methylated SiO, surfaces. Zangooie et al. investigated the adsorption of
human serum albumin and fibrinogen on thermally oxidized porous silicon surface,
which were used either as prepared or were hydrated in a deionized water bath prior to

their use. The volume percentage of the adsorbed albumin decreased from 24% to 13%



due to the hydration and the amount of the adsorbed fibrinogen depending on the
concentration in the solution [28]. Site-directed fluorescence labeled protein and silica
nanoparticle were used to study protein-silica interaction [19]. In this report the author
showed that the protein adsorption on silica nanoparticles is strongly pH-dependent; the
adsorption is directed by positively charged areas on the protein surface toward the
negatively charged silica surface. Lundqvist et al. investigated the influence of the silica
particle curvature on the adsorption of Human carbonic anhydrase I (HCAI), and found
that particles with a larger diameter lead to stronger particle-protein interaction. Testing
of Si0,, TiO, and polystyrene particles with various degree of surface carboxylation,
together with protein and polyethylene glycol surface coatings, showed that cellular
associations and protein binding both strongly depend on the particle surface chemistry
[29].

Adsorption of proteins on solid surfaces was investigated from both view points of
adsorbed amount and conformational changes. The AFM [30, 31] and radiolabelling [32,
33] techniques can be used to get information of individual protein molecules on surfaces.
AFM and X-ray at grazing incidence angles strongly showed that globular protein GInB-
Hs deposited on Si (111) by spin-coating forms circular 100 nm to 150 nm wide face-up
donut shaped protein aggregates [34]. GInB-Hs protein crystal domains formed along
perpendicular direction on Si surface during the spin coating and these domains could
play a role on nucleation for crystal growth and stimulate crystallization of reluctant
proteins. The electrostatic interaction between proteins and substrate surfaces was studied
using a positively charged SAM of 3-aminopropyl-triethoxysilane (APTES) layer and
moderately negative ferritin, Fer-4 (horse-spleen-ferritin L subunit lacking four amino
acid residues from the N-terminus) and it was proven that protein adsorption density
depends on the quantitative balance of surface charge on the substrate and protein [35]. A
structural analysis of a monoclonal immunoglobulin G (IgG) adsorbed on variously
modified silica surfaces (bare hydrophilic, methylated hydrophobic, and triblock-
copolymer coated hydrophobic) was performed using attenuated total internal reflection

infrared (ATR-FTIR) spectroscopy using the oxide layer on a silicon cylindrical internal



reflecting element [12, 36]. The adsorption-induced reduction in the B-sheet content in
IgG was observed both on the methylated hydrophobic surfaces and on the bare
hydrophilic silica surfaces, although the reduction degree is larger on the former surface
[12]. However, such adsorption-induced deformation of IgG on the hydrophilic silica
surface was not observed in ref. 36. IR reflection absorption spectroscopy (IRRAS)
which selectively detect vibrational mode perpendicular to the surface indicated the
uniform orientation of covalently immobilized avidin on a flat COOH-modified silica
surface [25].

Gold is chemically and biologically inert metal, and especially important substrate
materials for biosensors and biochips such as protein chips [37, 38] and DNA chips [39-
41]. Gold nanoparticles coupled with bimolecules have become increasingly important in
the biological nanoprobe researches [42—44, 48-54]. A new method has been developed
for the preparation of amine-terminated surfaces with a highly cross-linked Si—O-Si
network sub-layer on gold substrates to bind avidin through biotin bond [45]. Terrettaz et
al. showed that a matrix porin OmpF of Escherichia coli is suitable for interaction with
flat gold and semiconductor surfaces [40]. An efficient strategy for immobilizing proteins
on a gold surface was developed by employing the gold binding polypeptide (GBP) [46,
47]. Antibody molecules immobilized on B5C1-thiol modified gold surface, and they
bind to the corresponding antigen effectively with high orientation [46]. Antibody human
IgG complexes were formed via thiol chemistry on 20-nm-thick gold islands, which
deposited on the surface of IR-transparent Ge-containing chalcogenide glass films [47].

Gold nanoparticles, especially colloidal golds, are promising material for the surface-
enhanced IR absorption spectroscopy (SEIRA) [48]. Immunolabeling efficiency of
protein A to colloidal gold particles was studied by varying the particle diameter in the
range of 5-16 nm in various protein concentrations [49]. The Cytochrome C (Cyt-c)
coated gold nanoparticles were used as colorimetric sensor for the detection of protein
conformational change, which is observed by surface plasmon resonance (SPR) at
different pH [50]. An enormous and continuous SPR angle shift of the gold particles was
observed when cytochrome b-562 is adsorbed on the nano gold surface [51]. The GBP



was also employed for the immobilization of proteins on a gold surface [52]. The
conformational changes of cyclohexanethiol (CHT) on gold nanoparticles and on gold
plate surfaces were investigated on molecular-scale by scanning tunneling microscope,
and it was found that there were two axial and equatorial conformers in the CHT
monolayer on an Au (111) surface as meta-stable conformers [53]. Triulzi et al. studied
the effect of laser radiation to the amyloid B (AB) conjugate-gold nanoparticles and
reported that monofunctional gold nanoparticles coupled which AB conjugates destroyed

the aggregates of AP by the photothermal ablation [54].

1.3 Purpose and brief summary of this study

The adsorption of protein on the surfaces and the conformational changes due to the
adsorption have been characterized and monitored using various techniques, as described
in the previous section. IR spectroscopy is a powerful method to detect the structural
change of the adsorbed proteins. Several IR techniques have been used to observe the
protein at different conditions, such as in water, at the air-water interface, on solid
surfaces, and at solid-solution interface. IR-transparent materials were generally used in
the previous IR studies at solid-solution interfaces, and there are very few IR systems for
the adsorbate or biomaterial reaction at the interface between IR-non-transparent
materials and solutions. An aqueous solution layer is necessary on the non-transparent
solid surface to observe biomaterials at the solid-solution interface. But water has strong
absorptivity in the IR region and water layer causes a significant noise of the baseline.
This is the reason that very few number of IRRAS experimental configuration have been
reported. In the reported narrow gap IRRAS (NG-IRRAS), the solution layer is too thin
(1~2 pm) for monitoring chemical reactions, and it is not easy to increase this layer
thickness and inject solutions. Injections of a reagent solution into the narrow solution
layer easily change the solution layer thickness, which causes a significant distortion of
the baseline. Therefore, I have constructed a new IRRAS system having 8 um gap for the
observation of adsorbed biomaterials at the solid-solution interface, and succeeded for the

first time to control the water layer thickness during the injection of reagent solution with



nanometer level fluctuation.

In chapter 2, principle for narrow gap solid-solution interface IRRAS (NG-IRRAS)
and the surface selection rule are described. The IR incident angle on CaF; prism surface
is calculated using the H,O refractive index at CaF,/H,O interface to avoid total internal
reflection.

The construction process of the NG-IRRAS is presented in chapter 3. The detailed
construction steps using a JEOL JIR-7000 FT-IR spectrometer and a home built sample
chamber system are described. The structure of sample holders for the IRRAS
measurement at solid-solution interface studies and in vacuum are described.

Chapter 4 is the experimental section of this thesis. In this section, the cleaning
protocol of the silicon substrate with a buried metal layer (BML) and of gold substrates
and solution preparation methods are described. The detail about the surface modification
of a CaF; prism base with 2-methoxy-(polyethylene) oxypropyltrimethoxysilane (PEG),
and the formation and activation of 16-mercaptohexadecanoic acid (MHA)-SAM on the
gold surface are depicted.

In chapter 5, the origins of the baseline distortions and their removal are described.
The effects of temperature, solution injection flow, and adsorbed water on optical
components on baseline are explained. Optimization of every factor is discussed briefly.

In chapter 6, the application of this new NG-IRRAS is presented. In this section,
protein adsorption on the CaF, prism surface and the prevention of the adsorption by
PEG-coating and the effects of the solution pH and salt concentration are described. The
amide I bands of the IgG molecules dissolved in the solution, and the IgG covalently
bonded to the COOH-terminated SAM surface are circumstantially discussed.

Chapter 7 is the summary of this thesis.
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Chapter 2

Surface selection rule and principle of narrow gap solid-

solution interface IRRAS

2.1 Fourier-transform infrared spectroscopy at solid-solution interface

At solid-solution interfaces adsorption and desorption occur frequently. Adsorption
and desorption are the fundamental processes of many phenomena such as dissolution,
detergency, corrosion and corrosion inhibition, adhesion, flotation, chromatography etc.
The adsorption-desorption equilibrium, kinetics and reaction mechanisms at the solid-
solution interfaces are attractive scientific research targets. To understand the chemistry
of surfaces in liquid environments, many experimental techniques including infrared
spectroscopy are used for exploring the real time characteristics.

Fourier-transform infrared spectroscopy (FT-IR) is a powerful technique to analyze
surface architecture and adsorbates on surfaces. This method has an advantage that the
organic contents of biological samples can be analyzed without any modification or
labeling. To understand the properties of adsorbed biomaterials on metal surfaces in
different conditions, several IR-based techniques have been developed. The increasing
importance of FTIR in surface science is due to the recent advancement of
instrumentation in sensitivity and speed of measurements. Although the instrumental
advances play an important role, understanding the origin of physical processes

governing spectral detection and interpretation of vibrational spectra are also necessary.



FTIR spectroscopy has been widely used for the study of biomaterials on the solid
surface under the vacuum condition [1-5]. There are two major IR experimental set-ups
to study solid surface and adsorbates: attenuated total (internal) reflection (ATR-IR) and
reflection absorption spectroscopy (RAS). Only limited numbers of IR [6-11] techniques

are available for the investigation of adsorbate at the solid-solution interface.

a b ] [
Rin IR out

IRin IR out

Figure 2.1 Arrangement of the light path in ATR-IR systems a) Conventional ATR-IR,
and b) Kretschmann ATR

transparent metal surfaces under solution [8-11]. In the conventional ATR-IR, the IR
beam is introduced into the prism and is incident on the surfaces of the prism at an angel
greater than the critical angel of the total reflection. If the geometry of the experiment is
correctly arranged, then multiple internal reflections occur as shown in Figure 2.1a.
Kretschmann ATR configuration is also used as another total-reflection type IR technique
(Figure 2.1b) [11]. These methods are highly sensitive, but only IR-transparent materials,
for example Si0,, Ge, ZeSe, ZnS, KRS-5 and AMTIR (amorphous material transmitting
infrared radiation) crystals are used as a substrate in the ATR technique. In ATR-IR, thick
adsorbed sample can not be measured due to the limited penetration of evanescent IR
wave at the crystal interface. The reported penetration depth of germanium is less then 1
pum [12].0n the other hand, the IRRAS method gives high resolution and high sensitivity
on the reflective metal surfaces [5, 13]. Only a few IRRAS systems were reported for

observing adsorbate at solid-solution interface on non-transparent metal using very thin

gap (1-2 pm) [6, 7].
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To overcome these disadvantages, I developed a new narrow gap reflection absorption
spectroscopy (NG-IRRAS) system to investigate biomaterials at the solid-solution

interface in my doctoral course work.

2.2 Surface selection rules for IRRAS

The incident IR radiation on a surface can be split into s-polarized and p-polarized
components of the electric field (Figure 2.2a). For the s-polarized component, the electric

field vector oscillates in the plane perpendicular to the plane of incidence.
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Figure 2.2 a) Reflection of light on a clean metal surface, the electric field denoted Ep
and Es. b) Phase shift of light; dp and ds versus angle of incident, c) electric field and
intensity of P-light versus angle of incident [14, 15]

As the electrical conductivity of a metal is very high in the infrared region, the electric
field component tangential to the surface is zero at the surface. The phase of the light
changes 180° before and after the reflection at a metal surface, and this phase inversion
leads to vanishing resultant amplitude of the electric field vector at the surface (Figure

2.2b).Therefore, the s-polarized component does not have effective contribution to the

14



excitation of the vibrating dipoles at the surface. As a result, vibrational modes parallel to
the substrate surface are not detected in IRRAS. The electric field vector of the p-
polarized radiation oscillates in the plane of incidence. Its intensity at the surface
becomes even higher than that of the incident beam depending on the angle of incidence
(Figure 2.2¢). The p-polarized radiation can interact with molecular vibrations which
have a non-zero component of the dipole moment derivative normal to the surface. Thus,
p-polarized light is effective in IRRAS on metal surfaces. This is the origin of surface
selection rule of IRRAS, which states that only the perpendicular component of the
vibrational dipole moment is active [16,17]. Thus, the absorbance spectra of biomaterials
at the solid-solution interface are given mainly from the contribution of p-polarized

radiation, if the biomaterials layer is sufficiently thin compared with the IR wavelength.

2.3 Incident angle calculation

In the present solid-solution interface IRRAS system, CaF; prism is used to introduce
the IR beam to the sample surface. If the incident angle of light is higher than the critical
angle then total internal reflection (TIR) occurs at the CaF,/solution interface and the IR
beam does not reach to the sample surface. The critical angle of CaF,/ H,O system was

calculated using Snell’s equation,

n; sinf;= n, sinb,

n;=refractive index of CaF,
n,=refractive index of H,O
0;=incident angle of IR

0,=refractive angle of IR
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The definition of the critical angle for the total reflection (0.) is 6,=90°; so the equation
18
n; SinBqye = Ny sin90°

SinO¢ie = Np / 1y

90
85 L \
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> | \
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Figure 2.3 Dependence of critical angle of the total reflection at the CaF,/ H,O
interface on the light wavenumber.

The dependences of 0. on the light wavenumber were calculated using refractive index
of CaF, (Appendix II) and H,O (Appendix III) at the region of 1100 to 3000 cm™ and
shown in Figure 2.3.

Figure 2.3 shows that the lowest critical angle is 64.15° at 1695 cm™. Most of the IR
light illuminates on the substrate surface through the H,O layer if the incident angle of
the IR is adjusted just below the critical angle. Therefore, in this new NG-IRRAS system

the incident angle was set at 64°.
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2.4 Principle of solid-solution interface IRRAS

Figure 2.4 shows the schematic of a solid-solution interface with adsorbates
(CaF,/D,O/biomaterials/Au) which is used for the present IRRAS experiments. In this
spectroscopic system a silicon wafer with buried metal layer (BML) substrate made by
the wafer-bonding method, which has the structure of SiO, (100)/CoSiy/ Si(100) [13],
and a commercial gold substrate made by the sputter deposition on the Cr-pre-coated

glass substrate (Au/ Cr / glass; Moritex Co. Tokyo, Japan) are used.

IRin IR out

CaF2 (1)

1 D20 (2)
biomaterials (3)

Au surface (4)
Cr layer

glass

Figure 2.4 The schematic of the sample holder in the present IRRAS experiment.
Layers 1-4 represent the CaF, prism, D,0O layer, adsorbed biomaterials layer and
gold layer respectively.

It is assumed that the four layers CaF,, D,0O, adsorbate and Au are isotropic,
homogeneous, and parallel to each other. These layers are represented by layers 1-4, in
Figure 2.4. The interaction of the IR light with the surface is described by the Fresnel
equation, which incorporates the appropriate boundary conditions in the electromagnetic

wave equations of the incident, reflected, and refracted wave.
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If using the complex refractive index, ny=nx-iky , and the incident and the refractive
angle ®; and @,, the electric field reflectance ry, at the interface of medium x and
y(y=x+1) is given by

nx cosd. - n,cos D

rxy = -

n. cos®d: + n,cosD:

Thus,

n: cos®: - n.cosD:
T = -

n: cos®: + n.cosd,

n: cos®;- n;cosD-
I = -

n: cos®; + n:cosd:

ns; cos®. - n.cosd;
|

ns cosd: + n.cosd:
On the other hand, the electric field reflectance at the surface of the three layers 2, 3 and
4 (1234) 1s obtained as follows

r, + r, % e 2if:

23 34

234 —
1 + 1, * 1, % e 2™

34

,where Aj is the phase shift of the light expressed as follows

As = 2—7Z-d3n3COS D,
A

,where d; represents the thickness of the layer i; and cos®; can be express as

cos O = \/1 - (Esin ®.)?

ns

18



In the similar way, the electric field reflectance of four layers, 1, 2, 3, and 4 (r1234) 1S

obtained as follows

—2iA
Vo—+raske 152

V1234 =
—2iIA
1+I"234*7"12*€ a2

n .
A2:277Z-dzl’lzcos ®, and COS CDZZ\/I_(n_SIHCD])Z

The absorbance of IR can be calculated as follows,

RIZ 2

V1234

(d3#0)

2
Ro = ‘7’1234 (d3:0)

where, R; and Ry are the reflectance from the IR beam with and without adsorbates,
respectively, and correspond to the signal and back ground spectra in the IRRAS

measurement. The absorbance of the adsorbate (A) is calculated as follows.

Az—log&

0
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Chapter 3

Construction of new narrow gap infrared reflection
absorption spectroscopy (NG-IRRAS)

Chem. Phys. Lett. 466 (2008) 235.

3.1 Introduction

Infrared reflection absorption spectroscopy (IRRAS) techniques are used for detection
of biomaterials on IR-non-transparent solid surfaces. A large number of IRRAS studies
have been carried out on biomaterials at interfaces e.g. proteins and lipid membranes at
the vacuum/solid [1-4] and air/water [5-7] interfaces. Polarization-modulation IRRAS
was used to study such biomaterials at the interface between the solid surface and
aqueous solution [8-12]. To detect biomaterials at the interface between solutions and IR-
transparent metal surfaces, the conventional or Kretschmann type attenuated total internal
reflection spectroscopy (ATR—IR) optical arrangements (Figure 2.1 in Chapter 2) are used.
But the ATR is not available to the IR-non-transparent substrates [13, 14]. IRRAS is a
single refection system, and the substrate is usually set in vacuum or water-vapor-free
environments as shown in Figure 3.1a. The IR beam is directly irradiated on a sample
surface and the reflected beam is guided to the detector [1-4]. On the other hand, to
observe biomaterials at the solid-solution interface, the solution layer is necessary on the
non-transparent solid surface. The water layer is essentially necessary for biomaterials to
keep their life functions and the important amide bands of proteins appear around 1400-
1700 cm™, where strong absorption band of water also exists. This strong absorption by

water layer also causes a significant noise of the baseline. These are the main reasons that



very few numbers of IRRAS configurations have been reported about the biomaterials at
the solid-solution interface (Figure 3.1b) [15, 16]. In these reported IRRAS systems, very
thin (1~2 pum) solution layer was sealed between the substrate and the prism surface and
solution could not be exchanged, and the spectra of the adsorbates were obtained by

substituting those of the bare substrate [14].

IR in IR out IR in IR out

Adsorbed
u Biomaterials
I Substrate
a b Solution

Figure 3.1 The reported optical configurations of a) vacuum IRRAS and b)
conventional narrow gap-solid solution interface IRRAS

Solution
in & out

IR in | | IR out

Solution

— CaF2 Prism

Ni Spacer
Substrate

Figure 3.2 The optical configuration for the new narrow gap solid-solution
NG-IRRAS in the present study

For the in-situ observation of the adsorbed biomaterials at the solid-solution interface
using IRRAS technique, an injection system with a large gap between the prism and the

substrate is necessary to make the reagent solution flow in and out of the sample holder.
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No IRRAS system equipped with such a flow system has been reported to my knowledge.
Considering these points, I have proposed a new narrow gap IRRAS (NG-IRRAS)
system as shown in Figure 3.2, which was designed to observe the adsorption and

reaction of biomaterials at the solid-solution interface.

3.2 New narrow gap infrared reflection absorption spectroscopy

configuration and construction

The detail of the schematic experimental configuration of the new NG-IRRAS system
is shown in Figure 3.3. The NG-IRRAS system consists of two parts. One is the IR
source, for which a commercial JEOL JIR-7000 FT-IR spectrometer is used. The other is

a home built sample chamber system consisting of mirror chambers, a sample chamber

and a detector chamber.

\ Sample chamber
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Figure 3.3 The outline of the experimental configuration of the new NG-IRRAS
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Figure 3.4 Schematic diagram of the sample chamber system for the new NG-
IRRAS. a) Optical setup; M; and My: Al-coated plane mirrors, Ma, M3 and Ms:
Oft-axis Au-coated paraboloidal mirrors; V| and V,: CaF, window. b) Sample
holder arrangement for IRRAS measurement at the solid-solution interface.
c¢) Sample holder arrangement for IRRAS measurement in vacuum.
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Mirror chamber Sample chamber Mirror chamber MCT detector chamber

Figure 3.5 Picture of the NG-IRRAS sample chamber system

Figure 3.4 shows the schematic diagram of the sample chamber system for the new
NG-IRRAS system. IR beam from the spectrometer is irradiated on an Al-coated plane
mirror (M; in Figure 3.4) and reflected to an off-axis Au-coated paraboloidal mirror (My).
These two mirrors guide the IR beam to the CaF, prism side plane to introduce the IR
beam to the substrate surface with the angle of 64°. The reflected IR beam from the
substrate surface was focused onto the mercury cadmium telluride (MCT) detector using
the mirrors M3 My and Ms. The MCT detector was cooled by liquid nitrogen. The mirror
M, is an Al-coated plane mirror; M3 and Ms are off-axis Au-coated paraboloidal mirrors
with diverting angle of 65° and 90° respectively. The sample chamber is sealed by two
CaF, windows (V) and V; in Figure 3.4) with 5 mm thickness and 50 mm diameter.
These CaF, view ports were used without coating. The picture of the sample chamber
system is shown in Figure 3.5.

This new NG-IRRAS system can be used to detect biomaterials at the solid-solution
interface as well as in vacuum, if the IR beam path and the sample chamber were

arranged differently for each system, as shown in Figure 3.4b and 3.4c. A specified
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sample holder was designed for each measurement. The detail of each sample holder is

shown in Figure 3.6.

Liquid in and out

I |
a Sample substrate
= #gw b /
o gie

CaF, prism
V4

Sample substrate
Spring

Back screw

Figure 3.6 Detailed structures of sample holders; a) for the solid-solution interface NG-
IRRAS, and b) for the vacuum IRRAS arrangement.

A CaF, prism (40x40x15) mm’ was used in this NG-IRRAS system. For the IR
measurement at the solid-solution interface, two through holes (diameter 2 mm) are made
in the CaF; prism, to flow solutions in and out of the sample holder (shown in Figure 3.2).
The solution is injected through Teflon tubes (inner diameter 0.5 mm) using a syringe
pump connected to the solution inlet and outlet ports. The sample solution is injected by
the syringe pump at a prescribed flow rate. The picture of the sample holder for solid-
solution interface and the solution injection system are shown in Figure 3.7. For the
vacuum IRRAS arrangement a simple metal block sample holder (Figure 3.6b) was used.
A UV lamp was placed above on the substrate for ashing of the biomaterials. A UV lamp
holder, electric connection to the UV lamp and dry air flow system was equipped in the

IR sample chamber.
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Figure 3.7 a) Picture of the sample holder for solid-solution interface biomaterials,
drawn in Figure 3.6a. b) Picture of the solution injection system connected to the
sample holder.

This NG-IRRAS system is available for any IR reflecting metal substrates. The size of
sample substrate was 14x14x0.6 mm’. In this study, two different substrates, the silicon
substrate with a buried metal layer (BML) fabricated by the wafer-bonding method [17],
and a commercial gold substrate were used to detect solid-solution interface biomaterials.
An 8 pum thick nickel sheet (Nilaco Co.) of size 14x14 mm? with a 10x4 mm? rectangular
window in the middle position was inserted between the sample substrate and the CaF,
prism as a spacer, as shown in Figure 3.8. The sample substrate with the Ni spacer on its
surface was placed on the movable sample stage, and then the CaF, prism was put upon
the Ni spacer surface, finally the prism was combined with the solution supply system
and locked with a screw. A spring (spring constant 6 N/mm) is used to push the movable
sample stage as well as the sample substrate from the backside. The back screw was
deigned to compress the spring. In this work, 2.5 mm compression of spring was used,
and I investigated the tolerable solution thickness change (ALs; see section 5.3.2), the
thickness change due to the injection pressure during the solution injection (ALp) and
recovery of thickness change after stopping the injection (ALr) (Figure 3.8), which are
expressed as

| ALp | — | ALr | <ALs
The back screw is sealed by two O-rings to minimize the gap change due to the looseness

of the screw.

27



Solution in and out
1 1 CaF2 prism

Solution
TIT) (T N )
supply system Locking screw  _ ~
N
\ T
4" g

-
T — -

e Nickel spacer

Moving stage £ A (8 um thick)
g

-

0.6 mm

4,7”77

14
Mm "~ Gold substrate

= /{“\ % lALp ALr{y %

Initial During injection After stopping injection
Thickness change due to the solution injection pressure

Figure 3.8 The schematic of the detailed set-up of the sample holder; solution
thickness change due to the injection pressure, sample substrate and Ni spacer.

In this present NG-IRRAS system, the sample chamber is evacuated by a rotary
pump (RP) and a turbo molecular pump (TMP) with 500 L/s pumping speed (Figure 3.3).
The sample chamber was evacuated to minimize water vapor noise spikes from the IR
spectra. Since the TMP is attached directly to the sample chamber, the TMP is turned off
and the chamber is evacuated only by the RP during IRRAS measurements to avoid the
influence of vibration. The vacuum condition was monitored by a Pirani gauge (ULVAC
GP2A) and an ion gauge (ULVAC G1-M2). The base pressure was always kept less than
2x107 Torr.

3.3 Rearrangement of NG-IRRAS system to vacuum IRRAS

The NG-IRRAS system can be rearranged to vacuum IRRAS measurement. The
sample chamber arrangement was shown in Figure 3.4c. In the IR measurement at the
solid-solution interface, the IR light is refracted by the CaF, prism (Figure 3.9, solid

yellow line), but in the vacuum IRRAS measurement the IR light directly illuminates on
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the sample surface without refraction (Figure 3.9, dotted red line). Thus, the sample

height should be adjusted to compensate the difference in the light path length.

Figure 3.9 Sample height difference between the IRRAS measurement in
vacuum and at the solid-solution interface. Yellow solid line represents
the IR path for the solid-solution interface and the red dotted line for the
vacuum [RRAS.

The IR reflection point without prism was evaluated to be ~2 mm higher, and the
higher sample holder was made for the vacuum measurement. This sample holder (Figure
3.6b) was made of a steel block, and the sample substrate was fixed upon the holder using

silicone grease.

3.4 Technical problems of the new NG-IRRAS system

The IR light passes through the water layer between the prism and the sample surface
in this NG-IRRAS system. Thus, it is necessary to keep the water layer thickness constant
to obtain a flat baseline. In this IRRAS system a special sample holder was used to
control the water layer thickness in nanometer level fluctuations (Figure 3.6a, 3.7 and
3.8). Several factors were identified for the change of the water layer thickness in several

nanometers. These factors and the resolution of them were described briefly in chapter 5.
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3.5 Summary

A new NG-IRRAS system was constructed using a JEOL JIR-7000 FT-IR
spectrometer and a home built sample chamber system. A sample holder using a CaF,
prism was designed for observing adsorbed biomaterials at the solid-solution interface.
The solution layer was kept at a prescribed thickness (usually 8 um) by inserting a Ni
spacer between the CaF, prism bottom and the substrate surface. To make the gap
constant precisely, the sample substrate was pushed by a specially designed spring and O
ring system from backside. The sample chamber was evacuated to remove water vapor
from the IR spectra. Therefore, the sample solution was sealed with O-rings, and was
injected through the holes in the CaF, prism at a prescribed speed using a syringe pump.
The same optical setup was also used for a vacuum IRRAS. For vacuum IRRAS
measurement a simple metal block sample holder was used, where the sample substrate

was fixed by silicone grease on the metal block.
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Chapter 4

Experimental: details with materials and methods

(Chem. Phys. Lett. 466 (2008) 235.)

4.1 Sample substrate cleaning
In the newly developed narrow gap solid-solution infrared reflection adsorption
spectroscopy (NG-IRRAS) system, adsorbed fibronectin (FN) and immunoglobulin G
(IgG) were investigated at the interface between aqueous solutions and SiO; or gold
surfaces. The substrates were cleaned before using in sample investigation. Two different
methods were followed for cleaning these substrates. All the following processes were

performed in a clean room.

4.1.1 Cleaning of BML-substrate

A Si wafer with a buried metal layer (BML) fabricated by the wafer-bonding method
[1], which have the structure of Si0,(100)/CoSi,/ Si1 (100), was RCA-cleaned as follows.
Firstly, the BML substrate was sonicated in acetone and methanol, each for five minutes,
to remove oil and grease from the substrate. Afterward the BML substrate was boiled in
piranha solution (conc. H,SO4 + H,O, (30%) (4:1 v/v)) (to remove organic compounds
and metal contamination) and then in NH4OH (20%) + H,O, (30%) + H,O (1:4:20 v/v)
(to remove particles) for 10 minutes each. Then the BML substrate was immersed in 1%

HF solution to remove native SiO; resulting in a hydrophobic H-terminated Si surface.
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Finally, the substrate was boiled in a mixed solution of HCI and H,O; (conc. HCI + H,0,
(30%) + H,O (1:1:4 v/v)) (to oxidize the metal surface). Then the substrate was kept in
miliQ (>18 MQ cm™) water until the use in experiments. Through this protocol a quite
flat (rms roughness of 0.18 nm) chemically oxidized SiO, layer is formed on the BML

substrate.

4.1.2 Cleaning of gold substrate

The gold substrate, which was formed by depositing gold on a Cr-coated glass
substrate (Au/ Cr / glass), was purchased from Moritex Co. (Tokyo, Japan). In this work,
the as-delivered gold substrate was immersed in acetone and methanol and the beaker
was agitated with hand for two minutes, each. Then the gold substrate was washed with
miliQ water and dried with N, blow. The dried gold substrate was placed in a glass
beaker carefully keeping gold side up. Then 7.5 mL 30% H,0O, was poured onto the gold
substrate and subsequently 15 mL conc. H,SO4 was added into the glass beaker. This
solution, i.e. piranha solution, was mixed gently. The gold substrate was kept in the
piranha solution for 2 h with being gently agitated for every 15 minutes interval. Then the
piranha solution was slowly decanted to the other beaker. MiliQ water was poured onto
the gold substrate to wash out the piranha solution. The miliQ water was exchanged at
least 10 times to completely remove the piranha solution from the gold substrate. Finally,
the gold substrate was dried with gentle N, flow and kept in a box until the IgG

deposition.

4.2 Materials and sample preparation

FN from human plasma was purchased from Sigma-Aldrich Inc. (St. Louis, MO). The
FN vial was first equilibrated to RT and dissolved in D,O (Sigma-Aldrich) for at least 30
min at the concentration of 5 mg/ml. The FN solution was stored in working aliquots
(100 pL) at -20°C. The FN solution was taken out from the refrigerator, kept at RT, and
warmed in a water bath at 37°C for ~ 20 min, before it was injected into the IRRAS

sample holder.
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Purified mouse IgG was purchased from Sigma-Aldrich (St. Louis, MO) and used
without further purification. The stock solution of IgG (5 mg/mL) was prepared using
0.85% NaCl solution of D,O as the solvent and kept at — 20°C in 75 pL aliquot. The IgG
aliquot was re-warmed to RT and injected into the IRRAS sample holder.

2-methoxy-(polyethylene) oxypropyltrimethoxysilane (PEG) (Gelest, PA) was
dissolved in HPLC grade ethanol (Wako Pure Chemical Industries Ltd., Japan) at the
concentration of 5% (v/v). H;O was removed from 10 mL H,O-phosphate buffered
saline (PBS) (pH 7.4) (Wako) by evaporation and again dissolved to 10 mL DO, to
prepare D,O-based PBS solution. 16-mercaptohexadecanoic acid (MHA) (Sigma-Aldrich)
was used to prepare self assembled monolayers (SAM) on gold surface. N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and  N-
hydroxysuccinimide (NHS) (Sigma-Aldrich) were used to active the MHA-SAM on the
gold surface. D,0O solution of 0.4 M EDC and 0.1 M NHS solutions were preserved in
working aliquots at -20°C.

4.3 Prism surface cleaning and PEG coating on prism bottom surface

In this experiment, a trapezoidal CaF, prism with two through holes was used to flow
solutions in and out of the sample holder. It was necessary to clean every time. The
smooth CaF, prism bottom surface was rinsed by flowing ~ 50 mL of chloroform and
immersed in acetone and ethanol at RT for 10 min and 30 min, respectively. Finally the

surface was rinsed with water, dried with N, blow, and kept in a vacuum for 10 min.
5% PEG solution (v/v)

2-[methoxy(polyethyleneoxy)propyl]
trimethoxysilane or PEG (0.5 ml)

\ EtOH (9.5 ml)
M ‘

Gently sheaking for mixture Keep overnight at RT

Figure 4.1 The schematic protocol of PEG coating on the CaF, prism surface.
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Since PEG coating was reported to prevent the non-specific protein adsorption on solid
surfaces [2, 3], PEG coating was deposited on the CaF; prism surface. The prism bottom
was fully covered with a freshly prepared 5% PEG solution (4 - 5 mL) and settled still for
4 h, then the same amount of PEG solution was added on the same surface and left
overnight. The excess PEG solution on the prism surface was removed by dipping the
prism in ethanol and MiliQ water, and then the prism was dried with N, blow and kept in
a vacuum for 10 min, before it was set in the NG-IRRAS sample holder. The protocol of

PEG coating on the CaF, prism surface is shown in Figure 4.1.

4.4 Preparation and activation of MHA-SAM on gold surface

SAMs of various thiols with different structures have been investigated on gold
surfaces [4]. Thiols are used due to their spontaneous chemisorptions, regular
organization and high thermal, mechanical and chemical stability on gold surfaces [5].
Long chain thiols and sulfides have been shown to be more thermally stable [6] and the
adsorption to the surface has been shown to proceed by two processes [7], (1) ionic

dissociation and more favorably by (2) radical formation.

RSH+Au ——» RSAu +H ........... (1)
RSH+Au ——» RSAu+H............ )

Preparation protocol of binary SAM of MHA and 3-mercaptopropionic acid (MPA) on
gold surface has been reported by Yu et al. [8]. In the report the gold surface was
immersed in MHA mixture solution. In my experiment, the piranha-cleaned gold
substrate was washed with ethanol in a beaker, and immersed in a 10 mM ethanol
solution of MHA for 24 h at RT. The substrate surface was taken out from the MHA
solution and washed with ethanol and miliQ water. The SAM-coated gold surface (-

COOH terminated) was kept in miliQ water until it was used.
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Figure 4.2 Immobilization of IgG on the gold surface via an activated MHA-SAM.

The —COOH terminated MHA-SAM surface was activated for the peptide-bond
formation with the -NH, group of IgG surface, using a 1:1 (v/v) mixture of 0.4 M EDC
and 0.1 M NHS. Just before the activation of the MHA-SAM, EDC and NHS solution
were thawed at RT and the same volume of 0.4 M EDC and 0.1 M NHS solutions were
mixed. Then, 200 pL of EDC and NHS mixture solution was dropped on the SAM coated
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gold substrate and kept for 10 min at RT. Then the activated MHA-SAM surface was
washed with PBS buffer and placed in the NG-IRRAS sample holder. The immobilization

of IgG on this activated surface is described in the next section

4.5 Immobilization of FN and IgG

FN is often used as an extra cellular matrix in the cell culture on SiO; substrates [9].
Therefore, FN was chosen for the in-situ observation at the interface between the BML
substrate and solution using new NG-IRRAS system. The FN solution (5 mg/mL, 100 pL)
was injected in the sample holder, and remained for 3 h to adsorb on the SiO, surface of
BML substrate.

It has been reported that IgG easily adsorbs on hydrophobic, hydrophilic and
modified surfaces [10, 11]. The adsorption state on three different surfaces, non-coated
gold, MHA-SAM and activated MHA-SAM was investigated by the new NG-IRRAS
system. Warmed IgG aliquot was injected and remained 1 h for non-coated and MHA-
SAM coated surface and 30 min for activated MHA-SAM coated surface. Immobilization
protocol of IgG on the activated MHA-SAM surface is shown in Figure 4.2. The covalent
bond forms between —COOH of the SAM and —NH, of lysine residues, which are

distribute almost homogeneously on the IgG surface [12].
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Chapter 5

Origins of baseline distortions and their removal

(Chem. Phys. Lett. 466 (2008) 235.)

5.1 Introduction

It is the most difficult and important problem to realize the stable and flat baselines in
the NG-IRRAS measurement of solid-solution interface. The IR absorbance of the bulk
solution layer is affected by any changes of the solution layer thickness [1], resulting in
the baseline distortion. In the new NG-IRRAS system a special sample holder (Figure 3.6,
3.7 and 3.8 in section 3) was used to control the gap thickness in nanometer level
between the CaF, prism surface and sample surface during the injection of reagent
solution. But the distorted baseline spectra were found, even if the special sample holder
was used. Several technical problems were identified for the baseline fluctuations, which
are explained in this chapter. In the following chapter, spectra were taken at 2 x10~ Torr
with 20 scanning accumulation with a spectral resolution of 4 cm™ as Happ-Genzel

function.

5.2 The characteristic of IR power spectra of the NG-IRRAS system

CaF, is transparent for IR light in the range of 1250-4200 cm™. Therefore, in the NG-
IRRAS, this wavenumber region can be used to observe the vibrational modes of
biomolecules. Since the noise increases in proportion to the inverse of the IR intensity, I
first measured the IR power spectra after passing through the sample holder under several

conditions. At the condition where IR beam s introduced to the CaF, prism bottom
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surface with the total reflection condition, the whole IR region (1250-4000 cm™) was
highly transparent and the observed power spectrum is shown in Fig. 5.1 A. A Si
substrate with buried-metal-layer (BML) [2] was used as a substrate to measure the
power spectrum when the gap is filled with D,O or H,0, as shown in Figure 5.1 B, and C,

respectively.

10

(-2}

A

Intensity (a.u.)

N

0
' | ' | ' | ' | ' | '
4000 3500 3000 2500 2000 1500 1000
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Wavenumber (cm )
Figure 5.1 The IRRAS power spectra measured by the NG-IRRAS system
A) The power spectrum of the beam reflected at the CaF,/air interface by
the total internal refection condition. The power spectrum of the beam

which reflected at the BML substrate surface when 8 pm thick B) D,0 or
C) H,0 layer exists between the CaF, prism and BML substrate.

The IR light is almost absorbed by the H,O layer at the region of 1000-3750 cm™ (Figure
5.1 spectrum C), while the D,O layer gives higher intensity at almost the whole region
(1250-4000 cm™) especially in the region of 2700-3100 cm™ (Figure 5.1 spectrum B).
Thus, it is clear from the IR power spectra (Figure 5.1) that H,O is not suitable for the in-

situ observation of adsorbed biomaterials at the solid-solution interface.
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5.3 Baseline characteristics

In the attenuated total internal reflection (ATR-IR) technique, the effective water layer
thickness is automatically prefixed by the penetration depth of the IR beam at the ATR
crystal-water interface [3, 4]. On the other hand, in NG-IRRAS system the IR light passes
through the water layer between the prism and the sample surface [5, 6]. So, the change
in the water layer thickness affects baseline absorbance. Previous repots showed that the
absorbance of full-coverage protein is ~ 5 x 10~ [7, 8]. I assumed the required condition
of the baseline fluctuation to be A abs. <107 , thus the tolerance of the solution thickness
changes (ALs) is evaluated ~ 4 nm using o= 2.6 x 10° (absorbance coefficient of water at
1600 cm™).

I have developed a special sample holder and equipped a syringe pump to control the
water layer thickness during the injection of reagent solution with nanometer level
fluctuation. Variation of sample holder temperature, injection flow speed and bubbles in

water are also the key factors for the change of the water layer thickness.

5.3.1 Thermal effects on solution layer thickness
The 8 um thick Ni sheet (Nilaco Co.) was used as a spacer to keep the water layer
thickness constant. The base line fluctuation due to the thermal effect can be calculated

by considering the thermal expansion of the spacer as follows.

[=1, exp (-alL) (1)
Abs. = -log (I/1,)
=alL, ()

Where, [, and I are incident and transmitted IR beam power, respectively, and a =
absorption coefficient, L = thickness of the solution layer (um), and Abs. is the
absorbance.

Considering the condition in the absorbance fluctuation, AAbs. < 102 s
then, a AL<107 (3)

o = (4m/0) k @

(4n/A) k LOAT <107, (5)
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where, k = extinction coefficient of D,O (The extinction coefficient of D,O is
approximated from the less vibrational region of H,O around 2000 cm™, the estimated k
(D,0,1600 cm™) = ~ 0.01 (Appendix III )), 6 = thermal expansion coefficient of Ni, AL
= variation of the solution layer thickness, AT= temperature change (°C) and A =
wavelength (cm™).

In the present NG-IRRAS, Ni was chosen for its low thermal expansion coefficient
and also for its non-corrosive nature to the solution. The thermal expansion coefficient of
Ni is 1.33 x 10° (K™") and those of other different metals are shown in appendix IV. The
absorbance change at 1600 cm™ at which the amide I band, the important absorption
region of proteins, is observed, due to the thermal expansion of the Ni spacer is
calculated to be ~0.3 x10™ per degree centigrade. The room temperature fluctuation is
sufficiently controlled less than 1 K. The temperature fluctuation of the prism due to the
absorption of IR beam was also measured using the thermo couple to be sufficiently less
than 1 °C. So, I concluded that the base line fluctuation due to the thermal effect is

ignorable in the present NG-IRRAS system.

5.3.2 Injection flow speed effects on the solution layer thickness

To observe reactions at the solid-solution interface using NG-IRRAS, a solution
injection system to control the injection speed was equipped with the system as described
in section 3.2. The gap between the CaF; prism and the substrate surface was settled at 8
um by using the Ni spacer. Water pressure depends on the injection flow, which is applied
by a syringe pump during the injection of the reagent solution into the gap. I calculated
the pressure difference of the solution (AP) between the inlet and the outlet of the

solution layer approximately by using the following equation,

u= speed of D,0O (m/s)

u= viscosity of D,O (Ns/m?)
Ap = _32pul I= length of the path (m)
D=diameter of the path (m)
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Figure 5.2 Baseline fluctuations due to the injection flow speed. The
baselines are measured with the injection rates of (A) 2, (B) 5, (C) 10,
and (D) 30 mL/h.

Using the following parameter values, the area of the sample solution layer (S) = (4 x
107 m) x (10 x 10™ m), the cross section of the sample solution layer (A) = (8 x 10° m) x
(4x10° m), p=1x 107 (N s/m?), and assuming D* = 4/3.14 x A, I obtained the pressure
difference (AP) value of ~ 70 N/m* for 1 mL/h injection speed. A spring (spring constant
6 N/mm) is used to press the sample stage from the backside in the present system.
Considering the atmospheric pressure at solution outlet, I assumed that the half of the
pressure ~ 35 N/m” is applied to the sample stage by the pressure from the syringe pump,
and the thickness change of the sample solution layer by this pressure (ALp) was
calculated to be ~ 245 nm. After the injection is stopped, the pressure of the solution from
the sample stage is eliminated and the spring at the backside of the sample substrate
pushes back to the original position (recovery of thickness change after stopping the
injection (ALr), section 3.2, Figure 3.8). But the gap width does not recover precisely to

the original position if the injection pressure is large, and significantly distorted baseline
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appears (Figure 5.2). I have investigated the optimum injection flow speed and found that
at maximum 2 mL/h flow speed is tolerable for this NG-IRRAS sample holder. The gap
change is suppressed within the required level for the adsorbed protein layer (ALs = ~ 4
nm) when the injection speed is kept <2 mL/h. Larger injection speed than 2 mL/h
caused serious baseline distortion as shown in Figure 5.2. Therefore, I have decided the

maximum injection speed to be 2 mL/h.

5.3.3 Base line fluctuation due to air bubble in injected solutions

If any air bubble is included in the solution between the CaF, prism and sample
surface, total internal reflection of the IR light occurs at the CaF,/ air bubble interface.
The reflectivity of the IR light changes depending on the position and size of the bubble,
which is unpredictable. Several examples of the air bubble effects on the baseline spectra
is shown in Figure 5.3. Before the injection of reagent solutions, I confirmed visually that

there was no air bubbles in the solution.
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Figure 5.3 Examples of baseline fluctuations due to the air bubbles
in the solution. The baselines are measured (A) without air bubble,
and (B, C) with bubbles in the independent experiments.
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5.3.4 Baseline fluctuations due to the adsorbed water on optical systems

In the NG-IRRAS, the spectrum was taken in vacuum condition of the sample
chamber to avoid water vapor effects on the baseline. All the spectra were taken at
~2x107 Torr. The dependence of the baseline spectrum on the evacuation time was
shown in Figure 5.4. This fluctuation of the baseline is due to the changes of the adsorbed
amount of water on the prism and the IR view ports of the system during the

measurements.

:[0.02 c
R —D
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Figure 5.4 The baseline taken after different evacuation time. (A) 2
(B)3(C)4(D)5,and (E) 6 h.

The distortion of the baseline was gradually eliminated with the increase of evacuation
time. Figure 5.5 shows the spectra of baselines taken after 6 h or longer evacuations.
From figures 5.4 and 5.5, it is found that evacuation of 6 h is necessary for this NG-

IRRAS system to remove water vapor effects from the baseline.
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Figure 5.5 (A) The baseline after 6-h vacuum pumping. (B) 30 min
(C) 1 h, and (D) 2 h longer evacuation than (A).

From these experiments in this chapter, I have concluded that the conditions for the flat
and stable baselines are 1) minimum 6 h evacuation of sample chamber, ii) injection speed
less then 2 mL/h, iii) room temperature fluctuation within 1 K, and iv) a 8 um thick Ni

spacer with a slit of 4 mmx10 mm.
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Chapter 6

Application of new NG-IRRAS system for observation

of solid-solution interface biomaterials

Chem. Phys. Lett. 466 (2008) 235.

6.1 Abstract

Based on the preliminary experiments written in the previous chapter, I have
constructed a new system of narrow gap infrared reflection absorption spectroscopy (NG-
IRRAS) for solid-solution interface biomaterials. A sample solution is confined in a
narrow space between the CaF, prism and the substrate surface. The sample holder is
specially designed to keep the narrow space constant during the measurement process.
Absorption spectra of immunoglobulin G (IgG) in the solution phase and at the interface
between the solution and carboxyl-terminated self assembled monolayer on the gold
surface with and without covalent bonding have been clearly observed with good
reproducibility. Noticeable molecular conformation change induced by the adsorption

was not observed.
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6.2 Introduction

Infrared reflection absorption spectroscopy (IRRAS) is an attractive technique for
studying biomaterials on solid surfaces. This technique has been applied to IR non-
transparent solid surfaces [1-4] or to the air-solution interfaces [5-8], where the attenuated
total reflection (ATR) technique [9] cannot be applied. Biosensors such as surface
plasmon resonance (SPR) [10,11] and quartz crystal microbalance (QCM) [12, 13],
which are now widely used to detect biomaterials such as DNA and many kinds of
pathogenic markers, are important for obtaining information and increasing measurement
reliability of molecular structures with biomaterials adsorbed on the substrate surface.

Measuring the IR spectrum of the adsorbed biomaterials on their substrates is
considered a promising method for solving this problem. At present, however, a
conventional IR measurement method, which can be simply applied to these biosensor
substrates, does not exist. A narrow gap IRRAS (NG-IRRAS) with a prism/narrow
solution layer/substrate arrangement [14, 15], to which these biosensor substrates can be
directly attached from the substrate side, may potentially fulfill this requirement. In the
NG-IRRAS reported up to now, however, the solution layer is too thin (1~2 um) for
monitoring chemical reactions, and it is not easy to increase this layer thickness and
inject solutions. A thick solution layer causes a significantly large noise of the baseline
due to its strong IR absorption. Injections of a reagent solution into the narrow solution
layer easily change the solution layer thickness, which causes a significant distortion of
the baseline. There is also another problem in NG-IRRAS. Measurement must be
conducted under the condition that the sample biomaterial is not adsorbed on the prism
surface.

Thus, to develop a new NG-IRRAS method that can be applied for characterization of
the solid-solution interface adsorbates on biosensor substrates, I must solve the following
two technical problems: (1) to keep the narrow solution layer thickness constant within
nanometer-level variations during observations including the reagent and washing
solution injection processes, and (2) to establish that the sample materials are adsorbed on

the substrate surface but not on the prism surface. Since IRRAS is sensitive to
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submonolayer adsorbates, several nanometers-level variation of the solution layer
thickness causes significant fluctuation of the baseline, even if using D,O solution. The
adsorption of sample materials on the prism surface also significantly disturbs the
absorption spectrum of the sample materials on the substrate surface. I believe that the
reason why there are no reported applications of NG-IRRAS to the monitoring of
chemical reactions is the difficulty in solving these two problems. Concerning the
adsorption of proteins on the solid surfaces, it is important to apply suitable coating to
make the surface inert for adsorption [16-20] and to control both surface charges and salt
effects of proteins [21, 22], by which the aggregation followed by precipitation is
induced .

I have developed an in-situ NG-IRRAS instrument for monitoring chemical reactions
and characterizations of the solid-solution interface adsorbates on the IR-nontransparent
substrates. The sample holder is specially designed so that the solution layer thickness
between the CaF, prism surface and the substrate surface is kept constant during
measurement and the prism surface is coated with PEG (2-methoxy-(polyethylene)
oxypropyltrimethoxysilane) for resisting adsorption of biomaterials [18, 20]. To show the
usefulness of the developed NG-IRRAS instrument, 1 have demonstrated the
measurement of the amide I band of immunoglobulin G (IgG) at the interface between
the solution and the self-assembled-monolayer (SAM)-coated gold surface. No
noticeable molecular conformation change of IgG is found to be induced by covalent

bonding to the SAM on the gold substrate.

6.3 New NG-IRRAS system
6.3.1 Design of IRRAS measurement system

JIR-7000 FT-IR spectrometer (JEOL Ltd., Japan) was used as an IR light source in this
system. Non-polarized IR light was directly illuminated to the prism edge of the sample
holder, and the IR beam reflected on the substrate surface was focused onto the detection
area of the mercury cadmium telluride (MCT) detector cooled with liquid nitrogen. A

schematic of the IRRAS system is shown in Figure 3.4a (chapter 3). Only the p-
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polarization is active at the solid-solution interface in IRRAS; therefore, no polarizers
were used. The interferometer housing and the IR optics system were purged with dry air.
A rotary pump (RP) and a turbo-molecular pump (TMP) evacuate the sample chamber at
500 L/s. The TMP was stopped and the chamber was pumped only by the RP during the
IRRAS measurement to avoid the effects of vibration, because the TMP was attached
directly to the sample chamber. The vacuum was monitored using a Pirani gauge (GP2A,
ULVAC Inc., Japan) and an ion gauge (G1-M2, ULVAC). The base pressure was always
kept below 2x107 Torr. Two different sample holders were used in this system for
measuring biomaterials on a solid surface under solution (Figure. 3.4b) and in a vacuum

system (Figure. 3.4c).

6.3.2 Sample holders

A number of factors were considered in the designing of the sample holder for the NG-
IRRAS system. The water layer was kept to a prescribed thickness (usually 8 um) by
inserting a Ni spacer between the CaF, prism bottom and the substrate surface. The gap
remained constant during the injection of the solution by pushing the substrate from the
back with a 2.5-mm-compressed spring with a spring constant of 6N/mm, and a screw
with an O-ring seal was deigned so that the back lash was minimized (Figure 3.8). The
sample chamber was evacuated to remove water vapor. The sample solution was sealed
with O-rings, as shown in Figure 3.8, and was injected with a syringe pump at a
prescribed flow speed. The same optical setup was also used for a vacuum IRRAS, as

shown in Figure 3.6b, where the sample substrate was fixed onto a metal block.

6.3.3 UV ashing

To measure the spectrum under a vacuum, the substrate was placed on the sample holder and fixed
with silicone grease. A UV lamp was placed ~ 2 cm above the substrate surface (Figure 3.4c). The
sample chamber was filled with dry air during UV-ashing. The IR spectra of signal (S) and
background (B) are obtained in a vacuum before and after UV-ashing, respectively, and the absorbance

was obtained by — log (S/B).
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6.4 Materials

6.4.1 Sample preparation

FN and IgG (Sigma-Aldrich) stock solutions (5 mg/mL) were prepared using D,O
(Sigma-Aldrich) and 0.85% NaCl solution of D,0O, respectively, without further
purification and kept at —20 °C in 100-pL (FN) and 75-puL (IgG) aliquot. The FN solution
was taken out from a refrigerator 1 h before the measurement of IRRAS and kept at room
temperature (RT), and warmed for ~ 20 min in a water bath at 37 °C. Finally, it was
injected into the IRRAS sample holder. The IgG aliquot was re-warmed to RT before use,
and injected into the IRRAS sample holder. A 5% PEG (Gelest, PA) (v/v) solution was
prepared using HPLC grade ethanol (Wako Pure Chemical Industries Ltd., Japan). 10 mL
phosphate buffered saline (PBS)/H,O (pH 7.4) (Wako) was evaporated and again
dissolved to 10 mL D,0, to prepare D,O-based PBS solution.

6.4.2 Treatment of the substrate surface

IRRAS is applicable only to reflective metal surfaces. Therefore, I used a buried-
metal-layer (BML) substrate, which has a structure of SiO, (100)/CoSi,/Si (100) formed
by wafer-bonding method [23], since FN is often used as an extra cellular matrix in the
cell culture on SiO; substrates [24]. The BML substrate was RCA-cleaned by successive
treatment with the following solutions: conc. H,SO4 + H,0, (30%) (4:1 v/v), NH,OH
(20%) + H,0; (30%) + H,0 (1:4:20 v/v), HF solution (1%), and conc. HCI + H,0, (30%)
+ H,O (1:1:4 v/v).

The gold substrate, which was formed by depositing Cr (a few nanometers thick) and
Au (45 nm thick) on a (14 x 14 mm?) glass substrate, was purchased from Moritex Co.
(Tokyo, Japan). The as-delivered gold substrate was used after cleaning with piranha
solution [25], and it was not reused. The cleaned surface was coated with a SAM, which
was formed by dipping the gold substrate into a 10-mM ethanol solution of 16-
mercaptohexadecanoic acid (MHA) (Sigma-Aldrich) for 24 h at RT and washing with
MilliQ water. This MHA-SAM coated surface is terminated with —COOH. IgG

physisorption and covalent chemisorption on this hydrophilic surface was examined by
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the NG-IRRAS. For the chemisorption through covalent bonding, this —COOH
terminated surface was activated with a 1:1 v/v mixture of 0.4-M N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC, Sigma-Aldrich) and
0.1-M N-hydroxysuccinimide (NHS, Sigma-Aldrich).

6.4.3. Treatment of the prism surface

The CaF, prism-bottom surface was coated with PEG as follows. The highly smooth
CaF, prism-bottom surface was rinsed with ~ 50 mL of chloroform. Then the surface was
immersed in acetone and ethanol for 10 and 30 min, respectively, at RT. Finally the
surface was rinsed with water, dried with N; blow, and kept in a vacuum for 10 min. The prism
bottom was fully covered with freshly prepared 5% PEG solution (4 ~ 5 mL) and settled still for 4 h,
then the same amount of PEG solution was added on the same surface and left overnight. Finally,
excess PEG solution on the prism surface was removed by dipping in ethanol and MilliQ water, and

the prism was dried with N, blow and kept in a vacuum for 10 min.

6.5. IRRAS measurement

6.5.1. Baseline characteristics

For solid-solution interface IRRAS measurements, the sample holder shown in Figure
3.8 was used. A several nanometers-level change in the gap between the prism and the
substrate surfaces caused a significant fluctuation of the baseline spectrum due to IR
absorption by the solution. The injection flow speed of the sample solution, which caused
the fluctuation of the gap, should be carefully controlled. In the present system, the
baseline was sufficiently flat so long as the injection speed was kept below 2 mL/h, as
shown in Figure 6.1. The RT fluctuation was controlled to less than 1 °C. This
sufficiently suppressed the noise from gap fluctuation by thermal expansion to less than
10 absorbance. The noise from the adsorbed water on the optical component surface
was also reduced sufficiently after a long (6 h) evacuation of the sample chamber. The
baseline characteristics obtained after all these careful operations are shown in Figure 6.1.
The baseline is sufficiently flat in the wide range of 1250 - 4000 cm™. Even after a 6 h

pumping, an insignificant time dependent drift of the baseline, due to the slight
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adsorption of water on the CaF, window and prism surfaces was observed (section 5.3.4,

Figure 5.3 and 5.4).

Absorbance

" | " . 1
4000 3500 3000 2500 2000 1500
-1
Wavenumber (cm )

Figure 6.1 Dependence of baseline after 6-h vacuum pumping on the
injection rate. The baselines are measured with injection rates of (A)
0.5, (B) 1.0, (C) 2.0, and (D) 5.0 mL/h.

6.5.2. Protocol of the IRRAS measurements

The IRRAS spectrum was measured using the following protocol.

1. Set up the sample holder system (Figure 6.1a) using the CaF, prism, the Ni spacer,
and the gold or BML substrate.

2. Evacuate the chamber for 1 h.

3. Take a FTIR spectrum, which is the background spectrum (B,) for the prism surface
adsorbate, and then the sample chamber, was leaked to air.

4. Inject the D,O solution at 2 mL/h. Here, four kinds of D,O solution were used; pure
D,0, NaCl (140 mM) D,O solution, D,0O-based PBS solution, and NaCl-added (140
mM) D,0-based PBS solution.
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10.
1.

12.

13.

14.

15.

Evacuate the chamber for 6 h.

Take the FTIR spectrum, which is the background spectrum (B;) for the samples in
the solution phase and the adsorbate on the substrate surface.

Inject 100 pL of FN or 75 pL of IgG DO solution (5 mg/mL) at a rate of 2 mL/h and
leave it for 3 h (FN), 1 h (IgG on non-activated SAM surface) or 0.5 h (IgG on
activated surface).

Take the signal spectrum (S)). Remove the sample solution with an injection of 0.5
mL of pure D,O or D,0O-based solutions, and take the signal spectrum S,. Repeat this
operation 4 more times and take the signal spectrum, S3, Ss, S5, and S¢ in each
operation.

Disassemble the sample holder, wash the prism and the substrate surface gently with
1 mL D,O, and gently dry the prism and substrate surface with N, blow. Then set up
the sample holder again and evacuate for 1 h. Keep the substrate at 4°C under a
vacuum.

Take the spectrum, which is the signal spectrum (S,) for the prism surface adsorbate.
Change the sample holder to vacuum type (Figure 6.1b) and paste the dried substrate
(from the protocol 9) with silicone grease.

Take the spectrum of the adsorbate on the substrate under a vacuum (Sy).

Remove the adsorbate from the substrate surface using UV ashing.

Take the background spectrum of the substrate surface without adsorbate under a
vacuum (By).

Absorbance spectrum for each case is obtained by calculating — log (Si/B;) for

corresponding S; and B;.

All spectra were recorded with a 400-scan accumulation with a spectral resolution of 4

cm™ as a Happ-Genzel function.
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6.6 Control of the salt effects

As mentioned above, specific adsorption of proteins on desired solid surfaces is an
important issue in bio-chips and bio-sensors. Many ideas for preventing nonspecific
adsorption on surfaces have been reported. For example, surface modification using
PEG-tethered chains leads to a significant reduction in the nonspecific interaction of
biological molecules [17, 19]. Other than the surface coating, control of pH and the
effects of salt [21, 22] prevent the precipitation or aggregation of dissolved biomolecules
and minimize the non-specific adsorption of proteins on the surface.

Since all CaF, [26], SiO, [24, 27], and gold [11, 16-18, 20] surfaces are active in
protein adsorption, I have investigated the inert condition of the solution for FN and IgG
adsorption on the PEG-coated CaF, prism surface. I found that the conditions were
completely different in these two proteins. Figure 6.2a shows the adsorption of FN on the
PEG-coated prism surface depending on the solution condition. The absorbance spectra
obtained by — log (S,/B;,), where S, and B, are defined in Section 6.5.2, shows the amide I
band with a peak around 1630 cm™. It is clear that significant adsorption on the prism
surface occurs with the PEG-coated surface when D,O-based PBS solution is used (line A
in Figure 6.2a). On the other hand, an almost insignificant amount of FN 1s observed on
the PEG-coated surface (line B in Figure 6.2a) under pure D,0.

IgG significantly adsorbs on the PEG-coated prism surface when pure DO is used
as a solvent, as shown in Figure 6.2b. The adsorption of IgG on the prism surface
significantly declines when a NaCl solution of ~140 mM or higher is used. The
adsorption tendency on the prism surface is the completely opposite with salt
concentrations between FN and IgG.

Here, I consider the significant difference between FN and IgG in the adsorption
characteristics on the PEG-coated prism surface. The isoelectric points of FN and IgG are
5.5-6.3[28-31]and 6.5 - 9.5, respectively [32]. Since the pH of the solutions was 7.4 in
these experiments, the FN molecules are negatively charged in the pure D,0O solution, and
aggregation followed by precipitation is hindered by intermolecular coulomb repulsion.

In the PBS solution, on the other hand, the electrical double layer becomes
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Figure 6.2 Amide I bands of adsorbed proteins on a PEG-coated prism
surface measured with the total internal reflection (TIR) arrangement
(protocols 3 and 10 in Section. 4). a) Spectra of FN using (A) D,0-based
PBS solution, and (B) pure D,O as solvents. b) Spectra of IgG using (A)
pure D,0, (B) NaCl (140 mM) D,O solution, (C) D,O-based PBS solution
and (D) NaCl-added (140 mM) D,0O-based PBS solution as solvents.
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very thin (less than ~ 0.82 nm) and enhances attractive intermolecular interaction due to
the van der Waals force. Therefore, significant aggregations of FN followed by
adsorption on the prism surface are induced.

IgG is almost neutral in pure D,0, and coulomb repulsion does not work. Furthermore,
since no electric double layer exists in pure D,0, attractive and repulsive forces between
the intra-molecular positive and negative charges strongly interact with each other,
resulting in the deformation of IgG molecular conformation. In an IgG molecule, more
than 50% of the inside hydrophobic B-sheet conformation is covered by a-helix, turn, and
random coil conformations on the surface [33]. In D,0, the hydrophobic area located at
the inner position of the protein molecule is possibly exposed by the deformation of
molecules due to the strong intramolecular coulomb interaction, resulting in the
aggregation of IgG on the prism surface. For salt solutions, such as PBS, NaCl (140 mM),
or mixtures of them, the coulomb interaction between the intra-molecular charges almost
completely disappears and the IgG molecule keeps the natural structure stable. Thus, I
believe that the salt effects governing the formation of the electrical double layer explain
the observed significant difference between FN and IgG with adsorption characteristics

on the prism surface.

6.7 IRRAS measurement of FN on BML surface

FN was observed at D,O/BML interface, the first IRRAS was taken 3 h after the FN
injection into the narrow gap between the prism and BML Surface (Figure 6.3 a-A). Then
the IRRAS spectra were repeatedly taken after every 0.5 mL D,O flushes at 2 mL/h. The
spectrum A in Figure 6.3a contains the signal from both FN dissolved in D,O and
adsorbed on the substrate surface. The spectrum F was taken after 2.5 ml D,O flushing,
which is mainly from the FN adsorbed on the BML surface. The amide I band of FN was
observed at approximately 1637 cm’ (B sheet) with shoulders around 1671 and 1683 cm’
! (B turn) [34]. The IRRAS spectrum of FN adsorbed on the BML substrate surface was
also measured in the vacuum condition. The amide I band of FN was significantly

different from that in the solution, as shown in Figure 6.3b. This change of amide I band
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Figure 6.3 a) The amide I bands of adsorbed FN on BML substrate surface
under D,0O solution measured using protocols 6, 7, and 8 in Section 6.5.2.
Spectra A to F are log (Si/Bs) with i = 1 to 6, respectively.

b) Spectra of adsorbed FN on the BML substrate measured in a vacuum.
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is due to the denaturation of the proteins during the removal of water from the substrate

surface.

6.8 IRRAS measurement of IgG on SAM-coated gold surfaces

IgG molecules are widely used for various immunochemical and biochemical
analyses. Thus the molecular conformation of IgG at the solid-solution interface is an
important issue of the assay performance. The amount of the structural components in
IgG fragments, determined using X-ray diffraction [35, 36], are 45 and 47% of B-sheets
and 7 and 2% of a-helices for the Fc and Fab segments of IgG, respectively. It should be
noted that these data are taken in its solid state and that no interactions with solvents are
involved. The IR spectrum of IgG solution is discussed by Gorga et al. [33] using the
transmission arrangement. In their work, however, adsorption of IgG on the inner surface
of the sample holder was not evaluated. The adsorption-induced conformation change is
an important topic of IgG, and it was reported that adsorption on a hydrophobic surface
enhances the formation of a-helices and random coils, while the B-sheet content is
reduced [27].

I measured the IRRAS of IgG physisorbed and covalently bonded on MHA-SAM-
coated gold surfaces and investigated the adsorption-induced conformation change. After
activation of the MHA-SAM surface using the EDC and NHS mixture solution, the
substrate was attached to the sample holder, NaCl-added (140 mM) D,O-based PBS
solution of IgG was injected, and IRRAS was measured according to the protocol
described in Section 6.5.2. Similar IRRAS spectra were obtained for IgG adsorbed on a
hydrophilic non-activated SAM-coated surface (Figure 6.4a). Spectra A to F in Figure
6.4a show the observed amide I bands with IgG covalently bonded to the activated SAM
surface, corresponding to S; to S, respectively, in Section 6.5.2. The absorptions in Figure
6.4a correspond to the previously reported secondary structure ratio of IgG: 64% [3-sheet
(1639 cm™), 28% turns (1672 and 1683 cm™) and minor a-helix component (1657 cm-1)
[33]. Figure 6.4a shows that the intensity of the amide I band decreases with every 0.5-

mL washing, and the band shape becomes almost constant after ~ 1.5 mL of washing.
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Figure 6.4 a) The amide I bands of adsorbed IgG on activated SAM-coated
gold substrate surfaces under NaCl-added (140 mM) D,O-based PBS solution
measured using protocols 6, 7, and 8 in Section 4. Spectra A to F are log (Si/Bs)
with i =1 to 6, respectively.

b) Spectra of IgG (G) dissolved in the solution, (H) adsorbed on the non-
activated MHA-SAM under the solution, (I) adsorbed on the activated MHA-
SAM under the solution, and (J) adsorbed on the activated MHA-SAM
measured in a vacuum.
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This means that the observed band after 1.5 mL of washing is assigned to the absorption
due to the adsorbed (solid-solution interface) IgG molecules, and the bands before the
1.5-mL washing is the sum of the absorptions due to solution phase and solid-solution
interface IgG. Therefore, the solution phase spectrum can be obtained from the spectral
difference between A and D (or E or F) for NG-IRRAS, as shown in Figure 6.4a. The
amide I bands for adsorbed IgG at the solid-solution interface on the activated and non-
activated MHA-SAM surfaces are shown as spectra [ and H in Figure 6.4b, respectively,
and spectrum G in Figure 6.4b is the IgG in the solution. The amide I band of IgG
molecules adsorbed on the activated SAM surface was also measured under a vacuum
(log S\/By), as shown in Figure 6.4b (spectrum J). Significant denature due to the
removal of water from the substrate surface was observed. On the other hand, in the case
of IgG without water removal (spectra G-I in Figure 6.4b), no clear difference in the shape of
amide | band of IgG was observed between the solution state and the covalently bonded state on the
activated SAM surface, other than a peak shift of ~ 1 cm™. This clearly indicates that no noticeable
molecular conformation change is induced by the covalent bonding on the activated SAM surface. |
suppose that the molecular orientation of adsorbed IgG is random since lysine residues, which form
covalent bonding with -COOH on the SAM surface [4], are distributed almost homogeneously on the
IgG surface. Similarly, no clear adsorption-induced deformation was observed in the absorption

spectrum of IgG adsorbed on the non-activated (hydrophilic) MHA-SAM surface (Figure 6.4b, H),
which agrees with the reported result [37].

6.9 Summary

I have constructed a new NG-IRRAS system, which is applicable for solid-solution
interface biomaterials adsorbed on metal or BML substrate surfaces at submonolayer
sensitivity. This system confines the sample solutions in a narrow (~ 8 um) gap between a
CaF, prism and a substrate surface. The sample holder was specially designed so that the
gap remains constant during the injection of the solution within a certain injection speed.
Adsorption of proteins on the prism surface, which interferes with precise measurement,

was suppressed using PEG-coating of the prism surface and controlling the solution pH

62



and the effects of the salt. The amide I bands of the IgG molecules dissolved in the
solution and covalently bonded to the COOH-terminated SAM surface have been clearly
recorded for the first time. No noticeable indication of the conformational change of IgG
induced by the covalent bonding to the SAM surface on the gold substrate has been

observed.
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Chapter 7

Summary

Several IR techniques, namely transmission infrared spectroscopy, infrared reflection
absorption spectroscopy (IRRAS), and attenuated total reflection infrared spectroscopy
(ATR-IR), have been widely used for the study of biomaterials. ATR-IR and IRRAS are
available for studying adsorbates on solid surfaces. ATR-IR is a very effective technique
for studying biological materials because the sample can be readily oriented on the ATR
crystal and kept in an aqueous environment. But IR-non-transparent materials can not be
used in the ATR-IR technique, which can be easily applicable in IRRAS. Therefore, for
my doctoral course research, I have constructed a new narrow gap infrared reflection
absorption spectroscopy (NG-IRRAS) system to observe biomaterials on IR-non-
transparent metals at solid-solution interfaces.

This new NG-IRRAS system was constructed using a JEOL JIR-7000 FT-IR
spectrometer and a home built sample chamber system. This NG-IRRAS system can be
arranged to a vacuum IRRAS system. Two different sample holders, a specially designed
and a simple metal block are use to observe biomaterials at solid-solution interface and in
vacuum, respectively. The sample holder for the solid-solution interface was designed
using a CaF; prism having two through holes for solution flow by a syringe pump. The
water layer thickness was kept 8 um by inserting a Ni sheet spacer between the CaF,
prism bottom and the substrate surface. The gap remained constant during the injection of
the solution by pushing the substrate from its back side with a 2.5-mm-compressed spring.

This NG-IRRAS is only applicable in D,O based aqueous solutions because the IR
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transmission is suppressed in H,O at the almost whole effective wavenumber range.
Specially designed sample holder was used to control the water layer thickness less than
nanometer level for flat baseline. But temperature, solution flow rate, air bubbles in the
solution and adsorbed water of the optical components were found as factors for the
baseline distortion. I have investigated the suitable conditions to minimize all effects on
the baseline spectrum. For a stable and flat baseline, the conditions such evacuation for at
minimum 6 h; injection rate less then 2 mL/h and a Ni spacer thickness of 8 pm were
necessary. The room temperature fluctuation was controlled within 1°C.

This NG-IRRAS system was used to investigate the protein adsorption at solid-
solution interface. But, the adsorbed sample proteins were also found on the prism
surface during the measurement, and were not distinguishable in the IRRAS spectra from
signal of the proteins on the sample surface. 2-Methoxy-(polyethylene)
oxypropyltrimethoxysilane (PEG) was coated on the CaF, prism surface to make the
surface inert and resist non-specific adsorption of the protein on it. But, only the PEG
coating was not enough for resisting the adsorption of proteins on CaF, prism surface.
Thus, I have investigated the condition, in which the sample materials were adsorbed on
the sample substrate surface but not on the PEG-coated prism surface. The adsorption of
protein on PEG-coated prism surface was suppressed sufficiently by controlling the pH
and salt effects of the solution, and appropriate conditions were different for each protein.

Fibronectin (FN) adsorptions on various surfaces have been extensively studied in
several techniques such as atomic force microscopy (AFM) and ATR-IR. I have
investigated the adsorbed FN at BML-solution interface using this NG-IRRAS. FN
adsorbed on the PEG-coated prism surface in D,O based phosphate buffered saline (PBS)
solution, but ignorable amount was found in pure D,O. Thus the IRRAS of adsorbed FN
was measured at BML/D,O interface. These experiments have been carried out allowing
about 3 h for FN adsorption on BML surface after injection, and then FN in solution and
loosely adsorbed FN were washed by flowing 2.50 ml pure D,O through sample holder.
The amide I band of FN was observed at approximately 1637 cm™ (B sheet) with

shoulders around 1671 and 1683 cm™ (B turn). The component ratio of the secondary

67



structures was evaluated by deconvoluting the amide I band. The conformational change
of FN due to the adsorption on the BML surface was not observed in this work.

The adsorbed FN on the BML surface at solid-solution interface was exposed to air,
dried and observed by vacuum IRRAS. The amide I band of adsorbed FN appeared
around 1664 cm™ in vacuum, this indicated the denaturation of FN during the water
removal from the substrate surface.

Protein adsorption on gold surface supplying good biocompability has been a major
concern for the biochip application. I have investigated the adsorption state of
immunoglobulin G (IgG) at the gold-solution interface with two differently modified
gold surfaces i.e. 16-mercaptohexadecanoic acid (MHA)-SAM coated and activated
MHA-SAM (N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) were used for MHA-SAM activation) coated gold
surface. IgG was easily adsorbed on the PEG-coated prism surface in pure D,0O, but
ignorable IgG was observed in the salt solution of D,O such as NaCl (140 mM) added
D,0 solution or D,O based PBS solution or NaCl (140 mM) added D,O based PBS
solution. Therefore, NaCl (140 mM) added D,0 based PBS solution was chosen for the
observation of IgG at gold-solution interfaces. IgG adsorption on the two modified gold
surfaces were carried out by exposing the MHA-SAM modified gold surface and the
activated MHA-SAM gold surface to the IgG solution for 1 h and 30 min, respectively.
The excess IgG in solution was washed by 2.50 ml NaCl (140 mM) added D,O based
PBS solution.

Adsorbed IgG was measured by the NG-IRRAS on gold surfaces under D,O-salt
solution. The observed amide I band of IgG included the component at in the spectrum
are 1639 cm™ (B sheet), 1657 cm™ (a helix), 1672 cm™ (B turn), and 1683 cm™ (B turn).
On the activated MHA-SAM coated gold, IgG molecules are covalently bonded through
the peptide bond. Absorption spectra of IgG in the solution and the covalently bonded
IgG have been clearly observed in the IRRAS spectra with good reproducibility. I think
that the molecular orientation of adsorbed IgG is random since lysine residues, which

form covalent bond with —COOH on the MHA-SAM, are distributed almost
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homogeneously on the IgG surface. Similarly, no clear adsorption-induced deformation
was observed in the absorption spectrum of IgG adsorbed on the non-activated MHA-
SAM coated gold surface.

Adsorbed IgG on these gold surfaces were measured by vacuum IRRAS arrangement.
IgG also denatured, similar to FN due to the water removal from the gold surface and the
wavenumber of amide I band moved to around 1666 cm.

Although there is still admittance of improvement for suppressing the adsorption of
proteins on CaF, prism surface, but this new NG-IRRAS can be especially applicable for
observing antibody-antigen reaction on different non-transparent metal surface under

solutions in physiological condition.
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Appendix I

Spectrum processing and curve fitting

Spectrum processing

In this NG-IRRAS, a flat baseline was obtained using the proper flow rate and
evacuation. But in some real experiments, some times distortion and water vapor noise
were appeared in the spectra. Interference occurs in multilayer or solution system and
their effects appear in the IR spectrum. Several mathematical processing techniques are
used in previous works to remove these problems from the spectrum. These techniques
are helpful to understand both the qualitative and quantitative interpretation of spectrum.

A slope correction procedure was applied to each spectrum to provide a horizontal
baseline with zero values at 17601540 cm™. A data analyzing software Origin (Ver. 6,
OriginLab Corp., MA) was used for the leveling of baseline and for removal of the
interference from the spectrum. For removal of interference, FFT band block option was
used with two values, such as low cut off and high cut off frequencies. These values were
always chosen from the heights of the interference in the spectrum. In this works the
values were around 0.04 and 0.07. To remove water vapor noise from the observed

spectrum, a mathematical calculation was used.
f(Water free observed spectrum) =f(observed spectrum) =+ (k'"/k')*f(standard

water vapor spectrum )

The highest IR peak of the water vapor was found at 1652 cm™ (H-O-H bending mode)
in all observed spectra. The values of k' and k" is measured from the observed and
standard water vapor spectra. The standard spectrum of water vapor was obtained by
calculating the spectra at 0.02 and 0.04 Torr. Depending upon the noise direction of the
observed spectrum, addition or subtraction of the second term was carried out. Figure Al

for example shows the measured standard water vapor spectrum for this IRRAS system,
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the value of the &’ at 1652 cm™ is about 0.00052; this value is used to minimize the vapor
noise. If the noise was found in spectrum after removal of water vapor as well as
interference, the spectrum was smoothed using the FFT smoothing option of the Origin
program. After smoothing of a spectrum, it becomes similar to the result of an

experiment at a lower resolution.

:|:0.0001
[¢}]
Q
=
1]
o]
S
O
[72]
Q
<
= A 1 . 1 . .
1750 1700 1650 1600 1550

Wavenumber (cm™)

Figure Al The standard water vapor spectrum for water noise
minimization calculations.

Curve Fitting

In the spectrum of the amide I band, absorbance of different secondary structures such
as o-helix, B-sheet, B-turns are overlapped. Accurate peak position of each secondary
structure in amide I band can be obtained from the second derivative spectra, which was
used for curve-fitting. In this work, non linear Gaussian curve fitting technique was
chosen from the Origin program. For the curve fitting, initial peak positions and peak
heights were presumed from the original data, and peak width was assumed to determine
symmetric Gaussian curves. For the best fitting Gaussian curves, the spectrum positions
and intensities of peaks were varied from the initial guesses and determined the best
combination of the parameters. The component ratio of the secondary structures was

evaluated from the integrated areas of the fitted Gaussians.
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Appendix 11

Refractive indexes of CaF, at different wavenumber

Wavenumber Refractive index
(cm™) (n)
1110 1.32651
1135 1.32997
1160 1.33332
1190 1.33734
1220 1.34136
1250 1.34539
1265 1.34740
1280 1.34941
1300 1.35209
1315 1.35410
1335 1.35678
1350 1.35879
1370 1.36147
1390 1.36415
1410 1.36683
1430 1.36942
1450 1.37078
1470 1.37215
1490 1.37352
1515 1.37523
1540 1.37693
1560 1.3783
1590 1.38001
1610 1.38172
1640 1.38377
1665 1.38548
1695 1.38673
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Refractive indexes of CakF, at different wavenumber

Wavenumber Refractive index
(em™) (n)
1725 1.38793
1755 1.38913
1785 1.39033
1820 1.39174
1850 1.39294
1885 1.39434
1925 1.39594
1960 1.39735
2000 1.39895
2040 1.39980
2085 1.40077
2130 1.40162
2175 1.40269
2220 1.40365
2270 1.40472
2325 1.40589
2380 1.40707
2440 1.40835
2500 1.40963
2565 1.41027
2630 1.41091
2700 1.41160
2775 1.41234
2875 1.41333
2900 1.41358
2940 1.41397
2985 1.41441
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Appendix IT1

Extinction coefficient and Refractive indexes of water at different

wavenumber
Wavenumber (cm™) Extinction coefficient Refractive index
(K)L/M-cm (n)
400 0.356 1.531
415 0.361 1.521
435 0.357 1.511
455 0.373 1.500
475 0.352 1.487
500 0.393 1.480
510 0.404 1.476
525 0.414 1.461
540 0.421 1.443
555 0.426 1.423
570 0.429 1.401
590 0.429 1.376
605 0.429 1.351
625 0.422 1.325
645 0.414 1.297
665 0.402 1.270
690 0.388 1.241
715 0.350 1.210
740 0.343 1.177
770 0.305 1.146
800 0.250 1.123
835 0.199 1.111
870 0.142 1.126
910 0.0968 1.152
950 0.0662 1.185
1000 0.0508 1.218
1020 0.0479 1.229
1040 0.0441 1.239
1065 0.0433 1.247
1085 0.0415 1.255
1110 0.0399 1.262
1135 0.0385 1.269
1160 0.472 1.276
1190 0.0361 1.281
1220 0.0351 1.286
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Extinction coefficient and Refractive indexes of water at different

wavenumber
Wavenumber Extinction coefficient Refractive index

(cm™) (K) L/M-cm (n)

1250 0.0343 1.291
1265 0.0339 1.294
1280 0.0335 1.297
1300 0.0331 1.299
1315 0.0328 1.302
1335 0.0326 1.304
1350 0.0324 1.307
1370 0.0322 1.309
1390 0.0321 1.312
1410 0.0320 1.314
1430 0.0320 1.317
1450 0.0322 1.321
1470 0.0327 1.324
1490 0.0337 1.329
1515 0.0356 1.334
1540 0.0392 1.339
1560 0.0449 1.347
1590 0.0370 1.357
1610 0.0880 1.363
1640 0.131 1.319
1665 0.107 1.265
1695 0.0622 1.248
1725 0.0330 1.262
1755 0.0203 1.277
1785 0.0142 1.289
1820 0.0116 1.293
1850 0.0100 1.306
1885 0.0098 1.312
1925 0.0101 1.317
1960 0.0111 1.322
2000 0.0124 1.325
2040 0.0137 1.328
2085 0.0150 1.330
2130 0.0157 1.330
2175 0.0447 1.330
2220 0.0434 1.332
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Extinction coefficient and Refractive indexes of water at different

wavenumber
Wavenumber Extinction coefficient Refractive index

(cm™) (K) L/M-cm (n)

2270 0.0403 1.334
2325 0.00845 1.338
2380 0.00688 1.342
2440 0.00562 1.346
2500 0.00460 1.351
2565 0.00380 1.357
2630 0.00340 1.364
2700 0.00336 1.374
2775 0.00616 1.385
2875 0.0094 1.400
2900 0.0132 1.410
2940 0.0195 1.420
2985 0.0261 1.432
3030 0.0368 1.450
3075 0.0610 1.467
3125 0.0921 1.78
3175 0.135 1.483
3225 0.192 1.467
3280 0.240 1.426
3330 0.272 1.371
3390 0.298 1.292
3450 0.268 1.201
3510 0.125 1.149
3570 0.115 1.142
3635 0.059 1.157
3705 0.019 1.185
3775 6.70x107 1.219
3845 3.17x107 1.242
4165 5.56x10™ 1.279
4545 2.89x10™ 1.296
5000 1.10x107 1.306
5555 1.45x10™ 1.342
6250 8.55x10” 1.317
7140 438x107 1.321
8335 5.35x10° 1.324
10000 2.50x10" 1.327
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Appendix IV

Thermal Expansion Co-efficient of Selected Materials

Materials Thermal expansion coefficient
(©) (10 K™
Aluminum 23.1
chromium 4.9
copper 16.5
germanium 6.1
glass 8.5
gold 14.2
Iron 11.8
Lead 28.9
Nickel 13.3
Platinum 8.8
Silicon 4.68
Silver 18.9
Tin 22
Titanium 4.5
zinc 30.2
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