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Abstract:
A biosensor that could detect biological pathogens in contaminated drinking water would be very
useful for preventing illnesses caused by these pathogens. The objective -of this work has been to bind
anti-bodies for a bacterial pathogen to a Quartz Crystal Microbalance (QCM) in order, to make such a
biosensor. A QCM is one of the most popular devices that can be used as a transducer for a biosensor
because it is very small, inexpensive, portable, rapid, and has utility in a flow cell, and minimal
plectrical and electronic requirements. The QCM is one type of acoustic wave sensor that can
propagate in a specially cut crystal. This crystal will oscillate with changing frequency when the
surface changes in an alternating electric potential. When the mass is increased, it will decrease the
oscillation frequency so when molecules adsorb to the QCM surface, the frequency in the output signal
will decrease.
In order to make an effective biosensor, a self-assembled monolayer was grown on the QCM surface.
This SAM contains a thiol-terminated acid having an amide bond with an adipic dihydrazide terminus.
The dihydrazide is then reacted with antibody to covalently bond the antibody to a gold surface.
X-ray photoelecton spectroscopy (XPS) and angle dependent XPS (20,40, 60 and 80 degrees) have
been used to confirm the binding of Au-S in alkane and acid thiol, and the presence of amide group in
adipic dihydrazide and antibody. XPS not only confirmed the binding to the surface, but also has been
used to observe thickness and orientation of layers. In addition, hydrated and dehydrated QCM were
observed for the orientation of antibodies.
XPS analysis, elution with tween20, and performance of the QCM sensor tests all confirm that the
antibody is covalently bound to the acid thiol surface but not to the alkane thiol surface. The QCM,
which were reacted with acid thiol, dihydrazide and antibody, showed a significant drop in frequency
when exposed to solution containing the antigen. The results indicated that the method developed is
effective for making a biosensor capable of detecting bacterial toxins in water.
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ABSTRACT

A biosensor that could detect biological pathogens in contaminated drinking water
would be very useful for preventing illnesses caused by these pathogens. The objective o f this work has been to bind anti-bodies for a bacterial pathogen to a Quartz Crystal
Microbalance (QCM) in order, to make such a biosensor. A QCM is one o f the most
popular devices that can be used as a transducer for a biosensor because it is very small,
inexpensive, portable, rapid, and has utility in a flow cell, and minimal electrical and
electronic requirements. The QCM is one type o f acoustic wave sensor that can propagate
in a specially cut crystal. This crystal will oscillate with changing frequency when the
surface changes in an alternating electric potential. When the mass is increased, it will
decrease the oscillation frequency so when molecules adsorb to the QCM surface, the
frequency in the output signal will decrease.
In order to make an effective biosensor, a self-assembled monolayer was grown
on the QCM surface. This SAM contains a thiol-terminated acid having an amide bond
with an adipic dihydrazide terminus. The dihydrazide is then reacted with antibody to
covalently bond the antibody to a gold surface.
X-ray photoelecton spectroscopy (XPS) and angle dependent XPS (20,40, 60 and
80 degrees) have been used to confirm the binding o f Au-S in alkane and acid thiol, and
the presence o f amide group in adipic dihydrazide and antibody. XPS not only confirmed
the binding to the surface, but also has been used to observe thickness and orientation o f
layers. In addition, hydrated and dehydrated QCM were observed for the orientation o f
antibodies.
XPS analysis, elution with tween20, and performance o f the QCM sensor tests all
confirm that the antibody is covalently bound to the acid thiol surface but not to the
alkane thiol surface. The QCM, which were reacted with acid thiol, dihydrazide and
antibody, showed a significant drop in frequency when exposed to solution containing the
antigen. The results indicated that the method developed is effective for making a
biosensor capable o f detecting bacterial toxins in water.
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CHAPTER I
,

INTRODUCTION
Motivation and Objectives

In the environment, there are a multitude o f diseases that are transmitted by
contaminated water. These diseases can cause illness in many people. Food-home and
water-borne enteric pathogens[l] are a main cause o f illness in the US and in the world.
Devices used to measure for microbial contaminants are difficult to use and normally
unavailable. This thesis is part o f an ongoing project to develop a portable rapid
biosensor that could be used for on-site detection o f water-borne and food-home
microbial pathogens in water.
A biosensor is a tool that can measure concentrations o f biologically important
chemicals and also uses a biological material to detect the analyte [2]. Typically, a
biosensor consists o f two parts: a receptor and a transducer. The receptor selectively
reacts with a particular analyte o f interest. The transducer can convert the interaction o f
the receptor and the analyte to a quantifiable signal.
The biosensor considered in this work is based on a Quartz Crystal Microbalance
(QCM). The QCM is one o f the most popular tools in mass-sensitive detection [3] that
can be used as a transducer for biosensors. The advantages o f the QCM are that it is very
small, inexpensive, portable, rapid, efficient, has minimal electrical and electronic
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requirement, can be used in a flow cell, and provides for sequential refinement o f positive
signals. QCM is one type o f acoustic wave sensor that can propagate in a specially cut
crystal. The crystal will oscillate when the surface changes under an alternating electric
potential with changing frequency. When the mass is increased, the crystal will decrease
the oscillation frequency as described in the Sauerberey equation (equation I) [4].

¥

=

—^ —Am = - j^-Am

p QdA

NA

(I)

Where A / is the frequency change, / Ris the resonant frequency, pQ is the density
o f the crystal, d is the thickness o f the crystal, A is the area o f the electrodes, Am is the
mass change, and Wis the frequency constant o f the quartz.
In order to make the QCM an effective biosensor, the QCM has to be coated with
suitable capture agents. These capture agents must have a high degree o f specificity and
affinity for the targets [I]. After they are linked to the QCM, these capture agents must
remain stable and tightly associated with the electrode during sample analysis.
The objective o f this thesis has been to couple an antibody to the gold surface o f a
QCM so that it can be used as a receptor for the sensor. For this experiment,
Anti-LT (anti-Escherichia coli heat - labile enterotoxin) gift o f W. Ceiplak (Corixa
Corp.) was used as a capture agent. For the improved biosensor, we have used a method
for organizing a derivatized self-assembled monolayer (SAM) on the gold surface o f the
QCM. The SAM contains a thiol-terminated alkane having an amide bonded with adipic
dihydrazide terminus. This dihydrazide is then reacted with the antibody to covalently
bond the antibody to the gold surface [I]. The system, o f SAM is shown in the cartoon o f
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Figure I. XPS (x-ray photoelectron spectroscopy) and angle dependent XPS were used to
examine the surface.
The objectives o f this experiment were to: (i) optimize reaction conditions to
obtain high density and reactivity o f the antibody on the surface, (ii) characterize the
thickness and orientation o f antibody layer, and (iii) determine whether antibody is
covalently bound to the adipic dihydrazide.
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Figure I. Reaction scheme for the functionalization and coupling o f antibody to a selfassembled monolayer on a gold electrode surface. The antibody was oxidized with
sodium periodate prior to addition.
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CHAPTER 2

BACKGROUND
Antibodies

Antibodies are host proteins produced in reaction to the antigens that are the
foreign molecules in the body [5]. Antibodies are produced by plasma cells and the
precursor-B-lymphocytes, then circulate through the body blood and lymph. An antibody
binds specifically with an antigen. Then the antigen-antibody complexes are removed
from circulation by macrophages through phagocytosis. Because o f this specific
antibody-antigen binding, antibodies are very important reagents to use in immunological
research and clinical diagnostics.

Structure o f an Antibody (Immunoglobulin) Molecule
Antibody (or immunoglobulin) molecules are glycoproteins composed o f one or
more units, each unit containing four polypeptide chains [5] two identical light chains (L)
and the other two identical heavy chains (H) in Figure 2. The difference o f the
amino-terminal end o f each polypeptide chain shows variation in amino acid composition
and is referred to as the variable (V) regions. The light chain (L) consists o f a variable
domain (Vl) and a constant domain (Cl), and the heavy chain (H) consists o f a variable
domain (Vh) and three constant domains (Ch1, Ch2, and Ch3). The amount o f amino
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acids, along with the molecular weight o f each heavy chain, is approximately twice that
ot each light chain. The chains are bound by a combination o f noncovalent interactions
and in most antibodies, by covalent interchain disulfide bonds that form a bilaterally
symmetric structure. The V regions o f H and L chains include the antigen
Aelleee-

S-S------

Figure 2. The antibody molecule.

binding sites o f the immunoglobulin (Ig) molecules, and each Ig monomer chain has two
antigen binding sites so the molecule is bivalent. The hinge region is the area o f the
heavy chains between the first and second C region domains, and is bonded together by
disulfide bonds. The length o f hinge region is flexible so the distance between the two
antigen binding sites can vary.

The Quartz Crystal Microbalance (QCM)

The quartz crystal microbalance is a simple tool and is increasing in use for masssensitive detection due to improvements in experimental procedures [3], QCMs are used
increasingly in liquid phase especially in bioaffinity measurements for analytical or
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research purposes. A QCM is a piezoelectric device that can be used to measure specific
analytes in contaminated water or in water used to wash contaminated food [I]. The
advantages o f a QCM are very small size, utility in flow cell, sequential refinement o f
positive signal- minimal electrical and electronic requirement, adaptability to microfluidic
techniques, and inexpensive fabrication [I]. The QCM is a type o f acoustic wave sensor.
The acoustic wave can propagate in specially cut crystals that mechanically oscillate
when subjected to an alternating electric potential. When a proper alternating electrical
potential is directed to gold electrodes on opposite sides o f the piezoelectric crystal, this
crystal will Oscillate at a characteristic frequency. The primary theory describing the
relationship between frequency change and mass change is described by the Sauerbrey
(equation I). The limit o f this equation is the assumption that the mass deposition forms a
rigid and thin film and the mass sensitivity is uniform across the full surface.
The QCM can be used as an effective biosensor when the surface o f the QCM has
been coated with appropriate capture agents, and the capture agents must be stable and
tightly associated with the electrode for use in the flow cell. The QCM surface must not
react with other substances in the sample. The capture agents must have a high degree o f
specificity and affinity for the target [I]. Sensitivity and detection limits have to be
adequately high to be biologically relevant. For this work, we have used a derivatized
self-assembled monolayer (SAM) on the gold surface o f the QCM.
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Self-Assembled Monolayers (SAMs)

Self-assembled monolayers are continuing to provoke widespread interest in
recent years because o f their utility in technological applications[6-8]. The areas o f
current interest include lubrication, adhesion promotion/resistance, corrosion inhibition,
lithographic patterning, microelectronic fabrication, wetting adhesion, and for making
structures and materials for biological interfaces, membranes and electrochemistry.
Self-assembled monolayers are molecular assemblies that are linked
spontaneously to surface phases by the immersion o f an appropriate substrate in a
solution o f an active surfactant in an organic solvent [6], There are many types o f SAM
methods including alkanethiols on gold, silver and copper; dialkyl sulfides on gold,
dialkyl disulfides on gold; carboxylic acids on aluminum oxide, and silver and silane on
quartz and silicon.

Surface group
Alkyl, or derivadzedalkyl group
Interchain van der Waals and
electrostatic interactions

Chemisorption
at the surface

Surface-active head group
Surface

Figure 3. A schematic view o f the forces in a self-assembled monolayer

A self assembling surfactant molecule can be separated into three parts in
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Figure 3. The first part is the head group that provides the most exothermic process:
chemisorption. The strong molecular substrate interactions result in pinning o f the head
group. This bond can be a covalent bond such as Au-S bond in the case o f alkanethiols on
gold or ionic CC^-Ag+ bond in case o f carboxylic acids on AgO/Ag. The energy
associated with this bond, for example thiolate on gold, is about 40-45 kcal/mol [6]. The
second part is the alkyl chain. Van der Waals interactions are the main forces between
simple alkyl chains (CnFhn+!), on the other hand in some case when a polar group is
substituted into the alkyl chain, the electrostatic interactions are energetically more
important than the van der Waals force. The last part is the chain terminal group. The
structure and orientation o f the chain terminating functionality (x) will dictate the surface
chemistry o f the organic thin film. To provide a simple alkyl chain, the methyl (CH3)
group is widely studied.

Monolayers o f Alkane Thiol on Gold
In 1983, Nuzzo and Allara published the first paper in this area. The formation o f
well-defined organic surface phases by the immersion o f a clean gold substrate in a dilute
solution o f a long chain, co-substituted dialkyldisulfide showed that dialkyldisulfides (RSSR) form oriented monolayers on gold surface. Later it was found that sulfur compounds
link strongly to gold, silver and copper surfaces as reported in (Tablel) [6], Gold is
commonly used because it is reasonably inert which allows substrates to be manipulated
in air without concern for contamination. Gold does not have a stable oxide so it can be
used in ambient conditions. The reason that SAMs consisting o f n-alkane thiol adsorbed
on gold are popular is because this system had already proven to be thermally stable,
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provides excellent ordered and can easily be used with many co-substituted thiols to
modify surface properties [9],

Alkyl
chain

Metal Surface

Figure 4. A self-assembled monolayer o f alkanethiols on a gold surface.

Table I. Adsorption o f Terminally Functionalized Alkyl Chains from Ethanol onto Gold.

Sa ( H 2 O )-3

C H 3 ( C H 2 ) 17N H 2
C H 3 (C H 2) 16O H
C H 3 ( C H 2) 16C O 2 H
C H 3 ( C H 2) 16C O N H 2
C H 3 ( C H 2) 16C N
C H 3 ( C H 2) 21B r
C H 3 ( C H 2) I 4 C O 2 E t
[C H 3 ( C H 2 )9 C = C J 2H g
[C H 3 (C H 2 ) 1 5 J3 P C H 3 ( C H 2) 22N C
C H 3 ( C H 2) 15S tV
[ C H 3 (C H 2) 1 5 S J 2
[ C H 3 ( C H 2 ) 1 5 J2 SS
C H 3 ( C H 2 ) 15O C S 2N a

90
95
92
74
69
84
82
70
I 11
102
112
I 10
I 12
108

S 1( H D ) 6

12
33
38
18
O
31
28
O
44
28
47
4-4
45
45

T h ic k n e s s (A )
O txsdtr
C a lc d d
6
9
7
7
3
4
6
4
21
30
20
23
20
21

2 2 -2 4
2 1 -2 3
2 2 -2 4
2 2 -2 4
JL2-—2 4
2 8 —31
/l
17—19
2 1 —2 3
2 9 -3 3
2 2 -2 4
2 2 —2 4
2 2 -2 4
2 4 -2 6

u Advancing contact angle of water.
Advancing contact angle of hexadccane. cComputcd
from ellipsometnc ciaia using n — 1.45. ^A ssum ed that the chains arc close-packed, transextended and tilted between 30° and 0° from the normal to the surface. c A dsorbed from
acetonitrile. /Reference 15. £ Reference 12.
An ester group is too large to form a c Iosepackcd monolayer.

A clean gold surface is normally soaked in a dilute solution ( IO"3 M) o f the
organosulfur compound in an organic solvent. For alkane thiols, immersion times are
varied from several minutes to hours, while sulfides and disulfides need several days. The
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result on gold is a close packed, oriented monolayer (Figure 4). The presumed adsorption
chemistry is shown in the equation 2 [9]:
A u + HS(CH2)nX

------- W

A u +[S(CH2)nXJ2

iH T ------- * Au-S-(CH2)nX

Oxidative Addition
300K

( 2)

Bain et al. [6] studied the effect o f the head group on monolayer formation on
gold. They investigated different head groups and conducted competition experiments in
dilute solutions containing the components A(CH2)nX and B(CH2)mY with the same
overall concentration in a range o f molar fractions. They considered a well-packed
monolayer for long chain (methyl terminated molecules) when the advancing contact
angle o f water (0a(H2O))>lOO, and the advancing contact angle o f hexadecane
(0a(HD))>4O, the results summary is in Table I. This table shows that phosphorus and
sulfur form strong interactions with gold substrate.

X-Ray Photoelectron Spectroscopy

Principle o f the Technique
The basic XPS experiment is shown in Figure 5 [10]. The photoelectrons are
stimulated from x-ray photons on the sample surface under ultra-high vacuum (UHV)
conditions. When the photon collides with an atom, one o f three actions might happen
[11]: I) the photon can pass through an atom without interaction, 2) the photon can
interact with an atomic orbital electron causing partial energy loss, or 3) the photon can
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interact with an atomic orbital electron with the total photon energy transfer to the
electron. This causes ejection o f a photoelectron. This event will occur in the XPS
system. For XPS, the x-ray photon has to have higher energy than the binding energy o f
the surface element in order to eject a photoelectron. The photoelectrons ejected by this
event will have kinetic energy (Bk). The principle o f this process can be explained by the
Einstein equation (Equation 3).

Ek = h v -Eb-(J)

( 3)

Where hv is the energy o f x-ray source, Ek is the kinetic energy o f the emitted
electrons that are measured in XPS, Ey is the binding energy o f the electron in the atom,
and cj) is the work function o f the spectrometer. The binding energy might be considered
as the difference in energy between the final and initial state after the photoelectron left
the sample. XPS can be used to identify and determine the concentration o f the elements
in the surface because each element has a unique set o f binding energies. Not only are
photoelectrons emitted in the photoelectric process, but also Auger electrons might be
emitted due to relaxation o f excited ions remaining following photoemission in IO"14
seconds. From figure 5, after the electron from photoelectron leaves, the outer electron
falls into the inner orbital vacancy, and a second electron is emitted (Auger electron).
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P tio to e m is s io n

R earrangem ent

A u g e r E m is s io n
X -r a y E m is s io n

Figure 5. The basic XPS experiment, (a) The X-ray photon transfers its energy to a core
level electron leading to photoemission from the n-electron initial state, (b) The atom,
now in an (n-1) electron state, can reorganize by dropping an electron from a higher
energy level to vacant core hole, (c) Since the electron in b dropped to a lower energy
state, the atom can rid itself o f excess energy by ejecting an electron from a higher energy
level. This ejected electron is referred to as an Auger electron.

General Uses
XPS is generally used to identify all elements (except H and He) at concentration
> 0 .1% and to quantitatively determine the approximate elemental surface composition
(error less than 10%) [I I]. It is also used to obtain information about the molecular
environment (bonding atoms, oxidation states, etc.), and to determine binding energies in
elements o f the core-level electrons. XPS can provide information about unsaturated or
aromatic groups from shake up ( k ^>k ) transitions. In addition, XPS can be used to do
depth profiling by inert gas sputtering or by angle-resolved technique (nondestructive).
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Common Applications
XPS can be used to identify elements by study o f core element spectra, to identify
bonding orbitals (fingerprinting) by using the valence band spectra, and also to study
hydrated (frozen) surfaces [11]. Moreover, XPS can be used for non-destructive depth
profiling o f the outer 100 A p, and destructive elemental depth profiling several hundred
nanometers into the sample using ion etching (for inorganic). XPS can provide
differentiation between conductors and insulators, and lateral variation in surface
composition with a spatial resolution o f 5-150 pm, depending on the instrument.
The components o f XPS instrument include the vacuum system; an x-ray source,
an electron energy analyzer, an electron detector, data recording, processing and output
system, and possibly accessories.

The Vacuum System
The main body o f the XPS instrument is the vacuum chamber where the samples
are analyzed [10]. The surface analysis in an XPS instrument must be performed under an
UHV environment because the emitted photoelectrons must pass from the sample surface
to the detector without colliding with gas-phase particles. Moreover, some components o f
the spectrometer, such as the x-ray source, ion sources and electron source, and electron
analyzers and detectors, have to operate in high vacuum or ultra high vacuum
environment about IO"6- 10"7 torr to prevent contamination and oxidation. For clean
metallic samples the background pressure must be reduced to 10"9- 10"10 torr during
investigation, so that the surface composition o f sample does not change.

15
X-Rav Source
The necessary characteristics o f an x-ray source for XPS is that the x-ray energy
has to have high enough energy to excite core level electrons o f all elements o f interest.
In a typical x-ray source, core holes are created in the material or anode which in turn
emits fluorescence x-rays and electrons. Common anodes with the energy o f their
characteristic emission lines are list in Table.2. Most spectrometers have only one or two
anodes. The x-ray line widths should be narrowed compared to the intrinsic core level
line widths and chemical shifts. The peaks o f photoemission should be nearly symmetric,
have a narrow energy width, and contain no vibrational fine structure. Al and Mg are the
most popular anodes or radiation sources used in XPS. The emission from the anode can
directly strike the sample, but x-rays cannot be easily directed on a small, focused area,
which limits the lateral resolution o f XPS. The flux o f electrons can be eliminated or
minimized by using a thin Al foil (about 2 pm thick) between the x-ray source and the
sample. The foil will minimize contamination o f the sample by the x-ray source. An x-ray
monochromator is the best way to optimize single energy production. The most popular
monochromatized source uses an Al anode on one side and quartz crystals an another
side. A thin Al-foil and the quartz monochromator crystal isolate the source from the
sample and will prevent electrons, satellite x-ray lines, Bremsstrahlung, and heat
radiation from hitting the sample. It will also narrow the energy spread o f x-ray striking
the sample. On the other hand, the disadvantage o f a monochromator is the lower x-ray
intensity that reaches the sample, but this can be improved by using an efficient
collection lens, energy analyzer, and multichannel detector system. A modem
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monochromatized x-ray source can typically provide comparable or even better signal to
noise ratios than standard sources and simultaneously significantly reduced sample
damage and improve energy resolution.

Table 2. Energies and Widths o f Some Characteristic X-Ray Lines (eV)
Line
Anode Material
Y
Zr
Nb
Mo
Ti
Cr
Ni
Cu
Mg
Al
Si
Ag
Au

Ka
Energy

Width

La
Energy

1922.6
2042.4

4510
5417

2
2.1

8048
1253.6
1486.6
1739.5

2.6
0.7
0.85
1

395.3
572.8
851.5
929.7

Width

1.5

3
3
2.5
3.8

Mz
Energy

Width

132.3
151.4
171.4
192.3

0.47
0.77
1.21
1.53

Ma:2122.9

2.5

3.2
2984.3

Analyzers
The analyzer system has three components: the collection lenses, the electron
energy analyzer and the detector [10], The collection lens serves two primary purposes:
to collect electrons ejected from the sample, and to retard their kinetic energy. Lenses
used in common commercial systems vary in the solid angle o f collection. For example,
the Phi 5600 XPS system used in this thesis has a solid angle o f collection depending on
the lenses settings. A larger collection angle will result in a higher number o f collected
electrons and therefore a larger signal to noise ratio. Besides collecting electrons, the
lenses system also impedes the KE o f electrons down to the pass energy o f the energy
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analyzer. The ratio o f retardation depends on the pass energy o f the energy analyzer and
the spectral range to be examined. Moreover, the lenses system also determines the
distance o f samples from the entrances the energy analyzer.
The function o f the electron energy analyzer is to disperse the photoelectrons
emitted from the sample due to their energies. An analyzer might be either magnetic or
electrostatic. Because electrons are influenced by magnetic fields (including the earth’s
magnetic field), it is necessary to cancel these fields by Mu metal shielding. In the
commercial spectrometer today, electrostatic analyzers are popular because it eases stray
magnetic field cancellation.
The cylindrical mirror analyzer (CMA) is made up o f coaxial cylinders with a
negative potential (V) on the outer cylinder (r,) and a ground potential on the inner
cylinder (%). The position o f sample and detector are set along the horizontal axis o f the
cylinders. The emitted electrons from the sample pass to the analyzer at an angle a
through the mesh covered aperture in the inner cylinder. Only electrons that have the
correct energy (Eo) are deflected to the outer cylinder through the second mesh-covered
aperture to a detector. The concentric hemispherical analyzer (CHA) is the most widely
used energy analyzer for XP S. It. consists o f two hemispherical concentric shells o f inner
radius and outer radius. A potential difference, AV is placed across the two surfaces such
that the outer hemisphere is negative and the inner is positive. Between the spheres there
is an equipotential surface o f radius ro (the central line ro= (n+ ri)!!) which is known as
the pass energy. In XPS instruments, the pass energy is fixed (E) so it will maintain a
constant absolute resolution (AE) since the analyzer resolution as AE/E is constant.
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Normally, 100 to 200 eV pass energies will be used to acquire survey scans, and 5 to 25
eV pass energies will be used to acquire high-resolution spectra. For the detector systems,
the photoelectrons pass through from the entrance through the exit o f the analyzer ■
without colliding with the hemisphere separated for only a narrow range electron o f
energies. The magnitude o f the electron energy range depends upon several quantities
including the pass energy, the size o f the entrance and exit slit, and the angle with which
the electrons enter the analyzer. The most commonly used detector in XPS is the
multichannel detector that is used to count the number o f electrons leaving the analyzer at
each energy level. The system may be in the form o f a few equivalent multiple, parallel,
detector chains or a position sensitive detector spread across the whole o f the analyzer
output slit plane.

Data System
Both controlling instrument operation and performing data analysis are controlled
by the modem computers [10]. For controlling instrument operation, most accessories
and components (ion guns, electron guns, valves, etc.) including, the power supplies
(pass energy, scan rate, Ey range) and the sample positioning system can be controlled by
computers. These computers are useful to preselect and store the desired scan parameters,
,and execution o f these commands can be processed automatically.
Most computers are used for multitasking both data acquisition and data analysis
which can be presented in either a digital or an analog mode. Modem software programs
have a wide range o f data analysis capabilities. Automatic peak finding, identification o f
components and quantification can be processed in seconds. Image X-Y maps and depth
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profiles can be generated. The software provides for data processing (smoothing, plotting,
transferring, curve fitting, peak deconvolution). In general, as computer systems increase
speed and power every year, so the XPS instruments also improve in quality.

Accessories
XPS systems can have almost unlimited types o f accessories [10]. The common
accessories are electron guns, ion guns, gas dosers, and quadrupole mass spectrometers.
Choosing the accessories to use depend upon on the applications that are planned for the
testing system. For monochromatized XPS system, the most important accessory is the
low energy electron flood gun that is used for obtaining high quality spectra from
insulating materials. For many cases, XPS is a part o f a multicomponent surface analysis
system which can have one or more additional techniques (SIMS, Auger, ion scattering,
LEED) mounted on the same vacuum chamber.

Quantitation and Data Interpretation - Line Identification
In general, interpretation o f the XPS spectrum is the most well understood [12].
First, one identifies the main lines that are always presented (specially C and 0 ). Next,
the major lines and associated weaker lines are identified. Finally, the remaining weak
lines are identified. Commercial spectrometers have peak identification algorithms in
their data reduction packages, but in cases o f poor signal to noise ratio, manual
identification is still required. The following systematic procedure simplifies the data
interpretation and minimizes data.
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Step I.The C Is, O ls, C (KLL) and O (KLL) lines are normally prominent in any
spectrum. Identify these lines first along with x-ray satellites and energy loss.
Step2.Identify other intense lines. Next, label any related satellites and other less
intense spectral lines. Some low intense lines may be interfered with by more intense
signals, overlapping with other elements. The most common interferences by the C and O
lines, for example, are Ru 3d by C Is, and Sb 3d by O Is.
Step3.Identify the remaining minor lines. Keep in mind for the possible line
interferences. Small lines, which seem unidentifiable, may also be ghost lines.
Step4.Check the conclusion by using the spin doublets for p, d and f lines. These
lines should have the separation and be in the correct intensity ratio: p lines should be
about 1:2, d lines 2:3, and f lines 3:4.

Quantitation and Data Interpretation-Quantitative Analysis
For XP S, it is important to determine the relative concentrations o f the various
constituents. The best method to determine the relative molar concentration from the
peak area is the sensitivity factors method, which is generally the most accurate method
[12]. If the sample is homogeneous in the analysis volume, the number o f photoelectrons
per second in a specific spectra peak is given by:
I = nf crO y X AT

(4)

where n is the number o f atoms o f the element per cm3 o f the sample, f is the xray flux in photons per cm2-sec, a is the photoelectric cross section for the atomic orbital
o f interest in cm2, 0 is an angular efficiency factor for the instrumental arrangement based
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on the angle between the photon path and detected electron, y is the efficiency in the
photoelectric process for formation o f photoelectrons o f the normal photoelectron energy,
A, is the mean free path o f the photoelectrons in the sample, and A is the area o f the
sample from which photoelectrons useful to accurately record these line separations and
make comparison with model compounds are detected. T is the detection efficiency for
electrons emitted from the sample

I
f a O y X AT

(5)

In this equation, the denominator can be defined as the atomic sensitivity factor, S
(IcrGyAAT). If we consider a strong line from two elements, the ratio o f ni/na is:

n,

A

This equation can be used for all homogenous samples if the ratio Si/Szis matrixindependent for all materials. The values' a and A vary from material to material, but the
ratio o f each o f the two quantities cq/crz and Al/ Az is almost constant. For any
spectrometer, it is possible to develop a set o f relative values o f S for all elements. A
general equation to determine the atom fraction o f any constituent in a sample, Cx can be
written as:

c.

'

2%

M
S1

(7)

22

Values o f S are calculated based on peak area measurements. For
spectrophotometer PHI 5600, the values o f S are based on empirical data [13], which
have been corrected for the transmission function o f the spectrometer.

Angle Dependent X-Rav Photoelectron Spectroscopy

Angle dependent x-ray photoelectron spectroscopy has become a widely used
analytical technique [14] for the characterization o f surface properties o f a diversity o f
materials [15]: including insulating films, polymer materials, films used as adhesion
promoters, corrosion inhibitors, heterogeneous catalysts and passivating layers on metals
and semiconductors. The advantage o f this technique is an ability to nondestructively
detect all elements except hydrogen and helium at levels down, to about 0.05 atom
percent, and down to a depth o f about 5 nm in solid materials. The composition measured
[16] by XPS is nearly equal to the true surface composition if composition o f the sample
near surface is uniform. The principle o f angle dependent XPS is shown in Figure 6 [17].
Changing the angle between the surface normal and the sample detector (take off angle),
varies the XPS sampling depth. As a result, it is possible to obtain information on the
depth profile. The disadvantage o f the angle dependent XPS is that analyzing the result
present a difficult mathematical problem that has been widely addressed in the literature,
but without an acceptable solution. The intensity o f an XPS peak for an element at a
given take off angle can not be related to the concentration o f the element at a specific
depth below the surface.
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Figure 6. Cartoon illustrating the angle dependence on sampling depth

The signal intensity o f XPS in each element is shown in equation 8 [16].

I { 9 ) = A ^ n ( x ) e x,:o*e d x

(8)

o
This equation is a Fredholm integral equation where 1(6) is the XPS signal
intensity for the element at a take off angle (6), n(x) is the concentration depth profile o f
the element, X is the inelastic mean free path and x is the depth from the surface. At every
take off angle, atoms near the surface will contribute to the signal more strongly than
atoms further below the surface. In order to obtain the concentration depth profile
measurements at different take off angles, inversion o f this equation is necessary.
Inversion o f the equation is a mathematically unstable problem [15]. A regularization
algorithm for generation depth profiles from this technique has been developed using the
least squared error to the regenerated data set to improve the optimal smoothing (x). The
regularization algorithm was used with non-negative constraints, and this method showed
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significantly improved stability and accuracy with roughly equal computation difficulty.
The single value decomposition (SVD) algorithm was also used for inverting angledependent-XPS data [15].

Theory
From any orbital o f an element, the intensity o f the photoelectron flux at a take off
angle o f 9 [16], is given by:

(9)

where F1-/ is the absolute signal intensity o f peak i o f the jth element in the
sample; A is a constant that includes X-ray flux, area o f the sample being irradiated, and
the detector efficiency; Cjj is the photoionization cross-section, \\f is the transmission
function o f the detector; (j) is the angle between the X-ray and the surface; 0 is the angle
between the surface normal and the photoelectron electron trajectory; nj(x) is the
concentration o f element j at a depth x; and 1-is the electron attenuation length (the
distance an electron can travel before being elastically scattered). Generally, the
normalized signal intensity (Fjj) can be calculated by correcting Fy* for differences in the
photoionization cross-section, transmission function, sampling depth and changes in Xray incidence [17].

=

V j ( X ) - B k j cos6 CIx

/L';U : A
o

( 10)
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It is standard practice in XPS to define a new variable in order to reduce the
number o f unknowns in Equation 10. This is accomplished by defining the relative
composition, ny(x) as
n I j i x )

-A-Ttj

(1 1 )

The relative composition reduces Equation 10 to one equation with one unknown
as follows:
O
O

FiO)

=

-V

J Hij (x) • Bxixms6 dx
0

(12)

For conventional XPS, Equation 12 is also simplified by assuming all elemental
concentrations are homogeneous throughout the XPS sampling depth. This allows
Equation 10 to be integrated to obtain:
Fi JiO) = Hi j ■cos(0)

(13)

Calculation o f the atomic percentages is then:

Tjj

=100

7I i j

(14)

IX *
V=i
J
It is significant to note that if the concentration is not homogeneous in the
sampling depth Equation 11 is not valid and Equation 10 must be used in conjunction
with a smoothing technique. Homogeneity is normally determined qualitatively by
performing experiments at different take-off angles, 0, which effectively changes the
sampling depth.
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CHAPTER 3

SAMPLE PREPARATION
Cleaning Samples
Gold coated SPR slides were obtained from SPREETA*. The 5 MHz QCM’s were
purchased from International Crystal Manufacturing Co. Inc. XPS analysis o f the as
received SPR slides and QCM’s showed that they were contaminated with carbon,
nitrogen and oxygen. Four methods were used to clean the gold surfaces. For method
one, the gold surfaces were placed in an acid bath [18] containing concentrated sulfuric
acid and Nochromix for 12 hours and then the samples were rinsed with nanopure water
and air dried. For method two, samples were placed in base bath [18] that contains KOH,
ethanol and water for 12 hours and then rinsed with nanopure water and air-dried. For
method three, samples were placed in chloroform and sonicated for 5 min and then rinsed
with nanopure water and hot air dried. For method four, the samples were placed in an
equimolar solution o f NaOH and H2O2 for 12 hours, then rinsed with nanopure water and
dried at the room temperature.

Preparation o f 16 - Mercanto Hexadecane (TISfC^hsC H ri
Solutions o f 0.25, 0.5 and 1.0 mM o f 98% mercapto hexadecarie in 100% ethanol
were prepared [I]. A piece o f gold was placed in the solution overnight. Then the sample
was rinsed with 100 % ethanol. XPS was used to confirm the presence o f the S-Au bond
and the alkane chains on the surfaces.
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Preparation o f 16 - Mercaoto Hexadecanoic Acid fHSfCEM,<COOm
A solution o f 0.5 mM o f 16 - mercapto hexadecanoic acid in 100% ethanol was
prepared [I]. A piece o f gold was placed in the solution overnight then rinsed with 100%
ethanol. XPS was used to confirm the presence o f the S-Au and the alkane chains, and the
carboxylic acid on the surfaces.

Activation o f Carboxvlic-Acid-Terminated SAM with Dihvdrazide
After the formation o f the carboxylic acid SAM, the samples were put in 100 mM
MES buffer (pH 4.7), then covered with 500 mM adipic dihydrazide in 100 mM MBS,
(pH 4.7) and stirred. Then 0.3 g EDC (I [dimethyl-aminopropyl]-3-et ethylcarbodimide 98%HC1 from Aldrich) per 10 ml dihydrazide solution was added and the solution was
stirred for 1,2, 3, 6, 12, 24 hrs [I]. After stirring, the samples were rinsed with nanopure
water to remove soluble unreacted reagents and the sample was put in I M NaCl to form
salts o f partially soluble unreacted reagents, then rinsed with nanopure water. XPS was
used to confirm for S-Au binding and presence o f hydrazide.

The QCM Sensor
The QCM sensor consisted o f a 5 MHz AT-cut QCM mounted on a spring-clip
base inserted into a ceramic socket on the oscillator (International Crystal Manufacturing
Company, Oklahoma City). The oscillator had a frequency range o f 1.0-30.0 MHz. Data
acquisition was accomplished using the SAW PRO-250 instrument and software
(Microsensor Systems, Orlando, FE). The crystal oscillated at a frequency o f 5 MHz in
air and at the third harmonic, 15 MHz, when clamped in the flow cell.
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The OCM Flow Cell
The flow cell consisted o f an acrylic plastic module fitted with Teflon tubing inlet
and outlet ports (Universal Sensors, Inc. Metairie, LA) using flangeless connectors
(Upchurch Scientific, Oak Harbor, WA) attached to 0.010" ID x 1/16" Teflon tubing.
The QCM, in its spring clip holder, was clamped securely between a pair o f O-rings so
that the lower surface remained dry while the wet side was exposed to an approximately
70 ml flow cell volume. A Pharmacia P-I peristaltic pump set for 0.2 ml/min. was used
in the flow mode. In flow mode, measurements were first made with 0.9-ml Dulbecco's
phosphate-buffered saline (PBS) (Sigma Chemicals, St. Louis). Readings were stopped,
the buffer solution was removed with a Pasteur pipette, and 0.9 ml o f sample was
pipetted into the well. Recording was restarted immediately after addition o f sample.

Preparation o f the Oxidized Antibody
The antibody selected for these experiments was Anti-LT (anti- Escherichia coli
heat - labile enterotoxin) which was obtained as a gift from o f W. Ceiplak (Corixa Corp.
Hamilton, MT). A sugar side chain on the antibody was oxidized to form an aldehyde
that will react with the dihydrazide bound to the gold surface.
The antibodies were suspended in 100-mM sodium phosphate buffer, pH 1.2 at a
concentration o f 4.5-mg/ml and stored frozen. For use, 25-50 pi was diluted with
approximately 100 pi o f IOOmM sodium phosphate buffer, pH 7.2, so the final
concentration was 0.1 mg/ml or O.Olmg/lOO pi. This sample (0.01 mg/100 pi buffer) was
mixed with 10 pi o f 0.1 M NaICL in a semi-opaque 1.5 ml centrifuge tube and incubated
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in a dark room at ambient temperature for 30 min. Next, 500 pi phosphate-buffered saline
(PBS, 10 mM phosphate, 150 mM NaCl, pH 7.4) was added to stop the reaction. Then,
the sample was placed in a 0.5 ml filter concentrator, (molecular weight cutoff 30,000)
and centrifuged for 10 min at 7000x g to concentrate the antibody and remove the
periodate. The concentrate was diluted with an additional 500 pi buffer and centrifuged
as above. Finally, 100 pi o f sample was recovered (estimate about 0.01 mg antibody).

Test for Presence o f Aldehyde
5 ml sample was mixed with 50 ml Purpald reagent, (4-amino-3 -hydrazino-5mercaptol, 2, 4-triazole, Acros515 mg/2 ml I N NaOH) on a glass slide: positive +
precipitated protein produced a purple spot in center o f drop within 5 min. at room
temperature. Concentrate should contain antibody having glycosides oxidized to
aldehydes. For controls: 5 ml eluent from centrifugation were mixed with 50 -14-amino3- hydrazino-5-mercapto-1, 2, 4-triazole (15 mg/2 ml I N NaOH) on a glass slide:
positive +++ very dark lavender within 5 min. at room temperature. Eluent contains
aldehydes released from oxidized sugars. 5 ml PBS + I ml NaI04 were mixed with 50 ml
4- amino-3 -hydrazino-5-mercapto-1 2, 4-triazole (15 mg/2 ml I N NaOH) on a glass
slide: negative clear within 5 min. at room temperature and still clear 30 minutes later. 5
ml untreated anti-LT antibody were mixed with 50 ml 4-amino-3-hydrazino-5-mercapto1, 2, 4-triazole (15 mg/2 ml I N NaOH) on a glass slide: negative clear within 5 min. at
room temperature and still clear 30 minutes later.
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Experimental Procedure

Techniques for Obtaining Spectra
For this research a PHI 5600 XPS instrument located in the Imaging and
Chemical Analysis Laboratory (ICAL) at Montana State University has been used. Figure
7 illustrates the relationship o f major components in this system including the X-ray
source (a model 10-550 x-ray source with a Model 10-410 monochromator and a
magnesium anode operated at 400 W (15 kV-27mA). The electron-energy analyzer uses
the Omni Focus III lens to scan the spectrum at a constant pass energy and an
electrostatic hemispherical analyzer (the model 10-360 Electron Energy Analyzer
incorporated into 5600 is an SCA). Pressure in the introduction chamber is maintained
about 10"6-10"7torr while the analysis chamber is kept at about 10"8-10'9torr. The PHI
ACCESS™ data system is.used to record and store data.
For this work, a broad scan survey spectrum was used to identify the elements o f
the unknown surface. For the survey scans, a scan range is used from 1400-0 eV (Al
excitation) binding energy. An analyzer pass energy at 93.9 eV is used for survey scan.
After that, the detail scans are used for quantitative analysis and for peak deconvolution
at a lower pass energy (1 17 eV). For the high resolution peak, the lowest pass energy is
used at 11.75eV. The peak areas were calculated using the Phi multipak software and
quantitation was performed using the sensitivity factors method determined by the
instrument manufactures.

31

Figure 7. A schematic diagram o f the PHI Model 5600 MultiTechnique system.
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CHAPTER 4

RESULTS AND DISCUSSION
Cleaning Results
The as received gold slide samples were contaminated with oxygen, nitrogen, and
carbon to the extent that the surface showed only 17% gold. To reduce the
contamination, chloroform, acid bath, base bath and Na0H+H202 were tested for
cleaning the gold slides and the results are shown in the Table 3.

Table 3. Atomic Percent Components o f Cleaning Results for the Gold Slides
Methods
Components
Cl
Ol
Au4f
NI
Others
Control

51.30+1.85 23.40+2.50

17.09+0.68 8.23+1.32

Chloroform 51.05±1.73 26.64+4.83
Acid bath 48.33+4.69 17.47+1.82

13.26+1.46 9.06+1.64
25.88+6.71

Base bath

16.81+0.15

26.63+0.82

NaOH+H2 55.00+2.71 21.33+1.00
O2

18.25+0.65

56.57+0.96

8.33+0.22
Sn3d5
2.66+0.5

From this table, the best cleaning method is base bath because it can remove
nitrogen from 8.23% to none and also reduce oxygen from 23.40% down to 16.81%,
which we can recognize when adipic dihydrazide reacted with thiol. Percent o f carbon
and gold increase from 51.30 to 56.57 and 17.09 to 26.63 respectively. Chloroform and
acid bath can not remove the nitrogen from gold slides. For NaOH^-H2O2, Sn3d5 was
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found in the surface o f gold slides. So base bath solution has been used for these
experiments.
Although base bath method was chosen to use in this experiment, it still has too
much oxygen on the surface. Nanopure water and hot air drying (blow dryer) were used
to reduce the oxygen. The results are shown in Table 4.

Table 4. Atomic Percent Components o f Cleaning Results o f Gold Slides Using Base
Bath
Methods
Components
Au

C

O

Water+air-dried I min

32.8+2.04

55.14+4.27

12.03+2.23

Water+air-dried 1+1 min

31.28+1.72

56.02±0.83

12.70+2.55

Water+air-dried 2 min

28.8+±2.11 57.55+3.25

13.65±2.5

Changing the cleaning time between 1-2 min, the results did not change the
results. Nanopure water and hot air drying for I min method was used in this work. This
cleaning method also was used for the QCM cleaning and the results are shown in
Table 5.

Table 5. Atomic Percent Components o f Cleaning Results o f QCM Using Base Bath +
Samples

Components
Au

C

O

I

28.86

55.45

15.69

2

26.14

56.51

17.35

3

32.49

50.35

17.16
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From these results, base bath method + nanopure water + hot air drying cleaned
the QCM well, removing all nitrogen and increasing the percent o f gold. Base bath was
used to clean both gold slides and QCMs for all experiments represented here.

Results o f Cleaned Gold Slides Linked with Alkane Thiol
After the surface o f the gold was cleaned, alkane thiol was used to bind to the
gold. Solutions o f 0.25, 0.5, and I mM mercapto hexadecane in 100 % alcohol were used
with changing times (24 or 48 hrs) to find the best conditions to use in this experiment.
The XPS results for these experiments are shown in Table 6.

Table 6. Atomic Percent Components o f Gold Slides Using Base Bath + Nanopure
Water + Hot Air Drying + Mercapto Hexadecane (Alkane Thiol)
Alkane Thiol
% Components
Au

C

O

S

0.25 mM 24 hr

20.15+2.10 62.35+3.25 13.85+1.24 3.65+0.42

0.25 mM 48 hr

24.14+2.5 60.78+4.75 13.06+2.1

2.02+0.24

0.5 mM 24 hr

25.25+3.1 63.04+4.38

9.25+1.2

2.46+0.14

0.5 mM 48 hr

23.26±2.6

9.79+2.3

2.14+0.59

I mM 24 hr

24.87+2.55 62.67+4.5 10.71+2.22

64.71+3.9

1.75+0.98

From this data, 0.5 mM 24 hrs was chosen to use in this experiment because it has
less oxygen and has more gold. The same conditions were chosen to use with mercapto
hexadecanoic acid because it has the same length carbon chain.
After soaking in 0.5 mM acid thiol for 24 hrs to link with the gold, adipic
dihydrazide was reacted with the carboxylic acid to form hydrazide group that could
bond with antibodies.
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In this experiment, acid thiol was observed more than alkane thiol. Alkane thiol
was not supposed to bond with adipic dihydrazide. The concentration o f adipic
dihydrazide and time were examined to find the optimal conditions. The results are
shown in Table 7.

Table 7. Atomic Percent Components o f Gold Slides by Base Bath + Nanopure Water +
Hot Air Drying + Mercapto Hexadecanoic Acid (Acid Thiol) + Dihydrazide_________
Solutions
Components
Au
C
O
N
S
500 mM
24.6+0.41 57.53+1.05 14.77+0.03 2.25+0.03 0.88+0.32
Dihydrazide I hr
500 mM
18.71+4.01 62.78+3.64 14.74+0.41 2.40+0.16 1.36+0.13
Dihydrazide 2 hr
500 mM
21.45+2.09 61.15+2.54 13.36+0.3 2.73+0.36 1.32+0.21
Dihydrazide 3 hr
500 mM
22.06+2.94 60.08+2.0 13.01+0.94 3.53+0.22 1.330+.2
Dihydrazide 6 hr
500 mM
22.67+1.87 59.08+2.39 12.94+0.62 4.03+0.24 1.29+1.15
Dihydrazide 12 hr
500 mM
15.44+0.53 63.6+0.65
13.88+0.3 6.35+0.11 0.75+0.08
Dihydrazide 24 hr
I M Dihydrazide 6 18.79+0.54 60.13+2.33 14.03+2.13 6.13+0.15 0.93+0.2
hr
I M Dihydrazide 12 14.84+1.0 66.02+1.07 12.59+0.15 5.72+0.09 0.84+0.13
hr
I M Dihydrazide
18.66+1.3 60.28+0.22 12.91+0.84 6.8+0.37 1.36+0.13
24 hr

From the results, 500 mM dihydrazide for 24 hrs was chosen to use in the
experiment because these conditions resulted in the highest concentration o f dihydrazide
on the surface, which is shown, by the nitrogen concentration o f 6.35 ± 0 .11%. This
concentration was higher than that measured concentration was using the same
concentration but less time. For the IM dihydrazide, the nitrogen was almost the same as
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500 mM dihydrazide 24 hrs, but the solution o f IM dihydrazide was cloudy suggesting
that the dihydrazide was not completely soluble at this concentration.

Results o f Alkane Thiol on the OCMs
XPS analysis was used to verify the formation o f the alkane thiol SAMs on the
gold surface (QCM). The results are shown in the Table 8.

Table 8. Atomic Percent Components o f Alkane Thiol Results on QCM from XPS as a
Function o f Photoelectron Take-off Angle______________________
A lkane
Average % of components
Angle
Au%
C%
0%
S%
20
I 1.55
74.88
12.46
1. 11
40
22.95
64.35
I 1. 4 1
1.28
60
3 1 .28
10.62
56.93
1.18
80
34.07
54.27
10.37
1.29
The clean gold o f QCMs contain only Au, C, and O on the surface. After being
exposed to the alkane thiol in Table 8, sulfur can be observed on the surface o f alkane.
The binding energy o f the thiol is at 162 eV in Figure 9 that verifies the formation o f a
Au-S bond. The peak o f C ls o f the alkane thiol bonded with gold surface is showed in
Figure 8.
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NQT4 2 .S P E : New QCM c le a n e d by base bath,
100 May 30 Al m ono 300.0 W 0.0 p 80.0° 11.75 eV
C l s/Full/1

x 10'

1.7 8 07 e+ 0 04 max

PHI
1132.51 min

NQT42.SPE

B i n d i n g E n e r g y (eV )

Figure 8. Graph o f XPS C ls photoemission line for alkane thiol on QCM
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NQT41 .S PE : New QCM c le a n e d by b a s e bath,
100 May 30 A l m o n o 3 0 0.0 W 0.0 p 80.0° 117.40 eV

PHI
1 .7 5 7 6 e + 0 0 5 m a x

S2p/Full/1

x 105

NQT41.SPE

Binding Energy (eV)

Figure 9. Graph o f XPS S2p photoemission line for alkane thiol

14 8.8 4 min

39
Results o f Acid Thiol on the OCMs
XPS analysis was used to verify formation o f the acid thiol SAMs on the gold
surface (QCM). The results are shown in the Tables 9 and 10.

Table 9. Atomic Percent Components o f Acid Thiol on QCM
Photoelectron Take-off Angle______________________
Acid
Average % o f components
Angle
Au%
C%
o%
20
9.24
70.72
19.21
40
19.32
62.13
17.62
60
29.79
54.28
14.98
80
32.05
52.65
14.37

Table 10. Results o f C ls Curve Fit for Acid Thiol on
Band
Position
Delta
FWHM
Height
I
285.07
0
1.3
7984
2
286.44
1.37
1.77
975
3
288.92
3.85
1.88
515

QCM
Area
11030
1837
1028

from XPS as a Function o f

S%
0.83
0.93
0.95
0.93

%Gauss
100
100
100

0ZoArea
79.38
13.22
7.4

The clean gold o f QCMs contain only Au, C, and O on the surface. After being
exposed to the acid thiols, sulfur can be observed on the surface. The binding energy o f
the acid thiol at 162 eV in Figurel I, which verifies the formation o f an Au-S, bond. From
the C I s peak in figure 10, O-C-OH peak at 286.44 and 288.9 eV was found which
confirmed this acid bonding to gold surface.
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N Q A 42.S P E: New QCM c le a n e d by b a se bath,
100 May 30 A l m o n o 3 0 0 .0 W 0.0 p 80.0° 11.75 eV
Cl s/Full/1 (Shft)

x IO4

1.5 6 0 7 e + 0 0 4 m ax

NQA42.SPE

Binding Energy(eV)

Figure 10. Graph o f XPS C ls photoemission line for acid thiol on QCM

PHI
15 8 5.5 2 min
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NQA21 .SPE: New QCM cleaned by base bath,
100 May 30 Al mono 300.0 W OOp 40.0° 171.B-TlfflSeVO04 max
S2p/Full/1

NQA21.SPE

Binding Ener gy( eV)

Figure 11. Graph of XPS S2p photoemission line for acid thiol

PHI
161.24 min
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Results o f Alkane Thiol +Adipic Dihvdrazide
XPS analyses were also used to study the reaction o f the alkane thiol SAM with
the adipic dihydrazide. The results are shown in Tables 11-12.

Table 11. Atomic Percent Components o f Alkane Thiol +Adipic Dihydrazide on QCM
from XPS as a Function o f Photoelectron Take-off Angle________________
Al k a n e & Di hydraz i de
A v e r a g e % o f c o mp o n e n t s
Angel
Au%
C%
0%
N%
S%
20
8.01
7 2. 83
13. 55
4.81
0. 80
40
18. 47
63.82
12. 20
4. 66
0. 84
60
24.50
58.57
I 1.58
4. 66
0. 6 9
80
29.17
5 3. 79
1 1.77
4. 46
0. 8 0
Table 12. Atomic Percent Components o f Tween 20 Results o f Alkane Thiol +Adipic
Dihydrazide Compared with Al cane Thio +Adipic Dihydrazide
Au
C
O
N
S
*2(45)
28.87
58.03
10.72
1.75
0.63
40
18.47
6182
12.20
4.66
0.84

From Table 11, N was observed due to the presence o f adipic dihydrazide. This
shows that the dihydrazide is present on the surface but it difficult to determine whether it
is covalently bound or simply adsorbed. To answer this question, the samples were
washed with tween 20 to remove adsorbed material. From the results o f QCMs, which
were washed by tween 20, only a trace amount o f N was observed in Figure 12 and in
Tablel2. C and O also washed off from the surface. This indicated that the tween 20
washed adipic dihydrazide off the surface. The N remaining is due to the tween 20 can
not wash all adipic dihydrazide out o f the surface. In this condition, adipic dihydrazide
did not bond with alkane thiol but they only adsorbed to each other.
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EXBTD12.SPE: New QCM cleaned by base, thio
PHI
100 Jun 13 Al mo n o 300.0 W 0.0 p 45.0° 1 8.76Sb3£+003 max 2265.02 min
C l s/Full/1 (Shft)

EXBTD 1 2.SPE

300

295

290
285
Binding E n e r g y (eV)

280

275

Figure 12. Graph of XPS C ls photoemission line for tween 20 o f alkane thiol +
dihydrazide (lower peak) and alkane thiol + dihydrazide (upper peak)
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Results o f Acid Thiol +Adipic dihydrazide
XPS analysis was also used to verify the reaction o f the acid thiol SAM with the
adipic dihydrazide. The results are shown in Tables 13-15.

Table 13. Atomic Percent Components o f Acid Thiol + Adipic Dihydrazide on QCM
from XPS as a Function o f Photoelectron Take-off Angle
Ac i d & Di hy dra z i de
Av e r a g e % o f c o mp o n e n t s
Angle
Au%
C%
o%
N%
S%
20
6. 78
69.90
17.47
5. 28
0. 57
40
15.95
61. 61
17.01
4. 85
0. 58
60
23.44
5 6. 48
14.65
4. 65
0. 78
80
26.59
5 4. 00
14. 08
4. 72
0. 62
Table 14. Atomic Percent Components o f Compared between Tween 20 Results o f Acid

Thiol + Dillydrazide and Acid Thiol + Dihydrazide
Au
C
O
N
12(40)
14.69
65.44
15.84
2.88
40
14.59
69.28
11.71
3.36

S

1.15
1.07

Table 15. Results o f C ls Curve Fit for Acid Thiol + Dihydrazide
Band
Position
Delta
FWHM Height
Area
%Gauss
I
0
284.99
1.37
9452
13783
100
2
1.57
286.56
1.4
2378
3544
100
3
288.27
3.29
1.3
1036
1501
90
4
1.3
487
289.28
4.29
673
100

0ZoArea
70.68
18.17
7.7
3.45

From Table 13, N was observed due to the presence o f adipic dihydrazide. This
shows that the dihydrazide might bond with the acid thiol. From the high resolution C ls
peak Figure 14 and Table 15, the four functional groups are identified for the acid thiol
dihydrazide complex, the first one is C-H peak about 285 eV, the second is O=C-N peak
at 288 eV [19] that shows dihydrazide bonded with acid thiol. The last band is O=C-OH
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at 289 eV [19] that indicated it still has some unreacted acid thiol left: The peaks (Figure
13) obtained after tween 20 treatment had almost the same values as acid thiol +
dihydrazide confirming that the acid thiol reacted with dihydrazide but tween 20 peak has
higher peak at 285-287.5 eV because it still has tween 20 on the surface. From the tween
20 results, nitrogen is slightly lower because some tween 20 remained on the surface.
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QNBAD62.S PE: New QCM c l e a n e d by b ase,acid .
100 Jun 9 Al m o n o 300.0 W 0.0 p 40.0° 11.75 eV
C l s/Full/1 (Shft)

8.8581 e + 00 3 max

PHI
I 58 5.5 2 min

QNBAD62.SPE

295

290

285
Binding Energy (eV)

280

275

Figure 13. Graph of XPS C ls photoemission line for tween 20 o f acid thiol (upper peak)
+ dihydrazide and acid thiol + dihydrazide (lower peak)
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NQAD82.SPE: New QCM c le a n e d by b ase, acid
I O O J u n I Al m o n o 300.0 W 0.0 p 80.0° 11.75 eV
C1s/Full/1 (Shft)

PHI
1 .7 67 8e+ 004 m ax

x 104

NQAD82.SPE

295

290
285
Binding Energy (eV)

1359.01 min

280

Figure 14. Graph o f XPS C ls photoemission line for acid thiol +dihydrazide
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Results of Alkane Thiol + Adipic Dihvdrazide + Antibody
XPS analysis was also used to verify the presence o f the reaction o f the alkane
thiol SAM bound to adipic dihydrazide with the antibody. The results are shown in
Tables 16-17.

Table 16. Atomic Percent Components o f Alkane Thiol + Adipic Dihydrazide +
Antibody on QCM from XPS as a Function o f Photoelectron Take-off Angle
________ Alkane &Dihydrazide&Antibody_______
Average % o f components
Angle
Au%
C%
0%
N%
S%
20
4.20
68.65
16.47
10.09
0.60
40
8.87
65.01
15.28
10.17
0.68
60
14.15
60.70
15.17
9.50
0.48
80
16.30
59.77
13.71
9.72
0.51
Table 17. Atomic Percent Components o f Compared between Tween 20 Results o f
Au

C

O

N

S

t2 (4 5 )

20.13

62.64

11.02

5.22

0.99

40

8.87

65.01

15.28

10.17

0.68

After the samples had been reacted with the antibody, they showed an increase in
nitrogen and a decrease in the gold percent in Table 16. Measurements made on QCM
washed by tween 20, showed only a trace amount o f N (Table17) C and O also washed
off from the surface. Figure 15 showed that tween 20 washed unbound dihydrazide +
antibody off the gold surface. Some N remained because the tween 20 can not wash all
adipic dihydrazide and antibody from the surface. In this condition, adipic dihydrazide +
antibody did not link with acid thiol but they only adsorbed to each other.
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NQTDA62.SPE: New QCM cleaned by base, thio
100 Jun 2 Al mono 300.0 W 0.0 |j 40.0° 11 <y.62A2e+003 max
Cl s/Full/1 (Shft)

PHI
1812 02 mi i

NQTDA6 2.S PE

Binding En er gy (eV)

Figure 15. Graph o f XPS C ls photoemission line for tween 20 results o f alkane thiol +
dihydrazide + antibody (lower peak) and alkane thiol + dihydrazide + antibody (upper
peak)
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Results o f Acid Thiol + Adipic Dihydrazide + Antibody
XPS analysis was also used to verify the reaction o f the acid thiol SAM with the
adipic dihydrazide and antibody. The results are shown in Tables 18-20.

Table 18. Atomic Percent Components o f Acid Thiol + Adipic Dihydrazide + Antibody
on QCM from XPS as a Function o f Photoelectron Take-off Angle________
Ac i d & D i hy d r a z i d e &An t i bo d y
A v e r a g e % o f c o mp o n e n t s
Angle
Au%
C%
o%
N%
S%
20
5. 83
71.14
15.03
7.41
0. 5 8
40
12. 14
65.16
14. 74
7.35
0.61
60
18. 50
59.89
14.27
6. 77
0. 56
80
21.39
57. 55
13.63
6. 82
0.61

Table 19. Atomic Percent Components o f Compared between Tween 20 Results o f Acid
Angle
t2(45)
40

Au
12.64
8.89

C
61.64
67.68

% components
O
N
16.51
152
14.23
153

S
0.69
0.68

Table 20. Results ol C ls Curve Fit for Acid Thiol + Dihydrazide + Antibody
Band
Position
Delta
FWHM
Height
Area
%Gauss
%Area
I

284.97

0

1.35

10365

14912

100

68.64

2

286.38

1.41

1.33

2339

3321

100

15.29

3

288.2

123

2.4

1342

3491

96

16.07

After the samples were reacted with the antibody, they show an increase in
nitrogen and a decrease in the gold signal in Table 18. The C ls peaks in Figure 16 show
an increased amount o f amide bonds (288.2 eV) as well as C O and C-N bonds which are
indicative o f protein. From the tween 20 results in Figure 17, the peak looked almost the
same as peak o f acid thiol + dihydrazide +antibody but tween 20 was still left on the
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surface at 286-287.5 as seen form the higher peak. This showed acid thiol covalently
bond with dihydrazide + antibody.

N QA D A 42.SPE: New QCM c l e a n e d by b a s e , acid
100 Ju n 2 Al m o n o 3 0 0 .0 W 0.0 p 80.0° 11.7 5 eV
CIsZFu 11/1 (Shft)

x104

PHI
1.8 5 2 5 e + 0 0 4 m a x

1132.51 min

NQADA42.SPE

Binding Energy (eV)

Figure 16. Graph o f XPS C ls photoemission line for acid thiol + dihydrazide + antibody
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EXBADA24.S PE: New QCM c le a n e d by b ase,acid,
100 Jun 14 Al m o n o 300.0 W 0.0 p 45.0° 11.75 eV
Cl s/Full/1 (Shft)

9 .9 1 56 e + 003 m ax

PHI
2 0 3 8 .5 2 min

EXBAD A24.SPE

Binding Energy (eV)

Figure 17. Graph o f XPS C ls photoemission line for tween 20 results (upper peak) o f
acid thiol +dihydrazide +antibody and acid thiol +dihydrazide +antibody
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Thickness Results
To estimate the thickness o f the overlayer, a simple two-layer model was used. If
the sample consists o f an overlayer o f uniform thickness covering the gold substrate, the
ratio o f the signal from the all elements in the overlayer to the signal from the gold can be
described by the following equation.

E

Jn,e^™»dx

Iq(Q)

elements p

Is (Q )

.

—

( 15)
L_

Te ^ cosedx
d

where I0 is the combined signal intensity for all elements in the overlayer, Is is the
signal from the gold substrate, n, is the mole fraction o f each element in the overlayer,
X is the attenuation length for each element and d is the thickness o f the overlayer. If the
attenuation lengths for the elements are assumed to be approximately equal, the equation
can be simplified as follows.

-d

d

('I-Q ^c0s6)
_ e x cose _-j
-a

( 16)

g l cos 6
d

Equation 16 can then be rearranged to allow calculation o f the thickness d as
shown in equation 17.

(17)
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For the samples in this study, it was assumed that the C, O, N, and S were all
present only in the overlayer and that the gold was present only in substrate. After the
intensities o f the elements were corrected for the sensitivity factors, the intensity o f the C,
0 , N and S were added to obtain I0. The gold signal was corrected for the sensitivity
factor and used as Is. The thiclaiess, d, was then calculated using all four angles and a
weighted least squares fit to equation 17. The thickness calculated by this method is only
meaningful if the assumption that the overlayer is uniform is valid. In order to determine
the validity o f this assumption, the full depth profiles were estimated using the
regularization algorithm and SVD algorithm as will be presented in the next section.

Thickness Results o f Alkane Thiol on the OCMs
From the results o f intensity from XPS, the thickness o f the layers was
determined. The results o f thickness in alkane thiol, alkane thiol + dihydrazide, and
alkane thiol + dihydrazide + antibody are shown in Table 21.

Table 21. Thickness Results o f Alkane Thiol on the QCMs
Alkane
Thickness (A)
Sample
Alkane
Aik+hihy
I
27.25
31.51
II
29.36
34.21
III
33.35
30.97
IV
31.31
31.00
Average
29.72
32.51
1.86
STDev
1.51 .

Alk+dihy+anti
40.99
44.00
43.35
40.77
42.28
1.64

From these, results, for QCMs bonded with alkane thiol, the thickness o f this
alkane layer is 29.722+1.8561 A 0. For QCMs bonds with alkane thiol and adipic
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dihydrazide, the thickness o f this layer is 32.256+1.8969 A 0. The increase in the
thickness o f the layer is not statistically significant at 95% confidence level based on a
T-test. This result is consistent with the hypothesis at the added nitrogen on the surface is
due to adsorption or intercollation o f the dihydrazide rather than covalent binding.

Thickness Results of Acid Thiol on the OCMs
From the results o f intensity from XPS, thickness o f layers was determined that
the results o f thickness in acid thiol, acid thiol + dihydrazide, and acid thiol + dihydrazide
+ antibody were shown in Table 22.

Table 22. Thickness
Acid
Sample
I
II
III
IV
Average
STDev

Results o f Acid Thiol on the QCMs
Thickness (A)
Acid
Acid+dihy
28.5670
33.6369
33.7697
36.2355
30.1068
34.9436
34,7164
35.4207
31:7900
35.0592 ‘
2.9271
1.0879

Acid+dihy+anti
37.9156
37.7809
4 1 .6842

43.8307
40.3028
2.9672

From these results, for QCMs bonded with acid thiol the thickness o f this acid
layer is 31.79+2.9271 A°. For QCMs bonded with acid thiol and adipic dihydrazide,
thickness o f this layer is 35.0592+1.0879 A°. This increase in the thickness o f layer is
statistically significant at 95% confidence level based on a T test. This result is consistent
with the hypothesis that thicker layer is from covalent bonding o f dihydrazide and
antibody bound to the QCM surface.
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Angle-Resolved XPS Results
For the angle-resolved XPS experiments, the intensity o f components was
observed at 20, 40 60, and 80 degrees. This intensity was weighted with a sensitivity
factor and then scaled with scale2 (Appendix # A) in Matlab [17]. Next, plots or ExpReg
(Appendix # A) in Matlab was used to find the best alpha value for the regularization
method. SVDReg (Appendix # A) in Matlab was used to find the number o f singular
values for the SVD method. After the best conditions were determined, graphs o f these
depth profiles calculated by these two methods were plotted and are shown in figures 1823 using plots a in Matlab for alkane thiol and acid thiol and plot2 for alkane and acid
thiol + dihydrazide or alkane and acid thiol + dihydrazide +antibody.
From these graphs, it can be seen that the alkane thiol layer is uniform. Both
calculated depth profiles showed that near the surface there is a lot o f carbon and only a
small amount o f oxygen, sulfur, and gold but below 60 A 0, there is only gold (FigurelS).
For alkane thiol + dihydrazide in Figure 19 that near the surface there is a lot o f carbon
and only a small amount o f oxygen, sulfur, and gold but below 40 A°, there is mix o f
carbon, gold, oxygen and a little o f nitrogen and also the same results in alkane thiol +
dihydrazide + antibody (Figure 20). These indicate that alkane thiol + dihydrazide and
alkane thiol + dihydrazide + antibody are patchy.
For the acid thiol, the layer observed in the regularization and SVD graphs in
Figure 21 near the surface at about 10 A° shows a lot o f carbon and some oxygen and at
20 A° there is a lot o f carbon and little sulfur, but below 60 A° there is only gold on the
surface. These indicated that the acid thiol layer is uniform. For acid thiol +dihydrazide,
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the layer is patchy as seen in the regularization and SVD graphs in Figure22. Near the
surface, about 10-30 A°, there is a lot o f carbon and some oxygen and sulfur. Below 35
A 0 there is .a lot o f gold and some carbon. For acid thiol + dihydrazide +antibody, the
layers are patchy as observed in regularization and SVD graphs "(Figure 23). Near the
surface at 10-20 A° there is a lot o f carbon, small amount o f oxygen, nitrogen and sulfur,
but below 30 A° there are all o f the components that are present on the surface.
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Figure 18. Concentration depth profiles for alkane thiol on QCM calculated from
ARXPS results using the regularization and SVD algorithm
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Figure 19. Concentration depth profiles for alkane thiol + dihydrazide on QCM
calculated from ARXPS results using the regularization and SVD algorithm
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Figure 20. Concentration depth profiles for alkane thiol + dihydrazide + antibody on
QCM calculated from ARXPS results using the regularization and SVD algorithm
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Figure 2 1. Concentration depth profiles for acid thiol on QCM calculated from ARXPS
results using the regularization and SVD algorithm
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Figure 22. Concentration depth profiles for acid thiol + dihydrazide on QCM calculated
from ARXPS results using the regularization and SVD algorithm
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Figure 23. Concentration depth profiles for acid thiol + dihydrazide + antibody on QCM
calculated from ARXPS results using the regularization and SVD algorithm
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Results o f Hydrated and Dehydrated OCM
The purpose o f this experiment was to determine the difference between the
hydrated conformation o f the antibody layer and the dehydrated form (dry QCM). For the
dehydrated form, antibodies were bonded to adipic dihydrazide, rinsed by nanopure water
and dried in air at ambient temperature. For the hydrated form, after antibodies were
bonded to adipic dihydrazide and rinsed with water, the wet samples were placed in the
XPS prep-chamber where they were frozen, using a liquid nitrogen temperature cold
finger. Then the pressure in the chamber was reduced to sublime the ice from the sample
and finally the samples were transferred to the analytical chamber where they were held
below -40° C during analysis in order to preserve the hydrated conformation. The results
o f hydrated and dehydrated are shown in Tables 23-24.

Table 23. Atomic Percent Components for Results o f Dehydrated QCM from XPS as a
Function o f jIiotoelectron Take-off Angle
Dry Q C M
Au%
A n g le
N%
C%
0%
S%
20
5.8 3
71.14
7.41
15.03
0.5 8
40
12 .1 4
65.16
14.74
7.35
0.61
60
6. 77
18.51
59.89
14.27
0.5 6
6. 82
80
21.39
57.55
13.63
0.61
Table 24. A tomic Percent Components for Results o f Hydrated QCM frorr
Function o f Jhotoelectron Take-off Angle
Frozen QCM
A n g le
Au%
N%
S%
C%
0%
20
76.59
15.23
0.61
0.99
6.58
40
2.74
71.97
16.79
7.86
0.65
60
5.06
16.62
8.06
0.58
69.68
80
6.75
66.66
17.66
0.56
8.37
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From these results, percent o f Au in the dry QCM is much greater than on the
frozen hydrate QCM at the same angle. For example, at an angle o f 40 degrees the dry
QCM has about 12.13% Au while the frozen QCM has only 2.7% Au. These results
show that the dry QCM has thinner layer than the frozen QCM. We can conclude that the
antibodies stand up in the frozen QCM, but they lay down in dry QCM.

Biosensor Results
QCMs which had been reacted with acid thiol + dihydrazide + antibody were
tested in the QCM liquid cell to determine whether they could be used to detect
antigen LT. QCMs reacted with alkane thiol + dihydrazide + antibody were tested in the
QCM liquid cell to determine whether the noncovalently bound antibody would work as
a capture agent for the antigen LT. QCMs reacted with only acid thiol were also tested in
the QCM liquid cell as a control for non-specific binding o f the antigen LT to the surface.
Figures 24-26 show the QCM frequency change when the samples are exposed to
PBS buffer. The baseline is stable and no significant change in frequency is observed for
any o f the QCM in PBS buffer. Figure 27 shows the sensor response when the acid thiol
controls are exposed to 100 pg/ml solution o f LT in buffer, no significant shift in the
frequency is observed. Figure 28 shows the sensor response when the alkane thiol +
dihydrazide + antibody surface is exposed to LT solution. Once again, no significant shift
in the frequency is observed for this control. Figure 29-30 show the response o f the
sensor when the acid thiol + dihydrazide + antibody surface is exposed to 50 pg/ml and
100 pg/ml solution o f antibody. These results indicate that the covalently bound antibody
is acting as an effective capture agent for the LT in solution.
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Figure 24. Response o f QCM with acid thiol layer when exposed to PBS buffer

600

67
•4 0 0

SignaO0

-600

(Tima in SacontJsJ

Figure 25. Response o f QCM with acid thiol + dihydrazide + antibody layer when
exposed to PBS buffer
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Figure 26. Response o f QCM with alkane thiol + dihydrazide + antibody layer when
exposed to PBS buffer

»

69

<400

-GOO

O

(T im e in S e c o n d s )

OOO

Figure 27. Response o f QCM with acid thiol layer when exposed to 100 pg antigen-LT
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Figure 28. Response o f QCM with alkane thiol + dihydrazide + antibody when exposed
to 50 pg antigen-LT
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Figure 29. Response o f QCM with acid thiol + dihydrazide + antibody when exposed to
50 pg antigen-LT
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Figure 30. Response o f QCM with acid thiol + dihydrazide + antibody when exposed to
100 pg anti gen-LT
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK
Conclusions

SAMs on the gold electrode o f a QCM consisting o f mercapto hexadecanoic acid
(acid thiol) bonded to adipic dihydrazide and anti-LT antibody allowed the biosensor
system to detect the specific antigen LT (anti-Escherichia coli heat —labile enterotoxin).
The following conclusions were derived from the surface analysis o f the treated QCM.
1. The best conditions to produce SAM on a QCM were cleaning by base bath,
rinsing with nanopure water and drying by hot air for Imin, then linking by means
o f 0.5 mM acid thiol for 24 hours. Follow formation o f the acid thiol monolayer,
it was reacted with 500 mM adipic dihydrazide for 24 hours, followed by reaction
with modified antibody at room temperature for 2-3 hours.
2. XPS analysis o f a gold electrode QCM treated with alkane thiol showed the
chemical reaction occurs between the alkane thiol and the QCM. This was
observable from XPS results which showed S on surface. This peak had binding
energy at 162 eV indicating, bonded Au-S.
3. The chemical reaction did not occur between alkane thiol with adipic dihydrazide
and alkane thiol with adipic dihydrazide and antibody. XPS observations o f
QCMs treated this way and washed with tween 20 indicated that adipic
dihydrazide or adipic dihydrazide + antibody washed off from the surface.
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Samples prepared in the way showed in frequency changed in the biosensor test.
The adipic dihydrazide or adipic dihydrazide + antibody adsorbed on the surface
rather than covalent bond.
4. XPS results showed sulfur on surface with a binding energy at 162 eV indicated
that acid thiol binds to Au through an Au-S linkage.
5. The chemical reaction occurs between adipic dihydrazide and the acid thiol. From
the high revolution o f C ls peak o f acid thiol + adipic dihydrazide, some acid
groups (O=C-OH) in the surface that did not react with adipic dihydrazide. Amide
group (O=C-N) from the reaction with adipic dihydrazide were observed and the
results from tween 20 indicated that adipic dihydrazide covalently bound to acid
thiol.
6. A chemical reaction occurs between the acid thiol with adipic dihydrazide +
antibody. The high revolution o f Clpeak o f acid thiol + adipic dihydrazide +
antibody showed increasing amount o f amide groups which indicated protein
molecules. The tween 20 results showed that antibody is bound to adipic
dihydrazide. Samples prepared in the way showed a marked frequency changed
when antigen LT was added in the biosensor test. These conclude that acid thiol +
adipic dihydrazide + antibody can be used as a biosensor.
7. The alkane and acid thiol on QCM are uniform, while acid thiol + adipic
dihydrazide and acid thiol + adipic dihydrazide + antibody are patchy.
8. The antibody molecules might stand up in the hydrated QCM while the antibody
molecules may lay down in the dehydrated QCM.
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9. The acid thiol + dihydrazide complex proved to be an effective method for linking
antibodies to the surface o f a QCM for use as a biosensor.

Future Work .

In the future, using this method with different types o f antibodies should be
investigated. Additionally, the usefulness o f this method for attaching antibodies to other
gold surface's such as surface plasmon resonance (SPR) plates should be explored.
Finally, we would like to make SAMs with several antibodies in a pattern on a QCM or
SPR surfaces.

i
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APPENDIX A

MATLAB M-FILE
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RegExp M-file

function [x, profile, converg, convergeb]
R e g E x p (lambda,data,theta,alpha,SE)

=

global converge converge b
converg = [1Converged'] ;
convergeb = I ;
if nargin == 4
SF = max(lambda)*1.5;
end
theta = theta*pi/l80;
[numangles,numelements]

= size(data);

% generate x vector
step = I ;
x = zeros(51,I);
for i = 2:51;
x(i) = x(i-l) + step*!.035.A (i-1);
end;
eta = zeros(51,numelements);
% calculate Approxomating matrix containing e x p (x/ (SF*cos (theta) ),
kernmatrix = zeros(51,numangles);
for i = I :numangles
approxfu n c (:,i ) = exp(-x(1:51)/SF/cos(theta(i)))
end
% loop for elements
for element = I :numelements;
elementdata = d a t a (:,element);
beta = cos(theta)*lambda(element);
beta2 = cos(theta)*SF;
M = zeros(numangles,numangles);
for i = I:numangles
M ( i , :) = ((beta(i )*beta2). / (beta(i )+beta2));
end
% Calculate L2 norm of intensities to be used in
convergence test
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datariorm = n o r m (elementdata);
errornorm = datanorm;

% Solve without nonnegativity constraint
t = M + e y e (numangles)*alpha;
% Apply nonnegativity constraint
loopcounter = I ;
maxiterations = SO;
while (errornorm/datanorm>l.e-4)
c = (t\(elementdata))';
t =
nonnegExp(c,x,alpha,numangles,M,approxfunc,beta2);
solutionError = dpsi(t,c,elementdata);
errornorm = n o r m (solutionError);
loopcounter = loopcounter + I;
if (loopcounter > maxiterations)
if size(converg) == [I 9]
converg = ['Did Not Converge in CDP2.m =>
',1errornorm/datanorm = ',num2str(errornorm/datanorm)]
,convergeb = O ;
end
break
end
end
1

% calculate un-normalized profile for element
for depth = 1 : 5 1
eta(depth,element),= c*exp(-x(depth)*(beta2.^(!)))';

end
null = zeros(size(eta));
eta(eta<0) = null(eta<0);
% go to next element
end
'
total = zeros(SI,numelements);
tl = s u m (e t a 1) ';
for i = I :numelements;
t o t a l (:,i) = tl;
end
profile = eta./total*100;

■■ -

1 *

SVDExp M-file

function [x, profile, converg, convergeb]
SVDExp(lambda,data,theta,m,SE)

=

global converge converge b
converg = ['Converged'];
convergeb = I ; alpha = 0;
if nargin == 4
SE = m a x (lambda)*1.5;
end
theta = theta*pi/l80;
[numangles,numelements]

= size(data);

% generate x vector
step = I;
x = zeros(51,1);
for i = 2 : 5 1 ;
x(i) = x(i-l) + step*I .035.A (i-1);
end;
eta = zeros( S i ,numelements);
% calculate Approximating matrix containing e xp(x/(SF*cos(theta))
kernmatrix = zeros(5I,numangles);
for i = I:numangles
approxfunc (:., i) = exp (- x (1:51)/SF/cos (theta(i)) ) ;
end
% loop for elements
for element = I :numelements;
elementdata = d a t a (:,element);
beta = cos(theta)*lambda(element);
beta2 = cos(theta)*SF;
gamma = zeros (numangles,numangles.) ;
for i = I :numangles
gamma (i , :) = ( (beta (i.) *beta2) ./(beta (i)+beta2) ) ;
end
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% Calculate L2 norm of intensities to be used in
convergence test
datanorm = n o r m (elementdata);
errornorm = datanorm;
% Solve with Non-Negativity Constraint ■
loopcounter = O ;
t = gamma;
[u,s,v] = svd(t);
sinv = zeros(size(s));
for j cy = I :m
sinv(jcy,jcy) = l / s (jcy,jcy);
end
c = v*sinv*u1*elementdata;
cnew = c ';
while (errornorm/datanorm>l.e-4)
%errornorm/datanorm
c = cnew;
t =
nonnegExp(c ,x ,alpha,numangles,gamma,approxfu n c ,beta2);
[u,s, v] = s v d (t );
sinv = zeros(size(s));
for jcy = I :m
sinv (jcy, jcy) = l/s (jcy, jcy) ;
end
cnew = v*sinv*u'*elementdata;
cnew = c n e w 1;
solutionError = (c-cnew);
errornorm = n o r m (solutionError);
loopcounter = loopcounter + I ;
maxiterations = 20;
if (loopcounter > maxiterations)
if si z e (conyerg) == [19]
converg - ['Did Not Converge in CDPSVDG.m
=> ',1errornorm/datanorm = ',num2str(errornorm/datanorm)]
converged = O ;
end
%messagel = ['Did Not Converge in
',num2str(maxiterations),1 iterations CDPSVDg.m 1]
%message2 = [1errornorm/datanorm =
1,num2str(errornorm/datanorm)]
break
end
end
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% calculate un-normalized profile for element ■
for depth = 1:51
eta(depth,element) = c*exp(-x(depth)*(beta2.^(D )) ' ;

end
null = zeros(size(eta));
eta(eta<0) = null(eta<0);
% go to next element
end
total = zeros(51,numelements);
tl = sum(eta')1;
for i = I :numelements;
tot a l (:,i) = t l ;
end
profile = eta./total*100;
Plot2 M-file

function plot2 (data,alpha,i)
if (nargin<3), i=l; end
if (nargin<2) , alpha=l.8A (1-12), ;end
xscale=120;
lambda=[36
33
30
32
35];
thet a = [70
50
30
10];
%alpha=l.8.^ (1-12) ;
n=3;
figure(i)
clf
set(gcf,'PaperPosition',[I 1 6 8 ] )
s e t (gcf,'Position',[ 454 34 564 664 ])%Campus
[x, profile, converg, convergeb] =
R e g E x p (lambda,data,theta,alpha);
stralpha=num2s t r (alpha);
if convergeb == I
subplot(2,1,1);
plot(x,profile(:,I ) , 'k',x,profile(:,2),'k:',x,profile(:,3),'k. ',x,profile (: ,4) , 'k-- ',x,profile (: ,5) , 'k+ - ') ;.
a x i s ([0 xscale 0 100]);
text (xscale* .7,90, ['Alpha = ' stralpha].);
elseif convergeb == 0
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subplot (2 I., I) ;
plot(x,profile,'LineWidth',2);
axis([0 xscale 0 100]);
text(xscale*.7,90,['Alpha = ' stralpha]);
t e x t (20,80,'Did Not
Converge','FontSize',14)
end
compl='Au';comp2='C ';comp3='0';comp4='N ';compB='S';
legend(compl,comp2,comp3,comp4,comp5 ,-I);
text(xscale&O.08,90,'Regularization','FontSize',14);
ylab e l ('
Atomic Percent','FontSize',14);
xlab e l ('Depth (A)','FontSize',14)
[x,p2,converg,convergeb]=SVDExp(lambda,data,theta,n ) ;
if converg
n=2
[x,p2,converg,convergeb]=SVDExp(lambda,data,theta,n ) ;
end
subplot (2,1,2) ,-plot (x,p2 (: ,I) , 'k',x , p 2 (:,2),'k :',x , p 2 (:,3),'k - .',x , p 2 (:,4),'k - ',x,p2(:,5),'k+-')
a x i s ([0 xscale 0 100])
text(xscale*0.715,90,['n = ' num2str(n)]);
text(xscale&O.08,90,'S V D ','FontSize',14);
legend(compl,comp2,comp3,comp4,comp5 ,-I);
ylab e l ('
Atomic
Percent','FontSize',14);
xlab e l ('Depth (A)','FontSize',14);

Plot3 a M-file
function plot3a(data,i)
if (nargin==!), i=l; end
xscale=120;
lambda=[36
33
30
t h e t a = [70
50
30
alpha=1.8.A (1-12);
n=3 ;
figure(i)

35];
TO];
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clf
set(gcf,'PaperPosition',[I I 6 8])
s e t (gcf,'Position',[ 454 34 564 664 ])%Campus
[x, profile, converg, convergeb] =
RegExp(lambda,data,theta,alpha);
stralpha=num2s t r (alpha);
if convergeb == I
subplot(2,1,1);
plot(x,profile(:,I ) , 'k',X,profile(:,2),' k : 1,x,profile(:,3),'k.',x,profile(:,4),'k--');
a x i s ([O xscale 0 100]);
text(xscale*.7,90,['Alpha = ' stralpha]);
elseif convergeb == 0
subplot(2,I,I);
plot(x,profile,'LineWidth1,2);
a x i s ([0 xscale 0 100]);
text(xscale*.7,90,['Alpha = ' stralpha]);
t e x t (20,80,'Did Not
Converge','FontSize',14)
end
'
■
Compl=lA u ';comp2='C ';comp3='0';comp4='S';
legend(compl,comp2> comp3,comp4 ,-I);
text(xscale&O.08,90,'Regularization','FontSize',14);
y l abel('
Atomic Percent','FontSize',14);
x l abel('Depth (A)','FdntSize',14)
[x,p2,converg,convergeb]=SVDExp(lambda,data,theta,n ) ;
if converg
n=2
[x,p2,converg,convergeb]=SVDExp(lambda,data,theta,n ) ;
end
subplot (2,1,2) ,-plot (x,p2 (: ,I) , 'k',x,p2(:,2),'k:',x,p2(:,3),'k-.',x,p2(:,4),'k--')
axis([0 xscale 0 100])
text(xscale*0.715,90,['n = ' num2str(n)]);
text(xscale&O.08,90,'S V D ','FontSize',14);
legend(compl,comp2,comp3,comp4,-I);
y l a b e l ('
Atomic
Percent', 'FontSize',14);
x l a b e l ('Depth (A)','FontSize',14);

