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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 -
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 (_)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 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 antlbody 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. :




CHAPTER 1

/ . INTRODUCTION

Motivation and Objectives

In the environment, there are a multitude of diseases that are transmitted by
contaminated water. These diseasés can hcau'se illness in many people. Food-bome and
water-borne éﬁteric pathogens[1] are a main cause of illness in the US and in the world.
Devices used to measure for microbial coﬁtaminants are difficult to use and normally
unavailable. This thesis is part of an onéoing project to develop aportable rapid
biosensor that could be used for on-site detection of water-borne and food-borne
microbial pathogens in water.

A biosensor is a tool that can measure concen‘trations of biologically important
chemicals and also uses a biological material to detect the analyte [2j. Typically, a
biosensor consists of two parts: a rec;aptor and a traﬁsducer. The receptor selectively
reacts with a particular analyte of interest. The transducer can convert the interaction of
the receptor and the analyte to a quantifiable signal.

The biosensor considered in this work is based on a Quartz Crystal Microiaalancé
(QCM). Ti'le QCM is one of the most popular tools in mass-sensitive detection [3] that
can be used as a transducer for biosensors. The advantages of the QCM are that it is very

small, inexpensive, portable, rapid, efficient, has minimal electrical and electronic




2
requirémer:lt, can be used in a flow cell, and provides for sequential refinement of positive
signals. QCM is one type of acousti‘c 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 1) [4].

2
A—Am __f_RAm o)
podA NA

Af = —

Where Af is the frequency change, r is the resonant frequency, pq is the density
of the crystal, d is the thickness of the crystal, A is the aréa of the electrodes, Am is the
mass change, and NV is the frequency constant of the quartz. |

In order to make the QCM an effective biosensor, the QCM has to be coated with
suitable capture agents. These capture aéents must have a high degree of specificity aﬁd
affinity for the targets [1]. After they are linked to the QCM, these capture agents must
remain stable and tightly associated with the electrode during sample analysis.

The objective of'this thesis ha; been fo couple an antibody to the gold surface of 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 of W. Ceiplak (Corixa
Corp.) was used as a capture agent; For the improved biosensor, we have used a method
for organizing a de;rivatized‘self—assembled monolayer (SAM) on the gold surface of the
QCM. The SAM contains a thiol;termi-nated alkane having an aﬁide bonded with adipic
dihydrazide terminus. This dihydrazide is then reacted with the antibody to covalently

~ bond the antibody to the gold surface [1]. The system of SAM is shown in the cartoon of
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Figure 1. XPS (x-ray photoeléctrqn spectroscopy) énd angle dependent XPS were uéed to
examine the éurface. | |

The objectives of this experiment were to: (i) optimize reaétion conditions to
obtain high density and reactivity of the antibody.on, the surface, (ii) characterize the
thickness and orientation of antibody layer, and (ii:ij determine Whéther antibody is

covalently bound to the adipic dihydrazide.
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CHAPTER 2

BACKGROUND

Antibodies -

Antibodiés are ‘host proteins pfoduced in reaction to the antigens that are the
foreign molecules in the body [5]. Antibodies are produced by plasma cells and the
precursor-B-lymphoqytes, then circulate through the body blood and lymph. An antibody
binds speciﬁcaliy with an antigen. Then the apti‘gen-antibody compIeXes are removed
froﬁ circulation by macrophages through phagocytosis. Because of this specific
antibody-antigen binaing, antibodies are very important reagents to use in immunoiogical

research and clinical diagnostics.

Structure of an Antibody (Immunoglobulin) Molecule

Antibody (or immunoglobulin) molecules are glycoproteins composed of one or
more units, each unit containing four polypeptide chaips [5] two identical light chains (L)
and the other two identical heavy chains (H) in Figure 2. The difference of the
amino-terminal end of each polypeptide chain shows variation in amino acid composition
and is referred to as the variable (V) regions. Theaiight chain (L) .consists of a variable

domain. (V1) and a constant domain (Cv), and the heavy chain (H) consists of a variable

domain (Vy) and three constant domains (Cy', Cx?, and Cy’). The amount of amino
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research purposes. A QCM is a piezoelectric device that can be used to measure specific
analytes in contaminated watef or in water used to wash contaminated food [1]. The
advantages of'a QCM are very small size, utility in flow cell, sequential refinement of
positive signal, minimal electrical and electronic requirement, aciaptability to imicroﬂruidic
techniques, and inexpensive fabrication [1]. The QCM is a type of acoustic wave sensor.
The acoustic wave can propagate in specially cut crystals that mechanically oscillate
whe;n subjected to an alternating electric potential. When a proper alternating electrical
potential is directed to gold electrodes on opposite sides of the piezoelectric crystal, this .
crystal will oscillate at a characteristic fre;quency. The primary theory describing the
‘relationship between frequency change and mass change is described by the Sauerbrey
(equation 1). The limit of 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 of the QCM has
been coated with appropriaté capture agents, and the capture agents must be stable and
tightly associated with the electrode for use in the flow cell. ‘The QCM surface ﬁlust not
react with other substances in the sample. The capture agents must have a high degree of
specificity and affinity for the target [1]. Sensitivity aﬁd detection limits ﬁave to be
adequately high to be biologically relevant. For this work, we have used a derivatized

self-assembled monolayer (SAM) on the gold surface of the QCM. o
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Figure 3. The first part is the head group that proVideé the most exothermic process:
chemisorption. The strong molecular substrate interactions result in pinning of the head
group. This bond can be a covalent bond such as Au-S bond in the case of alkanethiols on
gold or ionic COy'Ag" bond in case of cgrboxylic 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 intefactions are the main forces between
simple alkyl chains (C,Hzn+1), on the other hand in some case when a polar group is
substituted into the alkyl chain, the elec&ostatic interactions are energetically more
important than the van der Waals force: The last part is the chain tem'ﬁnal group. The
structure and orientation of the chain terminating functionality (x) will dictate the surface
chemistry of the organic thin film. To provide a simple alkyl chain, the methyl (CHz)

group is widely studied.

Monolavers of Alkane Thiol on Gold

In 1983, Nuzzo and Allara published the ﬁrst'paper in this area. The formation of
well-defined organic surface phases by the immersion of a clean gold substrate in a dilute
solution of a _long chain, w-substituted dialkyldisulfide showed that dialkyldisulfides (RS-
SR) form oriented monolayers on goki surface. Lafer it was found that sulfur compounds
link strongly to gold, silver and copper surfaces as reported in (Tablel) [6]. Gold is
corhmonly used because it is reasonably inert which allows substrates to be manipulated
in air without concern for contamination. Gold does not have a stablé oxide so it can be
used in ambient conditions. The reason that SAMs consisting of n-alkane thiol adsorbed

~on gold are popular is because this system had already proven to be thermally stable,
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interact with an atomic orbital electrbn with the total photon energy transfer to the
electron. This causes ejection of a photoelectron. This event will occur in the XPS
system. For XPS, the x-ray photon has to have higher energy than the b1nd1ng energy of
the surface element in order to eject a photoelectron. The photoelectrons ejected by this
event will have kinetic energy (Ex). The principle of this process can be explained by the
Einstein equation (Equation 3).

Ex =hv-E,~¢ C)

Where hv is the energy of x-ray source, Ex is the kinetic energy of the emitted
electrons that aré measured in XPS, Ey is the binding energy of thc_a electron in the atom,
and ¢ is the work function of the spectr;)meter. The binding energy might‘ be considered
as the difference in energy between the final and initial state after thé photoelectron left
the sample. XPS can be used to identify and determine the concentration of the elements
in the surface because each elenjenf has a unique set of binding enefgies. Not only are |
photoelectrons emitted in the photoelectric process, but also Auger electrons might be

emitted due to relaxation of excited ions remaining following photoemission in 10
seconds. From figure 5, after the électron from photoefectron leaves, the outer electron

falls into the inner orbital vacancy, and a second electron is emitted (Auger electron).
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Common Applications

XPS can be used to idenfify elements by study of core élement spectra, to identify
bonding orbitals (fingerprinting) by using the valence band spectra, and also to study
hydrated (frozen) surfaces '[l 1]. Moreover, XPS can be used for non-destructive depth
profiling of the outer 100 Aé and destructive eiemental 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 of 5-150 um, depending on the instrument.

The components of XPS instrument include the vacuum system; an X-ray source,
an electron energy énalyzer, an-electron detector, data recdrding, processing and output

system, and possibly accessories.

The Vacuum System
The main body of the XPS insfmment is the vacuum c'hamberk where the samples
are analyzed [10]: The surface analysis in an XPS instrument must be performed under an
| UHYV environment because fhe emitted photoelectrons must pass from the sample surface
to the detector without éolliding with gas-phase particles. Moreover, some components of
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 101077 torr to prevent contamination and oxidation. For clean
metallic samples the background pressure must be reduced to 10°-10™'° torr during

investigation, so that the surface composition of sample does not change.
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X-Ray Source

The necesséry characteris.tics of an x-ray source for XPS is that the x-ray energy
has to have high enough energy to excite core level electrons of all elements of interest.
In a typical x-ray source,v' core holes are creeted in the material or anode which in turn
emits ﬂuorescence x-rays and electrons. Common anodes with the energy of 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 of photoemission should be nearly symmetric,
have a narrow energy width, and contain no jvibrational 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 sarﬁple, but x-rays cannot be easily directed on a small, focused area,
which limits the lateral resolution of XPS. The flux of 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 of the sample by the x-ray source. An x-ray
monochromator is the best way to optimize single energy pfoduction. The most populer
monoc'hromatized‘ source uses an Al anode on one side anci 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, Brerﬁsstrahlimg, and heat
radiation from hitting the éample. It will also narrow 'tﬁe energy spread of k-ray striking
the sample. On the other hand, the disadvantage-rof a monechromator 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 modern
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analyzer. The ratio of retardation depends on the pass energy of the énergy analyzer and

the spectral range to be examined. Moreover, the lenses system also determines the

_ distance of samples from the entrances the energy analyzer.

The function of the électron energy analjzer is td 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 ﬁéld‘s (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 analyéer (CMA) is made up of coaxial cylinders with a
negative potential (V) on the outer cylinder (r;) and a ground potential on the inner
cylinder (r2). The position of sample and detector are set along the horizontal axis of the
cylinders. The emitted electrons from the sample pass to the analyzer at an angle o
through the mesh covered aperture in the inner cylinder. Only electrons that have the
correct energy (E(;) are deﬂec.ted‘to‘ the outer cylinder through the second mesfl-covered
aperture to a detector. The concentric hemispherical analyzgr (CHA) is the most widely
used energy analyzer for XPS. It. consists of two hemispherical concentric shells of inner.
radius and outér radius. A potential differenc_e, AV is plaged across the two surfaces such
that the outer hemisphere is negative and the inner is positive. Between the sphefes there
is an equipotential surface of radius ry (the central line rg= (r;+ r2)/2) 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 spectfa. For the detector systems,
the photoelecfrons pass through from the entrance through the exit of the analyzer -
without colliding with the hemisphere separa;ted for only a narrow range electron of
energies. The magnitude of the electron energy range depends upon several quantities
including the pass energy, the size of the entrance and‘ exit slit, and the angle with which
the electrons enter the analyzer. The most commonly used de;tector in XPS is the
multichannel detector that is used to count the number of electrons leaving the analyzer at
each energy level. The system ma}; be in the form of a few equivalent multiple, parallel,
detector chains or a position sensitive detector spread across the whole of the analyzer

output slit plane.

Data System

Both qontrolling instrument operation and performing data analysis are controlled
by the modern computers [10]. For controlling instrumgnt operation, most accessories
and components (ion guns, electron guns, valves,. etc.) including, the power supplies
(pass energy, scan rate, Ey, range) and the sample positiohing system can be c‘ontrolled by
computers. These computers are useful to pre'seléct and store the desired scan parameters,
.and execution of these commands can be processed automatically.

N Most computefs are used for multitasking both data acquisition and data analysis
which can be presented in either a digital or an analog mode. Modern softwaré programs
have a wide range of data analysis capabilities. Automatic peak finding, identification of

compohents and quantification can be processed in séconds. Image X-Y niaps 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 of accessories [10]. The common
accessories are electron‘gu‘ns, ion guns, gas dosers, and quadrupole mass spectrométers.
Chobsing the accessories to use depend upon on the applications that aré plarﬁied 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 of a multicomponént 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 of the XPS spectrum is the most well understood [12].
First, one identifies the main lines that are always presented (specially C and O). Next,
the major lines and associated weaker lines are identified. Finally, the remaining weak
lines are identified. Commercial spectrometefs have peak identiﬁcatiqn al gorithmé in
their data reduction packages, but in cases of poor signal to noise ratio, manual
identification is still reciuired. The following systematic procedure simplifies the data

interpretation and minimizes data.
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Stcpl.The Cls, Ols, C (KLL) and O (KLL) lines are normally ;:)rominent 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, overlappiﬁg with other elements. The most common interferences by the C and O
lines, for example, are Ru 3d‘by C 1s, and Sb 3d by O 1s.

Step3.Identify the remaining minor lines. Keep in mind fdr 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 iﬁ the correct infénsity ratio: p lines should be

about 1:2, d lines 2:3, and flines 3:4.

'Ouantitation and Data Interpretation-Quantitative Analysis

For XPS, it is important to determine the relative concentrations of 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 of photoelectrons

per second in a specific spectra peak is given by:
I = nf o6 yAAT “4)
where n is the number of atoms of the element per cm’ of the sample, fis the x-

ray flux in photons per cm*-sec, o is the photoelectric cross section for the atomic orbital

of interest in cm?, 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 of photoelectrons of the normal photoelectron energy,

A is the mean free path of the photoelectrons in the sample, and A is the area of the

- sample from which photoelectrons useful to accurately record these line separations and

make comparison with model compounds are detected. T is the detection eff'lciency for -

electrons emitted from the sample

n o= ! ‘ (5)
fp'@ y A AT

In this equation, the denominator can be defined as the atomic sensitivity factor, S

(foOyAAT). If we consider a strong line from two elements, the ratio of n;/n; is:
(6)

This equation can be used for all hdmogenous sémples if the:ratio S1/S;is matrix-
independent for all materials. The values & and A vary from material ‘to material, but the
ratio of each of the two quantities o1/c;, and A/ A3 is almost constant. For any
spectrometer, it is possible to develop a set of refative values of S for all elements. A

general equation to determine the atom fraction of any constituent in a sample, Cy can be

written as:
N
n S :
C — X — X 7
g Z n; Z I i ( )
S
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Values of S are calculated based on peak area measurements. For
spectrophotometer PHI 5600, the values of S are based on empirical data [13], which

have been corrected for the transmission function of the spectrometer.

Angle Dependent X-Ray Photoelectron Spectroscopy

Angle dependent x-ray photoelectron spectroscopy has become a widely used
analytical technique [14] for the characterization of surface properties of a d.iversity of
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 of 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 of about 5 nm in solid materials. The composition measured
[16] by XPS is nearly equal to the true surface composition if composition of the sample
near surface is uniform. The principle of 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 of 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 of an XPS peak for an element at a
given take off angle can not be related to ;the concentration of the elemeﬁt at a specific

depth below the surface.
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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 angle-

dependent-XPS data [15].

Theory

From aﬁy orbital of an element, the intensity of the photoelectron flux at a take off

angle of 8 [16], is given by:

—-x
o] —_—
_14'O-i,j'\P 1,_j-cosad

F,(6) Jn,0)-e

oY)

©)

sin g
where F; J,* is the absolute signal intensity of peak i of the j™ element in the
sample; A is a constant that includes X-ray flux, area of the sample being irradiated, and
the detector efficiency; i; is the photoionization cross-section, v is the transmission
function of the detector; ¢ is the angle between the X-ray and the surface; 0 is the angle
between the surface normal and the photoeiectron electron trajectory; ni(x) is the
concentration of element j at a depth x; and X-is the electron attenuation length (the
distance an electron can travel before being elastically scattered). Generally, the
normalized signal intensity (Fj) (.:an be calculated by correcting F;;* for differences in the
photoionization cross-section, transmission function, sampling depth aﬁd changes in X-

ray incidence [17].

o, Ty A% g
F, (6)=F (6)-| —2 L = () e dx 10
4 ©) w()( oy J P KA (10)
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Itis stan(iard practice in XPS lto define a new variable in order to reduce the
number of unknowns in Equation 10. This is accomplished by defining the relative
composition, n; jx)as
m(x)=4-n, (11
The relative composition reduces Equation 10 to one equation with one unknown

as follows:

o S
F(0) = Tn,.,j (x)- 0 g | (12)
0
For conventional XPS, Equation 12 is also simplified by assuming all elemental
concentrations are homogeneoﬁs throughout the XPS sampling depth. This allows
Equation 10 to be integrated to obtain:
F (0)= n,.; ;cos(6) (13)
Calculation of the atomic percentages is then: |

n, =100 —= | (14)

m

Z Nix
=1

It is significant to note that if the concentration is not homogeneous in the
sampling depth Equation 11 is not valid and ‘Equation_' 1:0 must be used in conjunction
vx'/ith a smoothing technique. Homogeneity is normaily determined qualitativeiy by
performing experimeﬁts at different take-off angles, 6, which effectively changes the

sampling depth.
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CHAPTER 3

SAMPLE PREPARATION

Cleaning Samples

Gold cbated SPR slides were obtained from SPREETA". The 5§ MHz QCM’s were
purchased from International Crystal Manufacturing Co. Inc. XPS analysis of 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'surfaceé. 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 :sémples were placed in an
equimolar solution of NaCH an(i* H,0; for 12 hours, then rinsed with nanopure water and

dried at the room temperature.

Preparation of 16 — Mercapto Hexadecane ( HS( CH,)15CHs)

Solutions 0f 0.25, 0.5 and 1.0 mM of 98% mercapto hexadecane in 100% ethanol
were prepared [1]. A piece of gold was placed in the solution overnight. Then the sample
was rinsed with 100 % ethanol. XPS was used to confirm the presence of the S-Au bond

and the alkane chains on the surfaces.
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Preparation of 16 — Mercapto Hexadecanoic Acid (HS(CH,);sCOOH)

A solution of 0.5 mM of 16 — mercapto hexadecanoic acid in 100% ethanol was
prepared [1]. A piece of gold was placed in the sc;lution overnight then rinsed with 100%
ethanol. XPS was used to confirm the presence of the S-Au and the alkane chains, and the

carboxylic acid on the surfaces.

Activation of Carboxylic-Acid-Terminated SAM with Dihydrazide

After the formation of 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 MES,
(pH 4.7) and stirred. Then 0.3 .'g EDC (1[dimethyl-aminopropyl]-3-et ethylcarbodimide —
98%HCI from Aldrich) per 10 ml dihydrazide solution was added and the solution was
stirred for 1, 2, 3, 6, 12, 24 hrs [1]. After stirring, the samples were rinsed with nanopure
water to remove soluble unreacted reagents and the sample was put in 1 M NaCl to form
salts of partially soluble unreacted reagents, then rinsed with nanopure water. XPS was

used to confirm for S-Au binding and presence of hydrazide.

The QCM Sensor

The QCM sensor consisted of a 5 MHz AT-cut QCM mounted on a spring-clip
base inserted into a ceramic socket on the oscillator (International Cryétal Manufacturing
Company, Oklahoma City). The oscillator ﬂad a frequency range of 1.'0--30.(‘) MHz. Data
acquisition was accomplished using the SAW PRO-250 instrument and software
(Microsensor Systems, ~Orlaﬁdo, FL). The crystal oscillated at a frequency of 5 MHz in

air and at the third harmonic, 15 MHz, whén clamped in the flow cell.
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The OCM Flow Cell

The flow cell consisted of an acrylic plastic module ﬁtteé with Teflon tubing inlet
and outlet i)orts (Universal Sensors, Inc. Metairie, LA) using ﬂéngeless connectors
(Upchurch Scientific, Oak Hafbor, WA) attached to 0.010" ID x 1/16" Teﬂoﬁ tubing.
The QCM, in its spring clip holder, was clamped securely between a pair of 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-1 peristaltic pump set for 0.2 ml/min. Was used
in the flow mode. In flow mode, meagmements were first made with 0.9-ml Dulbecco's
phosphate-buffered saline (PBS) (Sigma Chemicals, St. Louis). Readings were stopped,
the buffer solutio'n was removed with a Pasteur pipette, and 0.9 ml of sample was

pipetted into the well. Recording was restarted immediately after addition of sample.

Preparation of the Oxidized Antibody

The antibody selécted for these experiments was Anti-LT (anti- Escherichia coli
heat — labile enterotoxin) which was obtained as a gift from of 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 7.2 at a
concentration of 4.5-mg/ml and stored frozen. For use, 25-50 ul was ciiluted with
approximately100 pl of 100 mM sOdiurﬁ ph;)sphéte buffer, pH 7.2, so the final
concentration was 0.1 mg/ml or 0.01mg/100 pl. This sample (0.01 mg/100 pl buffer) was

mixed with 10 pl of 0.1 M NalOy in a semi-opaque 1.5 ml centrifuge tube and incubated
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in a dark room at ambient temperaturé for 30 min. Next, 500 pl phoéphate—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 concentfator, (molecular weight cutoff 30,000)
and centrifuged for 10'min at 7000x g to‘ céncentrate the antibody and remove the

periodate. The concentrate was diluted with an additional 500 pl buffer and centrifuged

as above. Finally, 100 pl of sample was recovered (estimate about 0.01 mg antibody).

Test for Presence of Aldehvde

5 ml sample was mixed with 50 ml Purpald reagent, (4-amino-3-hydrazino-5-
mercaptol, 2, 4-triazole, Acros,15 mg/2 ml 1 N NaOH) on a glass slide: positive +
precipitated protein produced a purple spot in center of 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 -1‘4—amino;
3-hydrazino-5-mercapto-1, 2, 4-triazole (15 mg/2 ml 1 N NaOH) on a glass slide:
positive +++ very dark lavender within 5 min. at room temperature. Eluent co\ntains
aldehydes released from oxidized sugars. 5 ml PBS + 1 ml NalO, were mixed with 50 ml
4-amino-3-hydrazino-5-mercapto-1 2, 4-triazole (15 mg/2 ml 1 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-mercapto-
1, 2, 4-triazole (15 mg/2 mi 1 N NaOH) on a gla;s 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 useci. Figure
7 illustrates the relationship of major components in this system including the X-ray
source (a model 10;550 X-ray source wit'h a Model 10-410 monochromator @d a
magnesium anode operated at 400 W (15 kV-27mA). The eleétron—energy analyzer uses
the Omni Focus III lens to scan the spectrum at a constant pass energy and an
electrostatic hemispheri;:al analyzer (thé model 10-360 Electron Energy .Analyzer
incorporated into 5600 is an SCA). Pressure in the intréduction chamber is maintained
about 10°-10"torr while the analysis chamber is kept at about 108-10"torr. The PHI
ACCESS™ data system is.used to record and store data. N

For this work, a broad scan survey spectrum was used to identify the elements of
the unknown surface. f‘or the survey scans, a scan rangé 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 aetail scans are used for quantitative analysis and for peak deconvolution
at a lower pass energy (117 eV). For the high resolution peak, the lowest passle'nergy is
used at 11.75eV. The peak areas were calculatéd using the Phi multipak software and
quantitation was performed using the sensitivity factors method determined by "che

instrument manufactures.
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at 289 eV [19] that indicated it still has some unreacted a01d thlol left The peaks (F 1 gure
| 13) obtained after tween 20 treatment had almost the same values as acid thiol +
d1hydraz1de confirming that the acid thiol reacted W1th dihydrazide but tween 20 peak has
h1gher peak at 285-287.5 eV because it still has tween 20 on the surface. From the tween

20 results, nitrogen is siightly lower because sonie tween.20 rémained on the surface.
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