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Abstract:

Polymers for permanent or temporal implantation in the human body are widely used in modern
medicine. Infections associated with these polymers are frequently encountered. Candida albicans is
one of the organisms associated with these infections. The attachment of C. albicans to polymer
surfaces is an important step in the initiation of both superficial and deep-seated candidasis. Different
methods have been used to examine the adhesion, but employing modern surface analytical instrument
(ESCA, SIMS) for adhesion study has not been done previously and is employed in this study for the
first time.

In order to use ESCA and static SIMS as surface analytical techniques to study the adhesion, a protocol
for the interpretation of the resulting spectra must be developed. The objective of this study is to collect
and interpret ESCA and SIMS spectra of model saccharides, protein and C. albicans cell wall, compare
those spectra, and attempt to identify saccharides and protein constituent that contribute to SIMS
spectra from the C. albicans cell wall.

Glucose, mannose, galactose, glucuronic acid, methyl a-D-mannopyranoside, cellobiose, maltose,
mannan, glucan, glutamic acid and albumin were used as model saccharides and protein. ESCA
analysis was performed on a Surface Science Instruments X-Probe ESCA instrument. SIMS analysis
was performed on a PHI model 3700 static SIMS subsystem with a Balzers 511 quadrupole mass
analyzer.

Stereoisomers looked identical in ESCA analysis, while a difference was seen in SIMS analysis. The
positive ion SIMS spectra of C. albicans cell wall looked like the positive ion SIMS spectrum of
mannose, while their negative ion SIMS spectra clearly indicated the. involvement of amino acids. The
ESCA and SIMS spectra shown in this experiment were the first report of saccharides and C. albicans.
The protocol for spectral interpretation described . in this study should be generally useful in ESCA
and static SIMS saccharides, polysaccharides, saccharide acids and protein interpretation. This
experiment contributed the fundamental work for further adhesion study.
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ABSTRACT

Polymers for permanent or temporal implantation in the
human body are widely used in modern medicine. Infections
associated with these polymers are frequently encountered.
Candida albicans is one of the organisms associated with these
infections. The attachment of C. albicans to polymer surfaces
is an important step in the initiation of both superficial and
deep-seated candidasis. Different methods have been used to
examine the adhesion, but employing modern surface analytical
instrument (ESCA, SIMS) for adhesion study has not been done
previously and is employed in this study for the first time.

In order to wuse ESCA and static SIMS as surface
analytical techniques to study the adhesion, a protocol for
the interpretation of the resulting spectra must be developed.
The objective of this study is to collect and interpret ESCA
and SIMS spectra of model saccharides, protein and C. albicans
cell wall, compare those spectra, and attempt to identify
saccharides and protein constituent that contribute to SIMS
spectra from the C. albicans cell wall.

Glucose, mannose, galactose, glucuronic acid, methyl a-D-
mannopyranoside, cellobiose, maltose, mannan, glucan, glutamic
acid and albumin were used as model saccharides and protein.
ESCA analysis was performed on a Surface Science Instruments
X-Probe ESCA instrument. SIMS analysis was performed on a PHI
model 3700 static SIMS subsystem -with a Balzers 511 quadrupole
mass analyzer. '

Stereoiéomers looked identical in ESCA analysis, while a
" difference was seen in SIMS analysis. The positive ion SIMS
spectra of C. albicans cell wall looked like the positive ion
SIMS spectrum of mannose, while their negative iIon SIMS
spectra clearly indicated the. involvement of amino acids. The
ESCA and SIMS spectra shown in this experiment were the first
report of saccharides and C. albicans. The protocol for
spectral interpretation described in this study should be
generally useful in ESCA and static SIMS saccharides,
polysaccharides, saccharide acids and protein.interpretation.
This experiment contributed the fundamental work' for further
adhesion study. '




INTRODUCTION

Polymers for permanent or temporal implantation in the
human body have become more widely used in modern medicine.
Inféections” "associated with thesé pblfﬂers are frequently
encountered, particularly in skin-penetrating devices [1].
Theée infections have proved Very difficult to eradicate
without the removal of the device. Candida albicans is one of
the organisms associated with these infections [2,3]. The
attachment of Candida albicans to various polymer surfaces is

an important step in the initiation of both superficial and

deep-seated candidiasis.

Problems In This Area

Although polymers are being used for tissue substitution
and intravascular devices with increasing frequency, few
studies on the adhesion of C. albicans to polymer surfaces
have been repofted f4]. The féw studies preVviously reported
primarily used’macroscopic techniques such as microscopy to
study cell adhesion. In 6he study, the adhesion of C.
‘ nélbiéans was ~ examined microscopically after ‘colonizeq'
catheteré were removed from patients to obfain information on
the morphology of the attached fungi [5]; In another study,

-attached Candida species were examined quantitatively and were




2
shown to adhere to polyvinyl chloride and Teflon catheters in
large numbers in vitro [6]. However, there have been few
studies employing modern surface analytical methods to study
cell adhesion. |

Because adﬁesion is governed by the molecular.structure
of the outermost'region of a solid surface, it is not enough
to obtain elemental information [7]. A surface analysis
technique with high sensifivity and. lateral resolution that
can provide detailed molecular information about surface
structures is required. - Concerning adhesion, there are
several analytical questions that need to be answeréd: What is
the nature, coﬁcentration, and location of all atomic and
molecular species present in the surface region? Knowing the
answers to these questions is an indispensablé preregquisite
for  the  controlled modification of the "molecular
architecture" of the surface.

To answer these questions, researchers must considef the
unambiguous identification of unknown surface species (atoms
és well as . molecules or molecular clusters)} the
guantification of these surfacé species (i.e., information on
the rélative ér'absolute coverage by these species), -and the
location of fheﬁe surface species (i.e., information on their
lateral and depth distributions). The identification should
be universal; it should be possible to identify all types of
elements and molecular species. Quantification should be

possible, even for very low surface concentrations, and
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locating épeciés should be possible with high lateral and -
depth resolution. In addition, all types of materials and all
sample shapes should be accessible.:

Because most materials involved in fungal adhesion are
. organic in origin, the following'techniques~are important in
this regard: X—raf photoelectron sﬁectroscopy (XPS), also
' known.as electron.spectroscopy for chemical analysis (ESCAa) ,
surface mass .spectrometry (MS), and scanﬁing tunneling
"microscopy (STM) and its related c;unterpart, atomic force
microscopy (AFM) [8]. |

In ESCA, information on the elemental composition of the

uppermost atomic layers is obtained with sensitivities down to

o

0.1 of a monolayer [7]. Important informafiop on . the
chemical environment of the identified.e;ements is supplied by
tﬁe chemical shift (i.e., the influence of the chemical
environment . .on the exact energy of  the emitted
photoelectronsf. ﬁowever, identification of unknown complex
molecules by this chemical shift is not possible, and the
achievable late?al resolution is limited to a few micrometeré.
éTM and AFM allow lateral resolution in the sub-nanometer

range so that single atoms can be probed. However, these

téchniques cannot be used to identify unknown surface species

[71.

Motivation of This Work

The most important feature of surface Mass Spectrometry
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(MS), in addition to high sénsitivity, is' its ability to
provide-detailed molecular information aﬁd information at
shallow depths. Tt allows theé identification and
quantification of all elements, isotopes, and molecular
species.[9]. Therefore, surface MS is an excellent technique
for surface analysis. As in any MS technique, the quality and
reproducibility of the data require that several criteria be
met: controlled desorption of atoms and molecular species,
efficient ionization of these desorbed particles, and
unambiguous identification of the generated ions by their
charge/mass ratios. A éonsideraﬁlé fraction of molecular
surface species should survive these processes without
fragmentation.' It has been shown that, static secondary ion
mass spectromeéry (static SIMS).meets these criteria and is
well suited for elemental and molecular applications [10}:'

Static SIMS has been widély applied to structural
charécferizatiqn of polymers by using fingerprint spectra or
fragments characteristic of the backbone and pendant groups.
.This includes the characterization of the surféce chemistry of
polymers of biomedical importance [11,12]. Using this
powerful techﬁique for the study of the interaction of
polymers with biological molecules and systems has alsc been
étudied by Mantus and co-workers. They demonstrated that
static SIMS coﬁld be used to analyze proteins adsorbed to
biomateriai surfaces, and established a spectral

interpretation protocol by examining homopolymers of 16 amino




acids [13].

: In order :to use .static SIMS and ESCA és a surface
analysis technique to study the adhesioh of C. albicans to
protéin coated polymer surfaces, a system consisting of large
biomolecuies, such as proteins and polysaccharides, a protocol
for the interpretation of the resulting spectra must 'be

developed.

Objectives

The main burpose of this experiment is to demohstratg
that static SIMS and ESCA caﬁ be used to identify saccharides
and proteins in fungal films. The objectives are:
| (15 Collect and interpret ESCA and static SIMS spectra of
model saccharides and proteins._ In this experiment, glucose,
mannose, galactose, glucufonic acid and methyl a-D-
mannopyranoside were | used as model monosaccharides.
Cellobiose, maltdse, mannan and glucan were used as model
disaccharides and polysaccharides. Bovine serum albumin was
used as the model protein.

(2) Collecf and interpret ESCA and static SIMS spectra of
C. albicans cell wall purified antigens and crude antigen.

(3) Compare the ESCA and static SIMS spectra of model
compounds and Candida cell wall antigens, and attempt to
identify saccharides and protein constituents that contribute

to SIMS spectra from the C. albicans cell wall antigens.




LITERATURE SURVEY

Static SIMS

SIMS is the mass spectrometry of ionized particles which
are emitted as secondary ions when a surféce is bombardéd by
energetic primary ions with.energiés on the order of several
KeV. These primary ions result in the emission of secondary
particles characteristic of the chemical composition and
structure in tpe uppermost layer. Most secondary particles

are emitted as neutrals, whereas only a fraction 10° - 10 ° of

the total are positively or negatively charged secondary ions.
The secondary.ions consist of molécular ions, atoﬁic ions and
cluster .ions. it is the secondary ions which are detected and
analyzed by a mass spectrometer; either a quadrupole.or time
of flight analyZzer.

In static .SIMS the primary ions are Kkept at -a
sufficiently low energy (5—25 KeV) to allow secondary ion
emiésion'from only the top few atomic layers of é surface. It

is the mass spectrum of these secondary ions that provide a

detailed chemical analysis of the surface.

Principles of Sputtering And Ion Formation

Figure 1 [7] schematically outlines the mechanism of SIMS

according to the current understanding of this method. 1In the




Secondary
ions ana neutrals

UdDermost
monolayer

Substrate

Figure 1. Particle emission from a surface after
excitation with primary ions of KeV energy
case of 1ion bombardment, the energy of the primary beanm,
usually Xe+ or Ar+ ion beams, is transferred to the target by
a collision, a billiard-ball-type process, also called
"collision cascade™, consisting of a cloud of target particles
set iIn motion by the primary 1ions or by target particles.
These primary 1ions and target particles are already moving.
The dimension of the collision cascade depends on the energy
and mass of the primary ion beam as well as the density and
structure of the target material. For the bombardment of

organic materials with 10-KeV Xe+, typical values are 3 nm for

the diameter of the collision cascade, and 15 nm for the depth
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of tﬁe collision cascade, according to model calculations
[10]. |

Most recoil particles have low energies, and only cascade
particles from“near—éurface regions - with momenta directed
toward the surface - can overcome the surface binding energy
and thus leave the target (sputtered particles). SIMS,
therefore, is a very surface-sensitive analytical techniqde
(information dépth is < 3 monolayers). The charge state of
the sputtered "particles depends largely on the <chemical
environment in the uppermost monolayer (matrix effect), which
in general, .ﬁrevents the direct quantification of SIMS
results.

Ions originating from an elemental matrix can be
posiﬁively or negatively charged, depending on their electron
configurationslin the outermost shell. The highest secondary

B
ion yields (i.e., number of secondary ions X! emitted from a

surface specieé M per number of primary ions) of molecular
ions are achieved ffom monolayers'on noble metal substrates.
Typical secondary ions are Me' or Me , (M + H)', kM - H), (M
+ Sa)+, and (M + Me)+, where Me is a metal, M is.a molecule,
H is hydrogen, and Sa is either sodium or potassium. From
bulk materials and thick layers, typically (M + H)+ and (M -
H) and larger fragments can be obtained. To elucidate the
fragmentation process, fragmentation rules that are known from
electron impactlmass spectrometry can be applied such as a~-, 8~

cleavages; rearrangement processes.
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Application of Static SIMS

The imporﬁance of static SIMS for surface analysié lies
in the poésibility of studying not only the elemental
composition but aléo the chemical structure‘of'surfades. This
is becausé the surface mass‘spectrﬁm includes .cluster "ions as
well as elemental ions. These ions directly reflect the
surface chemistry of the sample [14,15].

There are two general areas of application of the static
SIMS technique. . The first application as a spectfometric
method and the éecona aé a surface analysis method. As a mass
spectrometric method, static SIMS can be used to desorb and
ionize biomolecules from specially prepared surfaces. The
surface sensitivity of the'sfatic SIMS technique is not fully
exploited in ‘the purely mass spectrometfic applications. As
a surface analytical method, statip SIMS is unrivaled in its
molecular selectivity because of the groundﬁork provided by
mass spectrometry. Static SIMS has been used to analyze a
wide variety of "real" surfaces, ranging from semiconductor
materials to complex copolymers. The spectra produced reflect
the surface chemistry of the material but, in general, do not
contain large  (m/z > 500) molecular ions or fragments.
However, useful inférmatioh is readily\extracted from the
fragment ions in lower mass range. The ability of static SIMS

to produce a surface-sensitive mass spectrum gives it great

potential as '‘a probe of proteins on surfaces.
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SIMS Instrumentation

Vacuum Systems SIMS experiments are performed in high

vacuum for two reasons: first, to avoid scattering of the
primary and secondary Dbeams; - and second, to prevent
interfering adsorption of gases on the surface under

investigation. ' :

Ion Gun %or static SiMS, a broad beam source iS'used,
with a diameter of 1 mm - 1 cm. Beam currents of 10 ° - 10 °A
are used, giving monolayer lifetimes > 100s. The-beém'energy
lies between 560 eV and 5 KeV. The lower ion beam energies
cause less disruption in the surface and sub-surface of the
sampie. ~Leéé disruption gives more confidence tha£ the
analysis is representative of the original surface, but also
means a low spﬁtter rate. High beam accelerating voltages
give higher spﬁtter rates, and also give higher beam currents
from a given 'ion séurée. Higher values of beam energy
therefore contribute to a more rapid aﬁalysis. The beam
species must also be sufficiently heavy (m > 30), to producé
efficient sputtering, and the inert gases argon and xenon are

often chosen to preclude chemical modification of the surface.

Mass Spectrometers There are several common types of

mass spectrometer: quadrupole mass spectrometers, magnetic
sector mass spectrometers, and time-of-flight mass

spectrometers. The one used for this thesis is the guadrupole
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mass spectrometer.

A quadrupqle mass spectrometer employs é combination of
direct current (DC) and radio frequency (RF) potentials as a
mass "filter". Mechanically, the gquadrupole consists of four
.parallel rods arranged symmetrically. Ideally, these four
rods should_ha&e'the shape of a hyperbola in cross sectibn =1e)
that idealiZed hyperbolic fields .can be produced according to
quadrupole theory. However, in practice, cylindrical rods are
often used to approximate the hyperbolic-field requirements.
Opposite rods (i.e., those diagonally opposite) are connected
together electrically and to RF and DC voltage generators.

Ioﬁs are formed.in ‘ion sourae and expelled by a small
electric (repéller) field. The ion current is continuous.
The ions are accelerated but only to a rather low kinetic
energy, about 5-15 KeV. They are then ejedted along the
center line between. the four stainless steel rods. The ions
would pass straight through to the detector at the far end if
it had not been‘for the fact that the two bairs of opposite
rods are connected, in parallel, to both a DC and‘an RF
source. The DC voltage is kept at a constant fraction, about
16%, of the peak RF voltage. A given RF peak voltage then
allows ions of only one.integral mass to pass through the
quadrupole - heﬁce the name mass filter. A tYpical RF voltage
range is a few ﬁundred to a few thousand volts. The RF power
supbly has to be extremely stable while being able to deliver

about 1 KW of power [9].




ESCA

Of all the contemporary surface characterization methods,
electron spectroscopy for chemical analysis (ESCA) is the most
widely used. ESCA is also called X-ray photoelectron
spectroscopy (XPS), and these two names can be used
ihterchangeablx. The popularity of ESCA as a surface gnalysis
technique is éttributed to its high.information content, its
flexibility in‘addressiné a wide variety of samples, and its
sound theoretical basis [16]. |

. Surface aﬁalysis by ESCA involves irradiation of the
solid in vacuo with monoenergetic soft x-rays and sorting the
emitted eléctrons by energy. Figure 2 [16] illustrates the
ESCA experiment. A sample is irradiated with X-rays of known
energy hv. This causes the sample to emit photoelectrons.
These electrons ére collected, passed through a hemispherical
energy analyzef and céunted. Some of these electrons will
escape from the surface with no loss of kinetic energy and
contribute to sharp peaks 'in the electron spectra. The
spectrum obtained is a plot of the number of emitted electrons
versus their binding energy. Each element haé a unique
elemental spectrum, and the spectral peaks from a mixture are
approximately fhe sﬁm of the elemental peaks from 'the
individual constituents. The energies of these emitted’
eleétrons are characteristic of the compounds cont;ined in the

sample. The elements and the binding environment of elements

in, a sample are identified by the kinetic energy of these
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photoelectrons. The intensity of the peaks can be used as a
quantitative measure of the concentration of elements present

in the sample.

detector

Figure 2. Cartoon illustration the principle of x-ray
photoelectron spectroscopy. The sample 1is
irradiated with x-rays and electrons are
emitted from the sample. The energy of the
electrons is then analyzed and electrons are
counted by the detector.

Because the photoelectrons can only travel a short
distance through the sample without undergoing an inelastic

collision, ESCA 1is highly surface sensitive. Under typical
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conditions, only the upper 50 A to 100 .A of the sample is

analyzed [16]. .

Principles of The Technigue

The Photoelectric Effect Photoemission When a photon .

impinges upon an atom, one of three events may occur: (1) the
photon can pass-through with no interaction, (é) the photon
can be scattérgd by an atomic orbital electron leading to
partial energy loss, and (3) the photon may interact with an
atomic orbifal electron with total transfer of the photon
" energy to the electron, leading to electron emission from the
afom. The third process aécurétély describes the
photoemission that is the basis of ESCA. Total transfer of
the photon,enefgy to-tﬁe electron is the essential element of
photoemissidn.

No electrons wil; be ejectéd from an atom regardless of
the illumination intensity unless the frequency of excitation
is greater than or equal to a threshold level characteristic
of each elemeﬂt. Thus, if the freﬁuency (@nergy) of the
excitation photon is too 1low, no photoemission will be
observed. Asl the enefgy of this photon 1is gradually
increased, at some yalue, the phofoemission of eléctrons from
the'atom.will be observed. Once the threshold frequency is
exceeded, the number of electrons emitted will be proportional
to the intensity of the illumination~(i.e., once photoh of

sufficient energy were used to stimulate electron emission,
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the more the photons bombarding the " sample, the . more
photoelectrons will be produced). The kinetic energy of the
emitted electrons is linearly probortional to the frequency of
-the exciting photons. If the photons have energy higher than
the threshold value, the excess energy will be‘transmitted to
the emitted -elgctrons; The photoemission précess. from
excitation to emission is extremely rapid (10_16 sec). The
basic physics of this process can be described by the Einstéin

equation:
E,=hv-KE (1)

where Ez is the binding ehergy of the electron in the atom (a
function of the type of atom and its envirbnment),.hv is the
energy of the X-ray source (a known value) and KE is thg
kinetic energy of the emitted electron that is measured in the

ESCA spectrometer. Thus, Ez, the duantity that provides

valuable information about the photoemitting atom is easily .

obtained from hv (known)'and KE (measured).

Binding Enerdy Binding energies are commonly expressed

in electron volts (eV; 1 eV = 1.6 x 10"—19 joules) . A
negatively charged electron is bound to the atom by the
positively charged nucleus. The closer the electron is to the
‘nucleus,  the more tightly bound.'Binding energy will vary with
the type of atédm (i.e., a change in nﬁclear charge) and the

addition of other atoms bound to that atom (bound atoms will
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alter the electron distribution on the atom of interest).-
Different isotdpes of a given element have diffe?ent numbers
6f neutrons in the nucleus, but the same nuclear charge. .
Changiﬁé the iéotope will not appreciably affect the binding
énergy. Weak interactions between atoms ~such as those
associated with crystallization -or hydrogen bonding do not
alter the electron distribution sufficiently to change the.
binding energy. Therefore; the variations in the binding
energy which provide the chemical.information content.of ESCA
. are associated.with covalent or ionic bonds betwgen atoms.
These changes in binding eﬁergy are called "binding energy
shifts" or “chémical shifts".

For gases, the binding‘energy of an electron in a given
orbital is identical to the first ionization poteﬁtial of that
electron. In solids, the influence of the surface is present
and additional energy must be accounted for removing an
electron from the surface. This extra energy 1is called the

work function ¢, and the Einstein equation now becomes:

4
Ep=hv-KE-b, (2)

In this equafion ¢, is the difference between the work

function of the sample and the work function of the
spectrometer. For a conducting sample, the sample can be

grounded to the spectrometer and the ¢, will be sample

independent and equal 'to the work function of the

spectrometer: For an insulating sample, however, ¢, will be




sample dependeﬁt and an exact calculation of binding energy

from the ESCA data is not possible. The contribution to the

work function from the sample is.typically only a few eV which

is small enough that peaks can still be readily assigned.

Absolute differences in binding energies for elements can be

obtained, even for insulating samples, because ¢, is constant

across the spectrum.

Binding energies for ESCA spectra of some polymers are

commonly determined by shifting the spectra by a constant

value based on a predefined binding energy. for a reference

peak.

[16].

Table 1. Common ESCA Peak Assignments

Some typical peak assignments are listed in Table 1

Cls Ols

Binding Functional Binding Functional
Energy (eV) | group Energy (eV) | group’
285.0 hydrocarbon 532.2 carbonyl

c-H, C-C C=0, 0-C=0
286.0 amine 532.8 "alcohol, ether

Cc-N C-0-H, . C-0-C
286.5 alcohol, ether 533.7 ester

c-0-H, C-0-C C-0-C=0
288.0 carbonyl

C=0 -
288.2 amide

N-C=0
289.0 acid, ester

0-C=0

Auger Electrons

In addition to the phétoelectrons

emitted in the photoelectric process, ‘Auger electrons are
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emitted due to relaxation of the energetic 1ions left after
photoemission. This Auger electron emission occurs roughly
10 seconds after the photoelectric event. In the Auger
process, shown in Figure 3, an outer electron fTalls into the

inner orbital vacancy, and a second electron is emitted,

Ln oh zp
H - » L, OR Zi

PHOTOELECTRON

KOR TI

y # AUGER ELECTRON

e #— Lj., ORZp

Figure 3. Diagram of the photoelectric process (top)

and the Auger process (bottom)
carrying off the excess energy. The Auger electron possesses
kinetic energy equal to the difference between the energy of
the initial 1ion and the doubly-charged final 1ion, and is
independent of the mode of the initial 1ionization. Thus,

photoionization normally leads to two emitted electrons, a
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photoelectron and an Auger eleétron. - A characteristic of
Auger electrons 1is that their energy 'is' independent of
irradiation energy, while photoelectron enerqgy is proportional
to irradiation energy, according to Equation 2.

Probabilities of interaction of the electrons with matter

far exceed those of the photons, so, while the path length of.

the photons is of the order of micrometers, that of the

electrons is of the order of tens of Angstroms. Thus, while
ionization occurs to a depth of a few micrometers, only those
electrons that originate within tens of Angstroms below the
solig surface can leave the surface without energy loss. It is
these electrons which. produce the peaks in the spectra and are
most useful. | | .

The electrons leaving the samplé are détected by'én
electron spectrometer.according to their kinetic energy. The
analyzer normally is operated as an energy "window", aécepting
only those elec£rons having an energy within the range of‘this

fixed Window, referred to as the pass energy. Scanning for

different energies is accomplished by applying a variable

electrostatic field, before the analyzer is reached. This

retardation voltage may be varied from zero up to the photon

energy. Electrons are detected as discrete events, and the

number of electrons for a given detection time and energy is

«

stored digitally:'or recorded using analog circuitry.
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Candida albicans

Cell Wwall

Candidiasis is a common life-threatening fungal disease
of immunodepressed patients. The cell wall serves two unique
functions in the cell: it maintains cell shape, and it is the
point of contact between the cell and its environment.

The contribution of the Candida albicans cell wall to the
pathogenesis of this species has recently received substantial
attention [17,18] .

Cell wall constituents of Candida albicans include
mannan, glucan, mannoproteins, chitin, proteins and lipids
[17,18]. Although the synthesis of the cell wall components
is dynamically influenced by growth conditions and metabolic

states, the literature contains fairly consistent data

FIBRILLAR LAYER

MANNOPROTEIN

, SGLUCAN
N"GLUCAN-CHITIN

MANNOPROTEIN
PLASMA MEMBRANE

Figure 4. Schematic diagram of the cell wall of C.
albicans [18].

regarding the chemical composition of the cell wall. Mannans

represent about 15.2 to 22.9% of the yeast cell wall (dry
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Weight), or abqut’40% of the total cell wail pblysaccharide.
B-1,3-D-glucans and'B—l,6—D—glucans account for 47 to 60% by
weight of the éell wall. Proteins have béen repofted to
account for 6 to 25%, lipids for 1 to 7%, and chitin for 0.6%
by weight of the cell wall [18]. The spatial relationships of
these polymers to each other are presented in Figure 4 [18].

Glucan and mannan have often been found.éombined with
protein in cell wall extrécts as glucoproteins,'mannoproteins.
and glucomannoproteins. Of the polysaccharides in the cell
wall, the mannan has received the most attention from
carbohydrate chemists because of its significance as antigenic
determinants iﬁ Candida épecies. The mahnan polysaccharides
are located throughout the cell wall and are predominant in
areas of high electron density; Mannans of C. albicans have
backbones”of a¢-1,6-1linked mannose residues with side chains
based mainly on a-1,2-linked residues but with a small
proportion of @-1,3 bonds [17]. The inner cell wall layers
are composed mostly of glucgn and chitin. There are three
types’of B-glucan: '‘a highly branched B-1,6-glucan, a highly
branched B-1,3-glucan, and a mixed B—1,3—B—i,6—glucan
complexed withféhitin. The proportions of certain kinds of
glucans are quite different for yeast forms ana germ tubes:
[19].

In this experiment, two ‘purified C. albicans cell wall
antigens (AgH9‘and AgC6) and crude C. albicans cell wall

antigens were used. Crude antigens were extracted from C.




22
albicans 9938 in heated 1 M NaCl [21]. AgH9 and'AgC6 were
further isolated by precipitation with specific monoclonal
antibodies H9 and C6, and by protease digestion and dialysis
[20]. They were also characterized by methods including high-

pressure liquid chromatography, gas-liquid chromatography

(GLC) , and mass spectroscopy [20]. Lipid analysis by thin-'

layer chromatography of hexane-extracted fatty acids did not
detect 1lipids in either crude or purified antigens. The
protein content of crude antigen extract wés approximately 30%
(dry weight), but no protein was detected in isolated AgH9 or
AgC6 after protease treatment. Two significant peaks
representiﬁg mannose and glucose, with the mannose/glucose
ratio 11 : 1, were visible when AgCé was tested by GILC.
'Mannose and glucose peaks were also detected from AgH9, as
well as an additional unidentified sugar. The
mannosé/glucosé/unidentified sugar ratios in AgH9 were

approximately 3 : 1 : 2.5 [20].

Model Compounds

Knowing C. élbicans cell wall constitueﬁts, a étudy‘cf
some model dompoundé that reseﬁble cell wall coﬁstituents may
help interpret the SIMS spectra of the cell wall. -The
following is a list 6f the model compounds used for this study
and their properties. 4 | |
(1) Glucose, Mannose, Galactose, Glucurohic Acid, and Methyl
a~-D-mannopyrancside |

In the fre:z state, D-glucose often accompanies cane sugar
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" (sucrose) in plénts. Sweet fruits are particularly rich in D-
gluéose. Animél and human ofganisms contain small amounts of
glucose in the blood and in the cerebrospinal fluid. D-
glucose tékes' part in the building wup of di- and
polysaccharides; maltose, cellobiose, starch/ and cellulose
are made up complefely from glucose. '

D-mannose occasionally dcéufs.'in the free state 'in
plants, but more often in thé form of "mannosides" [22].
Complex polysaccharides containing galactose called galactanes
are. abundant amongst the reserve carbohydrates iﬁ \the
nqtritive tissue of seeds, and in certain kinds of gum [22].

Glucose, mannose and galactose have the same molecular
weight (FW=180) and the same chemical formular (CgH;,0g), but
their structures are different. ’ |

Glucuronic acid, CgH;,0;, has a molecular weighf of 194
amu. It belongs to aldehydocarboxylic écids of the sugar
series, which occur fairly abundantly in nature. D-glucuronic
.acid occurs in the animal organism conjugated with phenols of
alcohols [23].

The. molecular weight of methyl o«o-D-mannopyranoside,
C/Hi, 05, is 194 amu. ' -
(2) Cellobiosé, Maltose, Mannan and Glucan.

Cellobiose and maltose both have a molecular Weight,of
342 amu, and the chemical formula C,,H,,0;,.

Disaccharides -are composed of two monosaccharide

molecules joiﬁed together by a glycosidic linkage. Maltose
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;nd cellobiosefboth yield only D;gluéose on hydrolysis. 1In
maltose the glucose moieties are joined by an a-glucoside
linkage; in cellobiose they are joined by a B—glucoside'
linkage [24].

Mannan- is known as the polysaccharide of mannose, which
can be hydroly%ed to mannose. Mannan is very abundant in the
cell wall.

Glucan is‘the polysacéharide of glucose.

(3) Glutamic acid and Bovine serum albumin

Glutamic'acid, CsHgNO,, is one of the common amino acids.

Boviﬁe-seﬁum albumin is a neutral subsfance, soluble in.
water. .Table 2 [13] is a summary of the Poly(amino acids)
used in albumin SIMS analysis. David S. Mantus and his co-
workers from University of Washington have done some SIMS work
on homopolfmers of amino acids. Table 3, Table 4 and Table 5
_show thé major positive, negétive, respectively, ions in the
SIMS spectra of those amino acids [13]. - Albumin peak
assignments inithe results and discussion parts were based on
Mantus's work. - The polymers have thé generél struéture (-NH-
CHR-CO-). Corresponding R-groups, abbreviations and the m/z

of the R group are listed for each amino acid.
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Table 2. Summary of Some Amino Acids [13]

amino acid abbrev ] R . m/z of
’ R
glyc.iné Gly -H ] 1
alanine . | Ala —-CH, ‘15.
valine Val —-CH (CH,3) » ) 43
leucine | Lew | —~CH,CH (CH;) , , 57
serine Ser -CH,0H |31
methionine Met .—CHﬂHQSCHs , 75
glutamic acid Glu -CH,CH,COO0OH 73
aspartic acid Asp '—CH,COOH 59
lysine Lys - (CH,) ,~NH, , ) 72
ornithine orn - (CH,) 3—NH, T 58
arginine Arg | - (CH;) ;~NHC (NH,) NH 100
proline | pro : ' - 42
phenylalanine. Phe 91
tyrosine .| Tyr 107
tryptophan Trp 130
histidine " | His . 81
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Table 3. Summary of Major Positive Ions in the SIMS Spectra of
Homopolymers of 16 Amino Acids [13]

AA I I-H, other
Gly | 30(100) | 28(8)
Ala | 44(100) | 42(12)
val | 72(100) | 70(6)
Leu | 86(100) | 84(10) 44(32) 30(33)
Pro | 70(100) | 68(24)°
Phe | 120(43) | 118(6) 91(100) 77(36) 58(47) 56(26)
44 (35) 42(50) 30(28)
Tyr | 136(40) | 134(8) 107 (100) 91(83) 77(72) 44(36)
~ 30(30)
Trp 130(56) 77 (100) 44(62) 30(46)
His | 110(91) | 108(9) 82(62) 81(100) 44(8) 30(15) -
Ser | 60(78) 58 (24) 44 (100) 30(46)
Met | 104(18) 102(1i) 91(23) 6i(100) 56(53) 44(16)
42(17) 30(15) :
Lys 84 (18) 68(3) 56(24). 44(9) 30(100)
Arg | 129(3) 127 (4) 128(4) 97(25) .73(32) 70(100)
60(25) 44(48) 30(53)
orn 70(100) 44(17) 30(95)
Asp | 88(80) 86(12) 72 (100) 62(69) 44(19) 30(18)
clu 102(15). 84(64) 56(100) 44(86) 30(69)
* Relative intensities are given in parertheses. Peaks

indicative of hydrocarbons, residual solvent, and sodium have
been excluded from this summary. I = immonium ion.
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Table 4. Summary of Major Negative Idén Peaks in the SIMS
Spectra of Homopolymers of the Alkyl Amino Acids [13]

R,—-CRHC (NH) 0" '

AA R,=NHCOH | R,=NH, R,=H OCN~ | cN other

Gly | 101(4) 73(17) 58(8) 42(100) | 26(56) | 99(26)

Ala |115(6) | 87(22) 72(5) 42 (100) | 26(64) | 98(13)

val | 143(4). 115(22) | 100(6) | 42(100) | 26(77)

Leu | 157(16) . 129(31) | 114(6) | 42(100) | 26(65)

* Relative intensities are given in parentheses.

Peaks from

residual solvent have been excluded from this summary.

Table 5. Summary of Major Negative Ion Peaks in the SIMS
Spectra of Homopolymers of Some Amind Acids [13]
AA OCN - CN other
Pro | 42(100) | 26(98) 165(10) 139(11) 137(7) 68(6)
66(18) 62(13)
Phe | 42(61) 26(90) 91(10) 77(100) 76(58) 60(91)
' 25(24)
Tyr | 42(97) | 26(83) 134(26) 119(37) 99(18) 60(16)
| 25(92) 16(100)
Trp | 42(95) 26(78) 189(19) 162(20) 144(43) 134(27)
: 108 (100) 80(11)
His | 42(30) | 26(100) ‘ '
ser | 42(100) | 26(60) 99(32) 84(16) 59(48) 58(10)
Met | 42(100) | 26(46) 47(87) 33(22) 32(27)

* Relative intensities are given in parentheses.

Peaks from

residual solvent and inorganic anions such as Cl and HSO,
have been excluded from this summary.
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EXPERIMENTAL

Sample Preparation

Solution Preparation

Standard Sgcéharide Nine standard saccharides are listed

in Table 2. Glucose was obtained from Difco Laboratories
(Detroit, Mich) and ‘the rest from Sigma Chemical Co. (St.
Louis, MO.).

.

Table 6. Summary of Saccharides Used in This Work

molecular solvent concentration
weight 1 (g/ml)
D(+)-glucose , . 180 deionized 20%
water
D (+) -mannose _ 180 deionized 20%
water '
D(+)-galactose 180 - deionized 20%
' : water
D(+)-maltose 342 : | deionized 20%
- water
D(+)-cellobiose 342 - | deionized 20%
' water
D-glucuronic acid | 194 JHC1 10%
mannan deionized | 4% \
water
B-glucan deionized 4%
' water
methyl a-D- 194 deionized | 20%
mannopyranoside ‘water
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C. albicans Cell Wall Purified And Crude Antigens C.

albicans cell wall purified antigens (AgH; and AgCg) [20] and -

crude antiéen [21] were obtained from Dr. Diane'Brawner from
Microbiology Department at Montana State University. In this
experiment, the antigens were dissloved in deionized water, at
a conCentration of 1% g/ml. A 30 pL volume was deposited on
a 9 -mm glass coverslip, air dried in-a clean hood overnight
before SIMS analysis. Four glass coverslips were made, twd of

which were used for SIMS analysis and two for ESCA analysis.

Glutamic Acid Glutamic acid'(from MC&B) was dissolved in

deionized water, at a concentration of 20% g/ml.

Bovine Serum Albumin In this experiment, bovine serum

albumin (nitrogen content 16.0%, fatty acid content 0.006%,
Sigma Chemical Co., St. Louis, MO.) was dissolved at a
concentration of 2% (g/ml) in deionized water for bulk film on

glass and 1 mg/ml in phosphate-buffered saline (PBS) (ph 7.2)

for adsorption on_Pbly(éthylene terephthalate) (PET).

Spin Casting

A cleaning mixture was made by combining sulfuric.acid
'and nochromix. 'Nochrémix (Godax Laboratories Inc.) mixed with
Sulfuric acid is a metal-free substitute for dichromates used
for cleaning'giass. Glass cdverslips,'diamefer 12mm, (Ted
Délla Inc.) were put into the mixture for 4 - 5 days. The

3

glass coverslips were cleaned by rinsing with deionized water,
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then rinsed in 'an ultrasonic bath twice for 5 min each time.
The glass coverslips were then cleaned with_methanol, rinsed
in an ultrasonic bath twice for 5 min each timé; Finally the
glass coverslips were placed on a holder in a clean hood and
dried over night. ‘ i

Films of the solutions in Table 6, glutamic acid
solution, and bovine serum albumin deionized water solution
were made by centrifugél casting onto 12 mm glass disks. A 20
- 40 pL volume was deposited on a 12 mm glass coverslip and
spun at 4000 ?pm for 30 s using a Metron Systéﬁs, Inc.
(Allamuchy, NJ) LS-8000 laboratory spinner. All of these
films were visible to the naked eyes and had an estimated
thickness of several.microns. Four glass coverslips were made
for each sample, two of which Were used for SIMS analysis and

two for ESCA analysis.

Protein Adsorption \ )

A 1 mg/mL bovine serum albumin solution was prepared in
phosphate—buffered saline (PBS), PH 7.2. Poly(ethylene
terephthalaté) (PET) bover slip ( 22 X 60 'mm) (Nunc. Inc)
substrates were cut into 10 X 10 mm plieces. They were
ultrasonically cleaned in_methylene chloride twice, 5 minutes
each, followed by acetone twice, for 5 minutes egch aﬁd
methanol twice for 5 minutes. Finally the pieces were
ultrasonically cleaned in deioniZég water twice, each time for

5 minutes. The PET substrates were then placed in 2-mL vials.

One mililiter of PBS was addéd to the vials to completely

3
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cover the PET, and the substrates were allowed to equilibrate‘
at  room temperature for 1 hour. One mililiter of albumin
solution was added to the vials and mixed once by fepipetting.
Adsorption was allowed to proceed for 2 hours at room
temperature. ’

Rinsing pﬁoceeded via two stéps. First, each vial was
rinsed with 40 mL of clean PBS, allowing the vial to overflow
dﬁring.rinsing; This process of displacément and dilution
enéures that the sample is never exposed to fhe layer of
denatured protein at the air-water interface.

Subsequently, -each vial was rinsed with 20 nL of
deionized water, using the same dilution-displacement method.
The water remaﬁning in‘each'vial was then removed using a
clean Pasteur bipet connected to a vacuum aspirator.. The

samples were dried in an evacuated desiccator overnight before

SIMS analysis. -

Instrumentation

Static SIMS

SIMS analyées were performed on a PHI model 3700 static
SIMS subsystem with a Balzers 511 guadrupole mass anhalyzer.

A 3.5 KeV Xe' primary beam of ~ 0.5 nAmp/cm2 current density

was produced from a differentially pumped Leybold-Heraeus ion
gun. The ion -beam was rastered over an area of 4 x 4 mm

during data acduisition. The total accumulated ion dose per

sample was Kkept below 10" ions/cm2 to insure static SIMS
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conditions were met. A PHI neutralization system was used to

minimize sample charging.

ESCA

ESCA analyses were performed on a Surface Science
Instruments (Ssi) X-Probe ESCA instrument. This instrument
permits analysis of the outermost 20 - 100 A of a sample in an
elliptical area whose short axis can be adjusted from 150 pm
to 1000 pm. An aluminum K,1,2 monochromatized X:réy source
was uséq. to stimulate photoemission. The energy of the
emitted eléctroﬁs was measured with a hemispherical energy
analyzer at pasé energies ranging from 25 eV (resolution 1) to
150 eV (resolution 4). Lower pass .energies proVide.higher
spectral resolution. Higher pass energies permit more rapid
data - acquisition. SSI data analysis software was used to
calculate the elemental compositions from the peak areas and
to peak fit the high resolution spectra. An electron flood
gun set at 5 eV was used té minimiZe'surface charging of the
samples.

The binding energy (BE) scale was referenced by setting
the C—O—Hlpeaklin the C ,, spectrum to 286.5 eV. Typicél
pressure in thé analysis chamber during spectral acquisition

was 10° torr.
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RESULTS AND DISCUSSIONS

Monosaccharides, Saccharide Acid' And Pyranoside

In this’ experiment, glucose, mannose and galactose were
‘used as model compounds of ’monosaccharid_es. "Glucuronic acid
was used as a model - compound of saccharide acid. Methyl a-D-

mannopyranoside was used as a model compound of pyranoside.

Glucose, Mannose And'Gélactose
Glucose, mannose and galactose have the same molecular

weight (180 amu) and the same chemical formula (CeH1,05) , but

the structures differ as shown below:

H . .
| -HFgC(H Y

HOT/C\\\\<§L(ﬁ//<<Q

—C ~C ’
' H ¢ H . N
H: H | oM
o-D-Glucose '

. tf\\;\w

HO— (™ - OH ~C—gy
T A

. o—-D-Galactose _
Figure 5. Structures of glucose, mannose and galactose
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ESéA Analysis From ESCA anaIysis'(Figurev65, glucose,
mannose and galactose look identical.

In glucose, the ESCA data shows a carbon to oxygen ratio
of 51.13 : 48.87, for mannose this‘ratio is 51.78 : 48.22, and
for galactose, this ratio is 51.31 : 48.69, see Table 7. That
means the ratios of carbon to oxygen in these three compounds
are 1 ; 1. This is expected from theoretical C/0 ratio, since
glucose, mannose and galactose have the same chemical formula

and they all have six carbons and six oxygens.

Table 7. Atom % in Glucose, Mannose and Galactose

carbon atom % oxygen.atom %
glucosé 51.13 | 48.87
mannose 51.78 48.22
galactose u ©51.31 | 1 48.69

According to Table 1 [16], C-0-H should have a peak at
286.50 eV, but in Figure 7(a) C-H peak appears at 278.71 eV.
The reason is due.to the fact that the samples used in this
experiment are insulating and a charge neutralization beam has
to be used to correct for any charging effects (i.e. peak
broadening and peak movement). It usually brings the peak to
within 7 - 10 eV of the expected values. The binding energy
scale was referenced by setting the C-H peak maximum in the C
ls spectrum to.'285.0 eV as a correction, énd applying that
same change (the difference between the raw data C-H and

285.0) to all peaks in the high resolution envelopes for that
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particular spot.

However, there was no C-H peak in glucose, mannose and
galactosé, the biﬁding energy scale was therefore referenced
by setting the.C—O—H peak maximum to 286.5 eV, and applying
that same change to all peaks in fhe high resolution
envelopes.

For glucose, if the C-0-H peak is set to 286.50 eV
instead of 278.71 eV, the difference is 7.79 eV, there is
another éarbon‘peak at 288.11 eV instead of 280.32 eV, which
should be a 0-C-0 peak according to Table 1 [16]. In glucose,
there are fwoikinds of carbon bonds, C-0-H and 0-C-0, see
Figure 7(a). There 1is one oxygen peak at 532.87 ev, see
Figure 8(a), instead of 525.08 eV, which shéuld be C-0-H
binding energy:

The same procedure of correction is applied to mannosé,
galactose and other samples'usgd in this experiment. For
mannose, the difference is 7.93 eV.between raw data kFigure
7(b)) and 286.50 eV, yielding a second carbon peak at 288.29
eV, assigned to 0-C-0. And the oxygen peak is at 532;87 eV,
see Figure 8(b), assigned to C-0-H. For galactose, the_
.difference is 8.15 eV between raw data (Figure 7(cf)'and
286.50 eV, so another carbon peék is at 288.07 eV, assignéd to
0-C-0. The oxygen peak is at 532.88 eV, see Figure 8(c),
assigned to C-O-H [16].

Table 8 summarizes carbon and oxyden peaks assignments of

glucose, mannose and galactose.
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Table 8. Carbon and Oxygen Peak Assignments of Glucose,

Mannose and Galactose

raw data charge functional
ev) corrected group
data (ev) assignment
glucose 278.71 286.50 C-0-H 1*"H
280.32 288.11 0-C-0
525.08 532.87 C-0-H
mannose 278.57 286.50 C-0-H
280.36 288.29 0-C-0
524 .94 532.87 C-0-H
galactose 278.35 286.50 C-0-H
279.92 288 .07 0-C-0
524.73 532.88 C-0-H

SIMS Analysis The ESCA spectra of glucose, mannose and

galactose are identical. However, differences are seen in the

SIMS spectra.

In the positive ion spectra, the most prominent ions from

glucose were at m/z = 57, 61, 69, 71, 73, 85, 87, 97, 127, 145

and

163 (Figure 9). For peak assignments see Table 9. The

most prominent mannose i1ons were at m/z =55, 57, 69, 71, 73,

85,
85,
The
m/z
11),

85,

91 and 97 with a diminishment of i1ons at m/z = 61, 71, 73,
97, 127, 145 and an absence at m/z = 163, see Figure 10.
mannose spectrum showed an enhancement of ion intensity at
=55._ In the positive ion spectrum of galactose (Figure
the most prominent ions were at m/z = 55, 57, 61, 69, 73,

91 and 97. Compared to glucose, the ion at m/z = 163 was



absent and-the ion at m/z

= 85, 127 and 145 were diminished.

peaks at m/z =

15,
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CH;} }h0+ and Na+, respectively.

Table 9. Summary of Major Positive Ion Peaks in the SIMS
Mannose and Galactose

Spectra of Glucose,

55 was enhanced, while ions at
In this study, all

19 and 23 in the positive ion spectra

m/z .Glucosei mannose galéctose

27 CoH,'
29 COH"
31 HOCH,"
39 CoH,
41 C,0H"
43 C;0H;"
45 C,0H;"
53 C,0H"
55 C,0H,"
57 C,0,H"
61 C,0,Hs
65 - ’ Cc,0H"
67 C,OH;"
69 C,0,H"
71 C,0,H,"
73 C302H5+
77 - CsO0H"
79 - CsOH,"
81 . C,0,H"
83 C,0,H,"
85 C,0,H,"

m/z

the

are
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Table 9 (cont'd). Summary of Major Positive Ion Peaks in the
SIMS Spectra of Glucose, Mannose and Galactose

m/z | Glucose | mannose | galactose °
87 C;05H,
89 - C,0;Hs"
91 C50.H,"
97 . | | ¢ sO,H,"
99 - | ) C,05H;"
101 | | ,Cz.OaHs+
103 . | c,0.H,
105 - | : C,05Hg
109 : CeO,Hs
111 , C50,H;
113 ' Cs0,H,"
115 ‘ Cs03H, "
125 | - - CeO5HS"
127 | : CgO5H,
133 ) C504H9+
145 : | CoO4Hg
163 ' : C505H1;

"-" means absence or low intensity

In the negative ion spectrum, the most prominent pgaks of
glucose wére at m/z = 59, 71,.87, 89, 101, 117, 119, 161 and
179 (Figure 12). Peak assignments are shown in Table 10. .In
the negative spectrum of mannose (Figure 13), ions at m/z =
119, 179 were much diminished in inten%ity,.and an ion at m/z
= 117 wags absent. The ions at m/z = 99, 113 were enhanced.

Comparing this to the negative ion spectrum of glucose, many
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peaks above m/z = 131 in the negative ion spectrum of
galactose were unable to be detected (Figure 14).” Tons at m/z

= 117, 119, 179 were much diminished ih.intensity and the ion’

at m/z = 161 was absent. The ions at m/z = 73, 97,‘99, 113
were enhanced. ' In this study, all peaks at m/z = 13, 16 and
17 in the negative ion spectra are CH, O and OH,
respectively. |
Table 10. Summary of Major Negative Ion Peaks in the SIMS
Spectra of Glucose, Mannose and Galactose

m/z | 'glucose [ mannose galactosg

25 | C,H

29 _ - CHO

31 ' _ - HOCH, -

41 C,OH

4l3 C,0H,

45 C,0H;

53 C,0H

55 | C30H;

57 C,0,H

58 C,0,H,

59 C,0,H;

67 : | - C,OH,"

69 : , | C;0,H

71 C30,H;

73 ' C30,Hs

83 | C,0.H;

85 C,0.Hs
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Table lO'(cont'd). Summary of Major Negative Ion Peaks in the
SIMS Spectra of Glucose, Mannose and Galactose

m/z glucose mannose galactose

87 : C50;H;
8o |- ' ' C,05H,
95 - Cs0,H;
97 ’ . Cs0,Hs
99 ' | c,0.H;
101 ' C,0;Hs
103 - . - C,05H,
107 - - CgO,H,
111 , Cs03H;
113 ’ Cs0,H5
115 | CsO3H;
117 - - C,0,Hs
119 : C0.H;
125 | | Cc.0Hs
127 C50,H;
129 C50,Hs
131 - . , Cs0,H,
141 CgO,Hs
143 . | C40.H,
149 ' - | - | c.oH,
159 C605H7_
161 Co0sH
177 - - CeOeHg
179 ‘ ‘ CeOgHys
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Glucuronic Acid
Glucuronic acid, C&H1®7, has a molecular weight of 194

t
amu. The structure of glucuronic acid is shown below:

OH H OH OH
T | [

. ! ¢
T : 1
H OH H H

ESCA Analysis The ratio of carbon to oxygen found by
ESCA analysis is 44.90 : 45.73, approximately 1 : I, and the
ratio of carbon to oxygen iIn its chemical formula is 6 : 7.
Sodium was Tfound during analysis (atom % 9.37) (Figure 15),
and may be present because of sample contamination or from the
glass substrate.

There were three peaks on carbon high resolution peak
spectrum (Figure 16), but two on oxygen high resolution peak
spectrum of glucuronic acid (Figure 17). The peak assignments

are shown iIn Table 11.

Table 11. Carbon and Oxygen Peak Assignments of Glucuronic

Acid
raw data charge functional
(ev) corrected group
data (ev) assignment
carbon peak  277.30 285.00 C-H, -C-C- 0
278.74 286. 44 C-0-H 0-C-0
280.44 288.14 C=0
oxygen peak 523.44 531.14 C=0

525.00 532.70 0-0-H
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SIMS Analysis In the positive ion spectrum of glucuronic

acid (Figure 18), some prominent peaks were at m/z = 53, 55,
57, 63, 67, 69, 71, 73, 91, 105, 119, 127 and 133. Peak

assignments are given in Table 12.

o

‘'Table 12. Summary of Major Positive Ion Peaks in the SIMS

Spectrum of Glucuronic Acid

m/z | , - m/z
45 | COOH+\'§ 83 C,0,H,"
: ‘
53 | C,0H" 85 C,0,Hs"
55 | c,om,’ | 87 C,0:H;"
57 | C,0,H 91 C405H,"
59 | C,0,H," ' 95 Cs0,H," I
63 | C,0,H," 103 | C,0.H,"
65 | c,oH" 105 Cs0,H"
67 | c,0H . 119 c,,o,-,H7+
69 | c,0,H | 127 |. Ce0.H,” or C.,oH,"
71 | C40,H," 133 Cs0,Hs or C,0sHs
73 | C,0.H" 155 CqO5H, "
77 | C,0.H, . 165 | CsOgHs
79 | Cs0H,"

There is less information from negative ion spectrum -
(Figure 19) than from pésitiVe ion spectrum. Few peaks were
detected aone m/z = 100. Some prominent peaks were at m/z =
59, 71, 75, 1Q3fand 133. Peak assignments are listed in Table

13.
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Table 13. Summary of Major Negative Ion Peaks in the SIMS
Spectrum of Glucuronic Acid

m/z . i m/z

59 C,0,H, | : 89 C,05Hs

69 C;0,H - 103 - C,0;H,

71 | C,0,H, 113 C,0,H or CsO.Hs
73 C,0;H 127 CsO,H;

75 C,05H; 133 C0,H, or C,OsHs
87 C30,H; '

Methyl «-D-Mannopyrahoside

The molecular weight of methyl a—D—mannopyranoside,

C,H.,05, is-194 ému. The structure is shown below:
F H ?H fH
‘ .[ o
HOCH, ﬁ ﬁ i i COCH;.
OH OH H H

ESCA Analysis - A good methyl a-D-mannopyranoside ESCA

spectrum was not obtained since the methyl a-D-mannopyranoside
solution did not fully cover the glass substrate when it was
spin castl

|

SIMS Analysis 'In the positive ion spectrum of methyl a-

. D-mannopyranoside (Figure 20), the strong peaks above m/z = 50

were m/z = 53, 57, 59, 61, 69, 71, 73, 85 and 87. Above m/z
= 100, the intensity of the peaks was too weak. Peak

assignments are given in Table 14..
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Table 14. Summary of Major Positive Ion Peaks in the SIMS
Spectrum of Methyl a-D-Mannopyranoside

m/z | ) m/z
45 | Cc,0Hs' or cooH” |69 |c,0HS or c,0H
53 | coH' ., 71 C,0,H,"
55 | C,0H," |73 C,0,H;5"
57 | C0,H 75 C,0,H,"
59 | C,0.H," 79 CsOH,"
61 | C,0,Hs 81 .. | c,0H
63 | C,0,H," 85 C,0.Hs
67 | c,0H," 87 C,0,H,"
| 99 C,05H;"

In the negative ion spectfum/ see Figure 21, the most
prominent ions above m/z = 50 were m/z = 55, 59, 60, 61, 69,
71, 73, 76, 77; 87, 97 and 929. Above m/z = 100( high peaks
were observed at m/z = 101, 111,'113, 119, 137 and i93. Peak
assignments are listed in Table 15.

Table 15. Summary-of Major Negative Ion Peaks in the SIMS .
Spectrum of Methyl a-D-Mannopyranoside

m/ 2 ' . m/z

55 C50H; 87 | C;0.H;

57 C,0,H ' 89 C503H5

59 C,0,H; .97 Cs0,Hs

61 C,0,Hs | ' 99 C,0,H;

69 C,OH : 101 | C,04Hs5

71 C,0,H; 137 | C,0,H, "
73 C30,Hs ' 193 | (M-H)
77 | CsOH
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Discussions

Positive ion spectra of glucose, mannose and galactose
were different though they wefe stereoisomers. Thefe was a
common pattern for mannose and galactose. They botﬁ had high
intensity peaks in the low mass region, but héd no strong and
distincti&e ‘peaks at higher mass value (m/z ‘>.'LOO). For
glucose, the highest intensity peaks were between m/z = 50 and
m/z = 100. The positive ion spectrum of glucose exhibited
'single, étrongipeaks above m/z = 100, such as m/z = 109, i27,
. 145, 163 and 181. The peak at m/z = 181 was (M+H) , ion at

m/z = 163 was due to the loss of a neutral H,0 from (M+H)h

Peaks at m/z = 145, 127, and 109 were due to the loss of two .
H,0, three H,0 and four H,0, respedtivély, from (M+H)'. 1In
these ions, the pyranose‘ring of glucose did not break up.
They were due to the loss of -H and -0H from the side chains.
Mannose and galactose also had peaks at m/z = 109, 12&, 145
and 163, but they were very weak.

In negativé ion spectra, mannose and galactose still had
similar patferns, which differed from the pattern of glucose.
Glucose had soﬁe stronger beaks over m/z = 100 than mannose
and galéctoée,'such as peaks at m/z = 129, 143, 161 and 179.
(M-H) ﬁeaks were observable at m/z = 179 in.all negative ion
spectra with a higher intensity in glucose spectrum. The peaks
at m/z = 161 were due to the loss of a.neutral H,0 from (M—ﬁ)ﬂ

The peaks at m/z = 143 were due to the loss of two H,0 from

(M-H) .
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Obviously, the pyranose ring of glucose is more stable
than pyranose ‘ringé. of manﬂose_ and galactose from SIMS
analysis. From organic chemistry, if -H and -OH in a pyranose
‘are both vertical to the same plahe, they repel each'othér.
This causes the ring to be less stable. In.giucose, mannose
and galactose, see Figure 5, mannose has a -H and a -OH both
vertical to the same plane, so does galactose. The
distribution of heavy functioned groups is also related to the
sﬁability of the pyranose ring. 1In glﬁCose, the -CH,0H and
all the -OH are equatorial bonded fo C, while inlmannose and
‘galactose, a -OH is not equatorigl bonded. This also causes
the glucose pyranose ring to be more stable than mannose and
galactose pyranose rings. The SiMS analysis showed this.

From the spectra, ions diagnostic of glucuronic acid were
identified. Iéns at m/z = ;5 and 105 were assigned to
structures uniqgely diagnostic of glucuronic acid, —-CH(OH)COOH
and —CH(OH)CH(bH)COOH. Molecular ions were not found in
either the positive ion or the negative ion spectrum. In the
positive .ion spectrum and the negative ion.speétrum, ions
diagnostic of methyl a—D—mannapyranoside were noted at m/z =
43 and 73. Tﬁey were assigned t§ structures unique to methyl
a-D—mannopyrahoside‘ —COCHa'and —CH (OH) COCH;. (M-H) peak is
observed as a Weak peak at m/z = 193 in the negative ion

spectrum.
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Disaccharides And Polysaccharides

In this experiment, cellobiose and maltose were used as .

model compounds of disaccharides. Mannan and glucan were used

as model compounds of polysaccharides.

Cellobiose And Maltose

Cellobiose and maltose have the same molecular weight,
342 amu, and the same chemical formula, C;;H,,0,;. Their

structures are different, as shown. below.

Maltose ('/i-isumcr)

ESCA Analysis ESCA spectra (Figure'22) of maltose and
cellobiose look similaf. The ratio of carbon' atoms to oxygen
atoms in maltose is 53.90 : 46.10 and in cellobiose is 53.71
: 46.29. It is quite close to the ratio of carbon to oxygen
in their chemical formulas, 12 T 11,

Two carbon peaks appeared on both cellobiose and maltose
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carbon high resolution peak spectrum (Figure 23), while one
peak showed in both oxygen high resolution beak spectrum

(Figure 24). Their peak assignments are shown in Table 16.

Table 16. Carbon and Oxygen Peak Assignments of Cellobiose  and

Maltose
~raw data ’ charge .functional
(eVv) corrected . group
data (eV) assignment
maltose 278.72 286.50 C-0-H
. S
280.48 288.26 \O~¢fO
525.10 532.88 C-0-H
cellobiose 278.32 286.50 | C-0~-H
279.88 288.06 0-C-0
524.71 532.89 1 ¢c-0-H

SIMS Analysis In the positive ion spectrum, cellobiose

has some strong peaks at m/z = 53, 55, 57, 61, 69, 71, 73, 81,

85, 87, 97, 109, 127, 145 and 163 (Figure 25). For maltose,

the most prominent ions were at m/z = 55, 57, 71 and 73
(Figure 26). Above m/z = 100, few high intensity peaks were
detected. Peak assignments are listed in Table 17.

Table 17. Summary of Major Positive Ion Peaks in the SIMS
Spectra of Cellobiose and Maltose

m/z | Cellobiose | Maltose

53 C,0H"
55 , - | c,0H,"

+ +
57 | C;0H, or C,0,H

59 - C,0H," or C,0,H,"
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Table 17 (cont'd). Summary of Major Positive Ion Peaks in the
SIMS Spectra of Cellobiose and Maltose

'm/z..éellobiose Maltose

61 | - C,0H,' or C,0,H,"

67 C,OH,"

69 C,0Hy or C,0,H

71 C,0H,” or C,0,H;

73 C,0H, or C,0,H5

81 c,0,H or CsOH,

83 c,0,H,” or C.0H,"

85 C,0,Hs Cs0Hy or C,0.H"
87 C,0,H,” or Cs0,H,"

89 - C,0,Hg C3O3H5;r or CgOH'
91 - C,0.Hy," C30.H,” or CgOH,
97 - Cs0,Hs' or C,0.H’

99 - Cs0,H,” or C,0.H,"

101 CsO,Hs,' or C,0.H,
103 - Cs0,H,;,, or C,0.H,"
109 - CeO,Hs or CsO.H

111 - CeOH," or C.0.H,"

‘113 - Cs03Hs  Cs0,Hs or C,0,H
115 - CeO,Hi,' Cs0H,” or C,0.H,
127 Cs0,H," or C,0,H,

145 - Cs0H,” or CsOsH,"
163 - CgOsH,; "

In the negative ion spectrum, -

above m/z =

119, 161 and 179

50 ‘in cellobiose were m/z =

(Figure 27).

59, 71,

87,

the most prominent peaks

Table 18 lists the

101,
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corfesponding to each m/z fatio. The ion at m/z = 221 may be
(M—H+SiO[&QO).. In the maltose negative ion spec¢trum, Figure
28, the intensity of the prominént peaks in cellobiose was
diminished. Over m/z ¥'100, cellobiose héd-some weak peaks
butlthey were absent in maltose.'

Table 18. Summary of Major Negative Ion Peaks in the SIMS
Spectra of Cellobiose and Maltose

m/z | Cellobiose | Maltose

53 . C30H

55 o C,O0H,

57 B C;OHs or C,0,H

59. C,0H, or C,0,H;

69 C,OH; or C;0,H

71 | - C,0H, or C,0,H,

73 - C,OHy or C;0,Hs

75 , - C30,H,

83 | - C,0,H; or CsOH,

85 - | C,0,Hs CsOHy or C;0H
87 : C,0,H, or C,0,H; )
89 - C,0,H, CeOH or Ci0;Hs
97 : - csozH_;," or C,0,H

99 | - Cs0,H, or C,0;H;

101 : - Cs0,H, or C,0,Hs

111 - - c602H7" - or CsOzH;

113 - - CeOHy Cs0;Hs or 'c,,o,,H"
115 - CeO,H;; Cs0,H, or C,0,H;
117 - Cs0,H, or C,0Hs

119 | - CsO.H,, or C,0H,
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Table 18 (cont'd). Summary of Major Negative Ion Peaks in the
SIMS Spectra of Cellobiose and Maltose

m/z'| Cellobiose | Maltose

125 | - CeOzH; or CsO,H

127 . , - C.0.H,” or _cso.,,Hg,'l
129 B CeOsHy or CsO,Hs
131 : - .C503H11_ or CsO,H,
141 ‘ - Ce0,Hs or CsOH

143 - CeO,H; or CsOsH;
159 ‘ - Cs0sH,

161 . . - CsOsHg .

179 - CeOgHy1_

Mannan And Glucan

ESCA Analysis ESCA spectra of mannan and glucan are

shown in Figure 29. The atom percentages in mannan and glucan

are shown below in Table 19.

Table 19. Atom % in Mannan and Glucan

carbon % oxygen % nitrogen %
mannan - 56.62 41.60 1.77
glucan 56.56 - 43,44 none

A small amount of nitrogen was found in mannan (Figure

29(a)), probably coming. from protein contamination in the
mannan sampie. Three peaks were shown on the carbon high
resolution spectra of both mannan (Figure 30(a)) and glucan

(Figure 30(b)). However, two peaks were on the oxygen high
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resolution spegfrum of mannan (Figure 31(a)) s one peak was on
.the oxygen high resolution spectrum of gluéan (Figuré 31(b)) .
The small péak seen on mannan oxygen high resolution spectrum

. may be from protein contamination. Peak assignments are

listed in Table 20.

Table 20. Carbon and Oxygen Peak Assignment of Mannan and

Glucan
" raw data .charge functional
(ev) corrected ' group
data (eV) . assignment
mannan . 276.97 285.00. ‘/C—H, c-C
278.78 | 286,81 c-0-H
' 280.58 2882614 0-C-0
! 525.15 533.i8 . C—O—ﬁ
glucan | 277.17 285.00 . C-H, C-C
278.78 ' 286.61 . _‘ C-0-H
280.34 288.17 0-C-0
525.16 532.99 | c-0-H

SIMS Analysis The mannan positive ion spectrum (Figure
32) did not have as many high mass (m/z > 100) peaKs as in its
negative ion spectrum (Figure 34). The main peaks above m/z
= 50 were m/z = 55, 57, 69, 73, 81, 83, 85, 97, 99, 109 and
127. The same pattern was followed by the glucan pdsitive ion
spectrum, Figure 33, with its prominent peaks above m/z = 50
at m/z=53, 55, 57, 69,‘71, 73, 81,'85 and 97. Above m/z =
100, there were some low intensity peaks at m/z = 101, 103,

105, 107, 109, 11, 113, 115, 125, 127, .129 and 145. Peak
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assignments are listed in Table 21.

Table 21. Summary of Major Positive Ion Peaks in the SIMS
Spectra of Mannan, Glucan, Mannose and Glucose
m/z | Mannan Glucan | Man- Glu-
’ nose cose
53 C,0H"
55 ' C,0H,"
57 C,0,H"
59 C,0,H,"
61 C,0,Hs"
65 C,OH"
67 C,0H,"
69 C,0,H"
71 ' Csosz—F )
73 C302H5+
77 CsOH'
.79 CsOH,"
81 C,0,H"
83 C,OH;"
85 C402H5+
87 C305H;
89 - C303H5+
91 ‘ C30:H; "
95 - - C502Hé+ .
97 Cs0,Hs or C,0.H
99 Cs0,H,” or C,0.H,
101 | ° ' C,0.Hs  or Cs0,Hg
103 C,0;H,” or Cs0,H, " -
109 CeO,Hs or C.O.H
111 C505H,"
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Table 21 (cont'd). Summary of Major Positive Ion Peaks in the
SIMS Spectra of Mannan, Glucan, Mannose and Glucose

m/z | Mannan Glucan | Man- Glu-
’ nose cose
113 | - C505H"
115 - CsO3H; "
125 - - CeOsHs' or CsOH' .
127 | Cs0;H,” or C,0,H,
133 - - - | COH,
145 - B CsO,Hy' or. Cs0Hs

In the mannan negative ion spectrum (Figure 34), the most

prominent ions above m/z = 50 were at m/z = 59, 71, 79, 87,

97, 99, 101, 111, 113, 125, 1392 and 161. More peaks were

introduced above m/z = 100, like m/z = 109, 115, 119, 123, -

127, 129, 137, 141, 143, 151, 153, 155, 159, 165, 167, 177,

179, 181 and 221. Peak assignments are given in Table 22. In

the glucan negative ion spectrum (Figure 35), some high peaks.

above m/z = 50 were at m/z = .59, 69, 71, 73, 85, 87,.97, 99,
101, 111, 113, 119, 125, 127, 129, 141, 161, 179 and 221. See

Table 22 for peak'assignments.

Table 22. Summary of Major Negative Ion Peaks in the SIMS
Spectra of Mannan, Glucan, Mannose and Glucose

.m/z | Mannan | Glucan | Mannose Glucose

53 C,0H
55 : | C30H;
57 | C30,H
59 . C,0,H;

63 - - - C,0,H,
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Table 22 (cont'd). Summary of Major Negative Ion Peaks in the
SIMS Spectra of Mannan, Glucan, Mannose and Glucose

m/z | Mannan Glucan Mannose .Glucose
67 - C,OH;
69 C,0,H
71 | C30.H;
73 C;0,Hs
79 - - - CsOH;
81 x - - - | co0H
83 C,0,H;
85 C402H5_
87 | C303H;
89 C303Hs
95 - C502H3-
97 Cs0,Hs
99 . | C,03H; .
101 C,05Hs
103 - C,0;H,
109 - - Cs0,H
111 CsO3H;
113 ) CsOzHs
115 Cs03H,
117 - C,0.Hs
119 CAOZ,H{
121 - - - CeOsH
123 - - CeO5H,
125 CeO3Hs
127 ' CsO,H;
129 C50,Hs
131 - CsO,H,
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Table 22 (cont'd). Summary of Major Negative Ion Peaks in the
SIMS Spectra of Mannan, Glucan, Mannose and Glucose

m/z | Mannan' | Glucan | Mannose Glucose |

137 T - - - | CeOH
139 - - CeO,Hy
141 - CgO,Hs_
143 — ' CsO,H,
145 - - - CgO,Hg
149 _ - - ‘ CsOsHg
153 - ' - CgOsH
155 - - | - CeOsH;
159 . SR B ' CLO-H,
161 CgOsHg
177 ' - - CgOgHg
179 : ] CeOeHyy
181 - - ‘ - ésosHi{

Discussions

: /
For both the positive ion and negative ion spectra,

cellobiose had more informative than maltose. Apparently,
céllobiose.had:more fragments than maltose among any mass
region. Peaks at m/é.= 109, 127 and 145 in the positive ion
spectrum of cellobiose, and.m/z = 101, 143 and 161 in the
négative ion spectrum of cellobiose were pyranose rings with
losing some H,0 on side chains.

The glucan and mannan positive ion spectra showed more
high mass fragmehté than their.monomer glucose (Figure 9) and
mannose (Figure 10), see Table 21. As shown in Figure 34 and

Figure 35, there were more high mass (m/z > 100) fragments in
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the negative ion spectra of mannan and glucan than in the
negative ion sbectra of mannose and glucose (Figure 12 and
Figure 13). This was expected since mannan and glucan are
polymers of mannose and.glucose. Spectra of mannan and glucan
exhibited no strong and distinctive peaks above m/z = 150.
The differences in SIMS spectra of stereoisomers, such as

glucose, mannose and galactose, cellobiose and maltose, mannah

-and glucan, may be caused by several reasons: the difference

in the stability of the pyranose ring, the difference in how

easily the ions can eliminate side chains, the difference in

ability of ions to delocalize charge}‘ the difference in
crystalline structure of saccharides, and the way saccharide

molecules -orient on the surface of the glass substrate [26].
Protein

" ‘Bovine serum albumin was used in this experiment as a
model protein. ESCA and SIMS analyses were applied to bulk
film of bovine serum albumin and bovine serum albumin adsorbed
to PET. The adsorbed profein was investigated tO'gxplore the
usefulness of static SIMS to provide fundamental iﬁformation
from such systénu Glutamic acid was .also used 1in this

experiment, to 'help interpret protein spectra.

Glutamic Acid

Glutamic acid, Cs;HgNO,. The structure is shown below:
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H H  NH2

HoOC C----C———— C———-COOH

H H H

ESCA Analysis Figure 36 shows ESCA spectrum of glutamic
acid. A ratio of C : N - 0 = 51.47 : 10.10 : 38.43 in ESCA
analysis, approximates 5.1 : I : 3.8, which is very close to
what appears in its chemical formula, which is 5 - 1 :© 4.

Three peaks appeared on the carbon high resolution
spectrum (Figure 37), and two peaks appeared on oxygen high
resolution spectrum (Figure 38) . The peak assignments are

shown in Table 23.

Table 23. Carbon and Oxygen Peak Assignments of Glutamic Acid

raw data charge function group
(ev) corrected assignment
data (eVv)
carbon peak 276.82 285.00 C-H, C-C
278.05 286.23 C-N
280.39 288 .57 0-C=0
oxygen peak 523.39 531.57 0-C=0
525.01 533.19 0-C=0
SIMS Analysis In the positive 1on spectrum, some

nitrogen-containing species were introduced at m/z =28, 42,
44, 46, 54, 56, 58, 70, 72, 74, 82, 84, 86, 102, 114, 130 and
148 (Figure 39). Other prominent peaks were at m/z = 55, 69,

75, 79, 85, 95 and 97. The peak assignments are shown in
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Table 24.

Table 24. Summéry of Major Positive Ion Peaks in the SIMS
Spectrum of Glutamic Acid ' :

m/z : m/z

17 | NH, 7 | 69 C,0,H" -

27 | ¢H," 70 C,0,N° or C,0,H,"
28 | cH," or NcH,” co' {71 | c,0.H,

29 | con’ : 72 CLOHN  or CL0H," k
39 | CH, 74 C,0,H,N" _

41 | c,0H" ‘ 82 C;0,N°  or - C,0,H,
42 | C,NH,” or C,0H, 83 | C,0,H," '

43 c26H3+ 84 C40,H,N"

44 | C,H,-NH," , 85 C,0,Hs"

45 | cooH” . : | 86 C30,H,N"

46 | COH,-NH, 87 | C,0.H,"

53 | C,0H" 95 C50,H,"

54 | CH,N 97 Cs0,Hs

55 | C,0H, o 1102 C,0,HeN"

56 | CiHGN' x | 104 C,0,NH,,"

57 | HOOC-C' 114 Cs0,NH;"

58 | ooc-cH," . 130 C50,NH,'

50 | HOoC-CH," ' 148 C50,NH,,"

In the hegative ion spectrum, some even m/z value peaks
wefe introduced at m/z = 26, 28, 38, 40, 42, 44, 46, 52, 54,
56, 58, 72, 74, 80, 82, 84, 86, 98,ﬂ100, 102, 128 and 146
(Figure 40). These 1ions might 'corre;pond to nitrogen-

containing species. Also there are some prominent ions at m/z

'= 59, 71, 85 and 97. Peak assignments are listed in Table 25.




60

Table 25. Summary of Major Negative
Spectrum of Glutamic Acid

Ton peaks in the SIMS

m/z ) ‘m/z

25 C-CH 60 C,0,H, or CO,H,N

26 | oN” ; | 69 | c,om '

27 C,H; 71 C50,H;

28 | cH,~ or NCH, coO 72 | C,0,H, or C,0,NH,

35 | c1 73 HOOC-CH,~-CH,

38 CoN- 74 C,0,NH,

39 C,H; ’ | 80 C,ONH,

40 C,NH, : 81 Cc,0,H _

41 C,O0H : 82 C,ONH, or C,0.H,
42 | ocoN . 183 |c0H,

43 C,OH; 84 C,ONHs or C,0,H,

44 | COO" or C,H,~NH, 85 | C,0,Hs

45 | COOH | : 86 | C,0,H, or CsO,NH,

46 COOH, -or COH,-NH, 87 C,0,H,

52 CaH,N 97. | Cs0,Hs

54 | CGHN 98 | c,0,NH,~

55 C,0H, 99 Cs0,H,

56 csHsﬁ‘ 100 | C,0,NHg

57 | c,0,H , 102 | C,0,NH, "

58 | C,0,H, or C,0H\N 128 | M-H-H,0: CsHgO;

59 | HOOC-CH, 146 | M-H: CsHgNO,

Bulk Film of Bovine Serum Albumin

ESCA Analysis Carbon, oxygen,

found in albumin with a percentage.

and 14.87% respectively (see Figure

sulfur and nitrogen were

of 65.91%, 18.06%, 1.16

41) .

%

=
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Figure 42. shows the carbon high resolutian peaks for a
bulk film of albumin, and Figure 43 shows the oxygen high
rgsolution peaks for this sample. The peak assignments are

listed in Table 26.

Table 26. Carbon and Oxygen Peak Assignments of Albumin Bulk

Film
raw data .charged funétion'
(eVv) corrected group
-data (eV) assignment

carbon peak | 276.61 285.00 C-H, C-C

277.98 286;37 Cc-0

279.82 288.21 C= R
oxygen peak | 523.29 551.68 Cc-0

525,00 ’ 533.39A C-0-C=0

SIMS Analvsis Figure 44 shows the positi&e ion SIMS
spectrum of a thick film of bovine serum albumin, ffom m/z =
0 - 300. Peaks have been identified using the protocol
developed by Dévid Mantus, (see fable 3-5) and are shown in
Table 27 below, Low mass peaks at m/z = 15, 18 and 23 are
CH;) NHJ_ and Ndﬂ respecfively. Only those amino aéids.
included in his study have been marked.

Peak idenfification of negative ion spectrum of bulk film
of.albumin (Figure 45) has also based on work of Mantus, see

Tables 3-5. Major peaks of amino acid residues in the

proteins are shown in Table 28.
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1

Table 27. Summary of Major Positive Ion Peaks in the SIMS

" Spectrum of Albumin Bulk Film

m/z I. I-H, others m/z I I-H, .others
| 28 Gly-H, | 82 ' His

30 Gly 84 Leu—Hz‘, Lys, Glu
42 Ala-H, 86 Leu

44 Ala 88 | Asp

56 Glu 91 Phe

60 | ser ' 97 Arg

68 Pro-H, 102 Glu

70 | Pro | val-H, | Arg 107 ’ Try

72 |.val | Asp, - 110 | His

77 Phe, Trp 120 Phe

81 His 136 | Tyr

Table 28. Summary of Major Negative Ion Peaks in the SIMS

Spectrum of Albumin Bulk Film

m/z AA 7 m/z | AA
26 CN_ { 97 |Glu | CsHs0,
42 ocN 100 | Val | CH(CH;) ,~CH,~C (NH) O’
58 | Gly | CHy~C(NH)O 101 | Gly | NHCOH-CH,-C (NH)O
59. Glu | C,H,0, - A | 114 | Leu | CH,CH(CH;) ,=CH,~C(NH) 0O~
66 Pro | C,H,N U , 115 | Ala | NHCOH-CH (CH,) —-C (NH) O
N Val | CH(CH,),—CH (NH,) - *
| c(vu)O
71 Glu | CH;0, 119 | Tyr ‘
)
72 | Ala | CHy~CH,~C(NH)O™ | 128 | Glu | CsHO,~
73 Gly | NH,~CH,~C(NH)O | 129 | Leu | CH,CH (CH;),~CH (NH,) -
‘ | cvuyo '
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Table 28 (cont{a). Summary of Major Negative Ion Peaks in the
SIMS Spectrum of Albumin Bulk Film

m/z AA , m/z AA

80 Glu | C,H,NO" 157 | Leu | CH,CH (CH,) —CH (NHCOH) =
C(NH)O .

87 Ala | NH,~CH(CH,) -
C(NH)O.

Bovine Serum Albumin Adsorbed to .PET

ESCA Analysis Carbon, oxygen and nitrogen were found in.

-adsorbed albumin (Figure 46) with a percentage of 64.07%,

23.71% and 5.72% respectively. Sodium (4.19%) was also present
in the spectrum, this may be due to contaminétion'on the
exposed PET surface or from PBS.

Figure 47 shows the carbon high resolution peaks for
adsorbed- albuﬁin, and Figure 48 shows the oxygen high

resolution peaks for this sample. The peak assignments are

listed in Table 29.

Table 29. Carbon and Okygen Peak Assignment of Adsorbed

Albumin
raw data (eV) charge function
i .| corrected group
data (eV) "assignment

carbon peak | 276.74 285.00 C-H, c-C

278.32 | 286.58 c-o0

280.57 288.83 ) .C=O
oxygen peak | 523.54 531.80 c-0

525.33 533.59 - C-0-C=0
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SIMS Analysis Unfortunately, the positive ion spectrum
of adsorbed albumin on PET had poor signal intensity (Figure
49) . A few laminb acid peaks weré identified and, are
summarized in fable 30. -

Table 30. Summary of Major Positive Ion Peaks in the SIMS
Spectrum of Adsorbed Albumin

m/z I I-H, : others‘ m/z | I I-H, others
28 Gly-H, 70 Pro | Val-H, | Arg

30 Gly 77 __ _ Phe, Trp
42 Ala-H, 84 Leu-H, | Lys, Glu
44 Ala . 86 Leu

56 Glu

Figure 564 showed the negative ion SIMS spectra of
adsorbed albumin. The peak pattern was almost the same as the
peak pattérn of albumin bulk film, but the intensity was much
lower. :Major péaks indicative of various amino acid residues
in the bréteins are summarized in Table 31..

Table 31. Summary of Major Negative Ion Peaks in the SIMS
Spectrum of Adsorbed Albumin

m/z | AA’ S m/z | AA
26 CN 87 Ala | NH,-CH(CH,) -
: C(NH) O
42 OCN 97 Glu | CsHsO,
58 Gly | CH;—C(NH)O 100 | Val | CH(CHj),-CH,-
‘ ' C(NH)O
-t ' ‘ . _
59 Glu | C,H;0, 101 | Gly | NHCOH-CH,-C(NH)O
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Table 31 (cont'd). Summary of Major Negative Ion Peaks in the
SIMS Spectrum of Adsorbed Albumin

m/z | AA ‘ m/z AA

66 . | Pro | cHN 115 | Ala | NHCOH-CH (CH,) -

U - C(NH)O"

N -
N Val | CH(CH,),~CH(NH,) -
. | c(NH)O

71 | Glu | CjH;0, - 119 | Tyr

72 Ala | CH;-CH,-C(NH)O | 128 | Glu | CHeO,

73 .| Gly | NH,-CH,-C(NH)O | 129 | Leu | CH,CH (CHy) ,-
' | CH(NH,) -C(NH) O’

| 80 Glu | CH;NO 157 | Leu | CH,CH(CH;),—
CH (NHCOH) -C (NH) O

Discussions

The positive ion spectra of many amino acids are
dominated by the immonium ion (I). This ion has the generic
- structure Hﬂf=CH—R. The R group distinguishes the particular

amino acid (see Table 2), and the immonium ion peak will be

found at m/z = [R+29]. This is the only important positive

ion in the spectra of amino acids [13]. In the positive ion
spectrum of glutamic‘acid, the immonium ion was 6bservéble as
a prominent peak éf m/z 2 102 (Figure 39)..'. The most
“significant peak at m/z = 84 was due to the loss of neutral
Ihd frém the imménium ion, giving an ion with the formula
C,‘HSNO+ and a possibie cYclié étructuré.

The negative ion spectrum of glutamic'acid contained a,

\
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stfoné peak at m/z = 146 froﬁ the (M-H) ion. The peak at m/é
= 128 was dﬁe to the loss of H,0 from the (M—H)_‘i;n."Péaks"
at m/z = 59; 71, 80 and 97, from ions with’£he 1ikély formula
C,0,H; , C30;H; , C,H,NO and C,0,Hs; , respectively, were observed
in the spectrum. These peaks made a major contribution to the
-negative ion SIMS Spectra”of'albumin and cell‘waii antigens.

It is readily apparent that many more peaks are present
iﬁ both positive and ﬁégative spectra of aibumin than can be
assigned. Many of the odd mass peaks, which are usually
associated - with hydrocarbon iohs, may be due  to éither
contémination Qr.long chain fétty acids (0.006%) that often
aggregate with aibumin. While the albumin used here is
labeled fétty acid free, any residﬁe of fatty gcid.would be
highly surface acfive and concentrate at the protein Qacuum
inferface. : Other peaks may originate from various
biqmolecuies found in small quantities in the protein.

The main difference between thé albumin bulk film and the
adsorbed albumin spectré was the relative intensities of the
peaks arising from the amino acids. The source of this
' difference may be fhe different iﬁteractions betWeén albumin
- molecules and the substrate ,surfaCés. And’ also, in the
spectra of adsorbed albumin, some peaks arising from PET weré

observed. The positive ion spectrum of  adsorbed albumin

" contains-a peak at m/z = 105 from PET. fragment [27]

' <§>—cso+
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The PET (M+H)+ ionlpeak was also observable as a weak peak:.at

m/z = 193 in the positive ion spectrum of adsorbed albumin

9 0
+CH2:CH2' O'C'.@JC- OH

More peaks‘aflsing from  PET were seen in the negative ion
“spectrum of adsorbed albumin. Peaks at m/z = 76, 105, 121 and

165 were believed to have the structures

CeH, —= =0 @-‘c'—o" | Ho'ﬁ—@“"cﬁ'o_ |
' o} 0

1.
Sy 0

(76D) (121D) . (105D) - (165D)
respectively. The (M-H)- . ion peék of PET was also observed

at m/z = 191 [28].

C. albicans Cell Wall Antigens

Two“purified C. albicans cell wall antigens (AgH9 and
AgC6) [20] and crude C. albicans cell wall antigen [21] were '

~analyzed by ESCA and SIMS.

ESCA Analvysis.

The atom pefcentages of daggon,'hitrogen and ongeh in’
AgH9, AgC6 and crude antiéens are listed in Table 32. A small
amount of“Cagh and Si was found inNthe EéCA spectra of C.
élbicans cell wall AgH9 and AgC6. (Figure 51(a) and (b)),

probably due to either sampie contamination or the glass‘
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Table 32. Atom % of AgH9, AgC6'And Crude Antigens s
Carbon Ongen Nitrogen
AgHS 61.72 31.48 3.88
AgC6 63.46 29.91 3.21
crude antigen | 65.14 20.42 14.43
Four carbon peaks were shown on the carbon

high

resolution region in AgH9, AgC6 and crude antigen (Figure 52).

AgH9 and AgC6 had the same peak ratio.

listed in Table

33.

Peak assignments are

Table 33. Carbon and Oxygen Peak Assignments of C. albicans
: Cell Wall AgH9, AgC6 And Crude Antigens
raw data (eV) charge function
corrected data | group
(eV) assignment
carbon peak |276.66 (AgH9) | 285.00 c-H
276.72 (AgC9) :
276.66 (crude)
| 278.15 (AgH9) 286.49 (AgH9) c-0
278.25 (AgC6) 286.53 (AgC6)
1278.09 (crude) | 286.43 (crude)
279.70 (AgH9) 288.04 (AgH9) | c=0
279.83 (AgC6) 288.11 (AgC6) C-N
279.79 (crude) | 288.13 (crude)
280.84 (AgH9) 289.18 (AgH9) 0-C=0
280.97 (AgC6) 289.25 (AgC6)
:280.78 (crude) | 289.12 (crude)
oxygen peak | 523.15 (AgH9) |531.49 (AgH9) | C=0
523.10- (AgC6) 531.38 (AgCo6)
523.21 (crude) | 531.55 (crude)
524.53 (AgHO9) 532.87 (AgH9) c-0
524.57 (AgC6) 532.85 (AgC6)
524.61 (crude) | 532.95 (crude)
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Most carbon and oxygen in saccharides are sing}ed bonded,
.so the decrease’in C—O.bond in crude antigén means crude
antigen has less éaccharide than purified antigens. Two
oxygen peaks were presented on the oxygen : high regPlution
region (Figure;53). Table 33 lists the peak assignments. 1In
crude antigen,, the decrease of C-0 means the decrease of

saccharides, therefore, it has more nitrogen.

- SIMS Analysis

The positive ion spectra of cell wall AgH9 and AgCé6
looked the same (Figure 54 and Figure 55). They were similar |
to the'positive‘ion spectrum of mannose (Figure 10). From m/z
= 50 to 100, the positive ion spectra of the purified antigens
and of mannose had a similar peak pattefn{ They both had
strong peaks at m/z = 53, 55, 57, 67, 69, 71, 77, 79, 81 and
91. Above m/z = 100, both the'purifiéd antigens and the
mannose had higher mass frégments, but the ratios of the peak
intensities were different. Overall, the cell wall'pufified
antigens had higher intensity of high mass peaks than the
mannose. That may mean the cell wall purified anfigens
samples have better ‘ionization matrix and constituents with
higher moleéular weight. 1In the positive ion spectra for the
cell wall purified antigens, several even m/z value peaks were
observed at m/z = 58, 70, 86 and 128, which indicate nitrogen
containing species. ESCA analysis also indicated there was a
small amount of nitrogen in C. albicans cell wall purified

antigens, see Figure 51. Table 34 shows major peak

- ‘:




assignments.

Table 34. Summary of Major Positive Ion Peaks in the SIMS
Spectrum of C. albicans Cell Wall Purified Antigens

70

m/z m/z

27 C,H," 95 Cs0,H,"

29 coH" 97 Cs0,H,

39 CoH," 105 C,03Hy"

41 C,OH" 107 Cg0,H,"

43 C,0H," 109 Ce0,H;"

53 C,OH" 111 Cs05H,"

55 C,0H," 115 C,0H,, or Cs0.H,"
57 C,0,H" 117 C,0,H;" or CsO.Hg 7
58 | conm,” 119 c,0,H,"

59 C,0,H;" 121 C,0,Hy

65 c,0H" 123 Ce05H,;

67 C,OH," 125 | coH or Cl0.H
69 - | CioLH" 128 C5O,NHg "

70 C,ONH," 131 C50,H,"

71 | C40.Hs 133 | cs0Hs

77 CsOH" 135 Cs0,H,,"

79 CsOH," 137 Cs0,H'

81 C,0.H 141 | c0Hs

83 C,0,H," 143 CsOH,"

85 C,0.Hs 145 CeO,Hg

86 C,0,NH," 147 Cs0.H,"

91 C40.H," 149 C50sH,"

93 Cs0,H" 153 . | co.H

159 Ce0:H," 165 CgOsHys
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All the major peaks presented in the positive ion spectra
of purified antigens were observed in the positive ion
spectrum of crude antigens - (Figure 56). However, more
fragments were .involved in the spectrum of crude"antigens.

The negative ion spectfa for C.. albicans cell wall AgH9
and AgC6 looked approximately identical (Figure 57 and Figure
58). However, they differed from the negative ion spectruﬁ of
mannose. Above m/z = 50, the spectrum of mannose contained an
intense peak at m/z = 59 with a formula of C,0,H; , and another
intense peak at m/z = 71 with a formula of ‘C3(.)2H3_. The
spectra of purified antigens not only had these two strong
beaks, but'alsqhhad more intensive peaks at m/z = 80 and 97.
Some even m/z value peaks were introduced in their negétive
ion spectra, indicating the nitrogen involvement, for example,
m/z = 26, 42, 58, 64, 80 and 110. Table 35 éummarizes major
peak assignments. | \

All the major peaks appearing in the negative ion spectra
of purified antigens were also observed in the crude antigens
spectrum with a different peak intensity ratio (Figure 59).

Table 35. Summary of Major Negative Ion Peaks in the SIMS
Spectrum of C. albicans Cell Wall Purified Antigens

m/z . m/z

25 C,H L 96 C,0,NH,
26 CN~ 97 . | Cs0,Hs
35 cl 99 C,05H;
41 C,0H .| 101 | C0.Hs
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Table 35 (cont'd). Summary of Major Negative Ion Peaks in the
SIMS Spectrum of C. albicans Cell Wall Purified

Antigens
m/z | ' m/z
42 OCN : , 103 C,0;H;
43 C,OH; . ) 107 CeO,H;
45 C,OH5 | 110 Cs0,NH,
55 C,0H; ' 111 C;OSH;
57 C,0,H .or Cs0Hs 113 Cc,0,H or CsO;Hg
58 C,ONH, - 115 | c,0H, or Cs0;H,
59 C,0,H; 119 C,0.H,
64 CO,NHg 121 C,0,Hy
65 C,0H , ‘ 123 CeOzH;5
69 C30,H 125 CgO3Hs
71 C50,H; 127 CgOsH,
73 C30,Hs 4 137 | cq0,H
79 C,0.H, 139 | CeO.H;
80 C,ONH, , 141 | CgO,H;5
81 Cc,0,H . | 153 [ Cg0sH
83 C,0.H; 1 161 | CsOsHg
85 C;0,H or C,0,Hs |179 csoﬁﬁll“
87 C303H; or C,0.H, |191 | C,0¢H;;
Discussions

It has been shown that AgH9 and‘AgC6 contain mannose and
glucose, with mannose/glucose ratio of 3 : 1 and 11 : 1,
respectively [20]. Mannose was observed in the positive ion

spectra of AgH9 and AgCé6. However; there was no strong

indication of glucose peaks in either spectra. This may be’

due to several reasons. The amount of mannose is larger than
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the amount of glucose in the samples. Mannose maylhave better
ionization matrix effect than glucose. Mannose positive ions
may be .easier fo get off the substrate surface than glucose
positive ‘ions. Also, qﬁadrupole SIMS may not be sensitive
enough to tell the hidden glucbsel peaks in the mannose-
dominated posifive ion spectrum.

Pronase was used in the antigen isolation procedure [20]}.
So no protein ‘'should be detected in purified AgHS or Agd6
after protease treatment. However, the negétive ion spéctra
of AgH9 and . AgCé exhibited strong, distinctive peaks
indicative of the amino acids involvement. Significant peaks
at m/z = 26 and 42, -from ions CN_land'OCN—, respectively, in
the negative ion spectra of cell wall antigens.wefe cbserved
in thé spectra of all the amino acids [13]. Single, étrong
peaks at m/z = 59, 71, 80 and 97 were also seen in the
negative ion spectra of glutamic acid (Figure 40), bulk film
of albumin (Fiéure 45) and adsorbed albumin (Figuré 50); ESCA
analysis also confirmed the nitrogen involveméent (Table 32 and
Figure 51). -Tﬁe amino acids in the AgH9 and AgCé6 may be from
residual mannoérotein or residual pronase.

That the mannose was seen in the positive ion spectrum of

cell wall purified antigens and the amino acids were seen in

the negative ion spectra might be caused by several reasons.
In the positive ion spectrua, mannose might have a better
ionization matrix effect than other components. Therefore,

mannose produced more positive ions. However, in the negative
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ion spectra, amino acids might have a better ionization matrix

" effect than other compounds, so amino acids produced more -

negative ions. Also, mannose positive ions ﬁay be more
stable, while amino acid negative ions may be more stable.
Another reason. might be the low sensitivity of quadrupole
SIMS. It is not sensitive enough to tell thé hidden amino
acid peaks in the pasitive ion spectrum and the hiddén mannose

peaks in the negative ion spectrum.

L
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CONCLUSION

1. Stereoisomers looked identical in ESCA analysis, while a
difference was seen in SIMS analysis. The SIMS spectra of
glucose, mannosé and galactose slightly differed, but the SIMS
spectra of cellobiose were quite different from the SIMS

spectra of maltose.

2., The positive ion SIMS spectrum of C. albicans cell wall
purified éntigen was more like the positive ion SIMS spectrum
of mannose than any other spectrum. However, the negative ion
SIMS spectrum clearly indicated the involvement of amino
acids. .No difference was seen between cell wall AgH9 and AgCé
from theif ESCA and SIMS analyses. ESCA and SIMS analyses
showed a highef nitrogen percentage in crude antigen than in

,puriffed antigen.

3. The use of ESCA and SIMS for the study of saccharides and
C. albicans cell wall has never been done. The ESCA and SIMS
spectra shown in this experiment were the first report of
saccharides and C. albicans. The protocol for spéétral
‘interpretation ‘described here should be generally useful in
ESCA and static SIMS saccharides, polysaccharides, saccharide
acid.and protein interpretation. This experiment contributed

the fundamental work for further adhesion stﬁdy.
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