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Foreword 

The thesis is submitted in the form of original papers prepared for journal 

publications. The first two sections comprise a general introduction and a literature 

review presenting the theory and previous knowledge on this topic. The next eight 

sections contain the body of the thesis. Each chapter represents a complete 

manuscript. The last section is a summary of the major conclusions reached in this 

work. This format has been approved by the Faculty of Graduate Studies and 

Research of McGill University, and follows the conditions outlined in the Guidelines 

for Thesis Preparation. 



Abstract 

The potential applicability of Fourier transform infiared @TIR) spectroscopy 

for the study of biomolecules has been investigated through the investigation of three 

specific applications. Two of the applications selected involve the classification of 

whole cells, whereas the third concems the study of peptides and proteins isolated 

fiom tissues as well as synthetic peptides. In the microbiological application, for the 

diflerentiation of bacteria on the basis of their FTR spectra, it has been found that 

classification is most efficiently achieved through the utilisation of artificial neural 

networks, and that a wide variety of bactena can be correctly identified with minimal 

sample preparation after being grown on a single growth medium. The suitability of 

low-cost, disposable materials as supports for the deposition of bacteria samples has 

also been demonstrated. In contrast to the successful classification of bacteria, it has 

been found that the examination of cytological smears by FTIR spectroscopy does not 

allow the classification of ceMcal ce11 populations into the recognised diagnostic 

categories. In a microscopie investigation of the same cell populations utilising 

infrard imaging, localised areas of the smear were found to exhibit distinct spectral 

characteristics not observed in the spectra of the entire population. This indicates that 

infrared imaging systems may bë réquired for this type of application because the 

infiard spectrum recorded from a whole cervical smear does not allow the detedon 

of the small spectrai features arising fiom the molecular changes associated with a 

localised pathological state. Finally, the investigation of factors affécting the stability 

of peptides related to amyloidosis has show that temperatures above 70 O C ,  
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hydrostatic pressure greater than 6 kbar, and alkaline pH promote the disaggregation 

of the typical intermolecular P-sheet structure of amyloid peptides. Peptides utilised 

as mode1 systems for amyloidosis showed similar behavior when subjected to similar 

conditions. In the presence of ubiquitin, the response of amyloid A to heat treatment 

was slightly modifieû. Trifluoroacetic acid was found to have a stabilising effect on 

the aggregated structures of synthetic peptides, inhibiting their disaggregation under 

conditions that othenvise strongly favour it, such as high temperature. 



Trois systèmes biologiques sont étudiés dans cet ouvrage pour déterminer le 

rôle que pourrait jouer la spectroscopie infrarouge à transformée de Fourier dans le 

laboratoire clinique. Deux des sytèmes sélectionnés visent la classification de cellules 

entières selon des catégories reconnues dans leurs champs d'applications respectifs, 

alors que des peptides et protéines isolés de leun tissus d'origine, ou synthétiques, 

sont considérés dans la troisième partie de cette étude. L'application en 

microbiologie, pour la différentiation de populations microbiennes, démontre que les 

cellules bactériennes possèdent des spectres infiarouges propres et que ces empreintes 

peuvent être utilisées pour identifier les organismes. L'utilisation de réseaux 

d'intelligence artificielle s'avère la méthode de traitement des données la plus 

efficace pour l'identification bactérienne. D'autre part, les implications de l'aspect 

technique de cette méthode sont considérées, et il semble qu'une préparation des 

échantillons simplifiée et l'utilisation de matériaux jettables et peu dispendieux ne 

diminuent pas la capacité de discrimination obtenue à partir des spectres infiarouges. 

En pathologie, la classification de populations cellulaires humaines selon des 

catégories diagnostiques reconnues permet de conclure que l'utilisation de 

populations cellulaires typiques d'un fiottis de cellules du col utérin ne permet pas la 

classification parce que le spectre infiarouge produit n'est alors qu'une image 

moyenne de la population hétérogène et les caractéristiques spearales des 

modifications cellulaires associées à l'état pathologique sont confondues dans le 

spectre. Un examen par imagerie infiarouge permet de localiser des caractéristiques 



spectrales absentes du spectres moyen de la population totale. Ce résultat confirme 

que l'utilisation d'un spectromètre infiarouge conventionnel dans le but de classifier 

des frottis cellulaires du col utérin peut s'avérer inadéquate parce que le spectre 

produit est affecté par un effet de dilution des caractéristiques propres à l'état 

pathologique. Finalement, l'étude de facteurs affectant la stabilité des peptides liés a 

1 ' amy loidose démontre qu'une pression hydrostatique supérieure a 6 kbar, une 

température supérieure a 70 OC et un pH alcalin favorisent la désagrégation des 

feuillets-P intermoléculaires typiques des amyioides. Des peptides utilisés comme 

systèmes models dans l'étude de l'amyloidose démontrent des comportements 

similaires lorsqu'étudiés dans des conditions similaires. L'ubiquitine modifie 

modestement la réponse de l'amy loide A aux traitements thermiques. L'acide 

trifluoroacétique ernpèche la désagrégation des peptides synthétiques sous conditions 

autrement efficaces, telles qu'une température élevée. 



Preface 

Claims of Original Research 

During the past decade, a number of research groups have investigated the 

application of Fourier trmsform infrared (FTIR) spectroscopy for the rapid 

identification of bactena, the detection of abnonnalities in cervical cells associated 

with precancerous lesions and cancer, and to improve the understanding of the 

phenornenon of amyloidosis. The research described in this thesis has contributed to 

the advancement of knowledge in these three areas of research. 

The methodologies described in the literature on the identification of 

bacteria from their FTIR spectra require growth of the bacteria on a variety of growth 

media in order to identify the optimum growth medium. The study described in this 

thesis is the first to investigate the use of a single growth medium enriched 

specifically to support the growth of a large number of bacterial strains of clinical 

relevance. The results of this m d y  have demonstrated that the consequent greater 

complexity of the task of identifying the bacteria can be successfully addressed 

through the use of artificial neural networks. A sampling protocol involving minimal 

sample preparation and the use of a disposable support has also been developeô in 

this work. This research has laid the foundation for the development of an automated 

FTIR-based method for bacteria identification. 

The investigation of cervical cells by FTIR spectrompy reported in 

this thesis is the first to examine the dispersion of abnomai cells among 
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normal cells in cytological smears h o u @  the use of an inf iad  imaging system, 

with a spatial resolution of 7 Pm. It is also the tirst study to address the issues of 

selection of an IR support and spectral reproducibility in relation to the clinical 

requirement for long-terni storage of samples. The possibility of classification of 

samples according to recognised pathological stages using FTIR spectra of whole 

cellular populations deposited on an inexpensive support suitable for long-terni 

storage is also reported for the fist time. 
.- - 

In the area of research on amyloidosis, this thesis contains the first 

report on the use of spectroscopy for the investigation of the stability of the 

structures of arnyloid A and ubiquitin extracted fiom murine tissue. It is show that 

heat, applied hydrostatic pressure, and alkaline pH promote the disaggregation of 

amyloid A and that ubiquitin may play a role in the stabilisation of amyloid A. This 

work also provides the first evidence that the behavior of synthetic peptides that have 

been employed as models in the study of arnyloidosis is  affected by the presence of 

residual tnfluoroacetic acid from the purification process. 
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Chapter 1 

Introduction 

Mared light has been investigated as a biomedical tool for more than half a 

century. in the 1950s, i&ared spectrophotometry was already applied to the 

differentiation of bacteria. However, limitations associated with the use of dispersive 

optics have contined this technology to the structural analysis of chernicals for 

decades. Despite the early onset of this possibly very usefui and simple tool, 

relatively few applications are in use, and research is still very active in applications 

of infiard instrumentation. Techniques making use of the near-IR range are common 

in the medical tield (eg.:Gostout and Jacques, 1995; Wyatt et al., 1986; Yanabu et al., 

1995; Ohdan et al., 1995; Mancini et al., 1994; Flanagan et al., 1995), and the mid- 

infiwed region (4000-400 cm") is being increasingly investigated for biological 

applications. Advances in the resolution and computational power obtained in the past 

two decades with the availability of Fourier transforrn infiared spectrometers and fast 

cornputers equipped with mathematical processors capable of handling large data 

bases have promoted interest in the application of this technology to the field of 

bio iogy and medicine. Proteins, lipid s and carbo hydrates have been widel y 

investigated as individual components, and now the tendency is to apply the 

knowledge acquired to more complex systems where the basic components interact. 

The subject of interest in this research was the application of Fourier transfonn 

. -. 
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i n h e d  spectroscopy in three specific biomedical fields. 

FTIR spectroscopy provides a fingerprint-li ke pichire of the molecular 

structure of the compounds analysed. It is a powerfùl twl for the examination of the 

biochemicai composition of biological materials and has shown great promise in the 

monitoring of pathological processes. Speed of data acquisition, sensitivity, reliability 

in terms of wavenumber accuracy and absorbante are dominant advantages of 

conventional FTlR spectroscopy. The new instrumentation available, including 

infiarecl microscopes equipped with confocal plane anay detectors, provide increased 

spacial resolution and make the in&uments better adapted for biological research. 

Overall, significant improvements in the instrumentation over the past three decades 

have led to a technology that is well-adapted to investigate biological structures in 

complicated matrices, such as cells. The research presented in this document aimed at 

investigating some aspects of the diagnostic capabilities of FTIR spectroscopy. The 

work avers three distinct biological systems, namely bacterial cells, human cells and 

peptides of pathological significance. 

In the investigation of human ails, we have looked into the diagnostic 

possibilities of FTiR spectroscopy for exfoliated cervical cells and the effects of 

storage on the infiard spectra of dried cellular smears. Reduced death rates and 

development rates for cervical cancer have been observeci in the recent past due to the 

Papanicolaou screening, which allows a detedon of abnonnalities at precancerous 



stages of development (Hoskins et al., 1993). The diagnostic relies on a visual 

microscopie examination of the cervical cells smeareâ on a slide and stained via a 

twenty-three step procedure called the Papanicolaou stain (Koss, 1992). A pegt 

variability in the reliability of the results is observeci across the world, which is 

attributable to both the samplea harvesting step and the subjective visual diagnostic. 

The Pap test shows good accuracy for the detection of high-grade preinvasive and 

invasive cancer, but false-negative rates ranging fiom 8% to 50% have been reported 

(Coppleson et al., 1974; Vooijs et al., 1986). Based on published results from 

preliminary work in this field, it appears that the use of spectroscopie techniques 

could potentially aid in the diagnostic of the smears and diminish the subjectivity of 

the interpretation of the cytological smear (Wong et al.. 199 1 a). 

Differentiation and identification of bacteria grown on a single medium and 

using FTIR spectroswpy was also investigated. Identification of bacteria is 

commonly performed by conventional procedures employing morphological, 

biochemical and serological tests. The ment availability of DNA-hybndisation 

techniques, monoclonal antibodies and genetic probes has increased the accuracy in 

bacteria identification and classification, but it has not changed the fact that bacterial 

ce11 identification i s  a time-consuming and expensive process. It has been 

demonstrated that selected regions of the FTIR spectrum of bacteria can be employed 

in the differentiation and identification of restricted sets of strains, provided that 

substantially large libraries of i&ed spectra are gathered (Naumann et al., 1988; 

Helm et al., 1991; Helm and Naumonn, 1995). The use of multivariate analysis 



methods for the classification of bactena on the basis of their inftared speani is 

investigated. A generalised rapid spectroscopie method of characterisation of 

clinically important bacteria would serve the public since the peciod of time between 

sampling and bacteria identification is cntical for adequate therapeutic treatments and 

for the protection of public health. 

Finally, the secondary structure of amyloid peptides was exarnined in order to 

evaluate their stability to a variety of physico-chemical conditions. Amyloid peptides 

are found in the form of aggregated fibrils in the intercellular matrix of tissues or at 

the junction of neurons in the brain and are associated with a family of diseases 

termed amyloidosis (Kisilevski, 1987). The secondary stnicture of peptides associated 

with Alzheimer's disease (P-amyloid) and reactive arnyloidosis (amyioid A) were 

investigated. FTIR spectmscopy is a powemil tool in assessing the secondary 

stniaure of proteins and peptides. In conjunction with variable temperature and 

variable pressure, studies of peptide stnicture can be undertaken under a variety of 

physicoshemical conditions and thus provide a better understanding of the stability 

of these peptides. 

The overall objectives of this work were to examine the possibilities of using 

FTIR spectroscopy to differentiate bacterial cells or cervical cells on the basis of their 

characteristic infhued spectra. We also examineci changes in secondary structure of 

amyloid deposits as well as other proteins and peptides related with amyloidosis 

under a variety of physico-chernical conditions in order to evaluate possibilities to 

affect dissociation of the amyloidotic aggregates and increase the current howledge . 

4 



on this peptide disorder. 

The specific objectives of this work were: 

1) To investigate sample preparation methodology, data analysis and the 

feasibility of building an FTIR-based identification synem for bacteria. 

2) To assess the feasibility of developing an FTIR-based diagnostic tool for 

the detection of cervical cancer fiom exfoliated cervical cells compatible 

with the long-term atorage needs of hospitals. 

3) To monitor the effects of heating temperature, increased ionic strength, 
. . 

protein-protein interactions and hydrostatic pressure on the aggregate 

stability of amyloid and other related peptides, gaining insight into the 

biochemical disorders associated with amyloidosis diseases. 



Chapter 2 

Literature review 

Structural information about biomolecules i s  essential for the understanding of 

their functionality and principles of action. A number of methods are available for the 

analysis of structures, each providing different types and amounts of information. 

FTIR spectroscopy was selected for the present work because it provides structural 

information at the molecular level, yields reproducible results, require minimal 

sample preparation and small amounts of sample, allows analysis of samples in a 

variety of forms such as solid, liquid or gaseous, pure or in mixture and even without 

prior isolation fiom the physiological matrix (Wang et al., 1996; Mantsch and 

Jackson, 1995). The instrumentation in the field of FTIR spectroscopy has evolved 

dramatically in the past two decades with the appearance of infiared microscopes 

coupled to single detectors or array detectors and photoacoustic ETIR spectroscopy 

for depth profiling, to name only a few innovations. These new instruments have 

extended the possibilities of application of FTLR spectroscopy in the biomedical field, 

but also bring about new considerations in the analysis of the spectra of biological 

samples. The literature relevant to the three applications of FTIR spectrompy 

discussed in this thesis is reviewed in this chapter. First, the historical aspects and 

new developments in bacteria identification by FTIR spectroscopy are presented, 

followed by a bnef review of the pathology and diagnostic of ceMcal cancer and the 

work done in that field of application of FTIR spectroscopy. The pathology of 



amyloidosis and repons on the utilisation of FTIR spectroscopy to gain insight into 

the stability of the peptides involveci are reviewed. Finally, the instrumentation and 

the mathematicai processing methods available to explore the information available in 

an infiared spectrum are discussed. 

2.1.1 Introduction 

The classification and identification of microorganisrns are the fundamental 

sciences underlying taxonomy. Traditionally, classification refers to the systematic 

arrangement of sirnilar entities on the basis of common and differing characteristicq 

while identification consists in taxonomie classification on the basis of biochemical, 

serological characteristics or other factors (Brock and Madigan, 1988). In the present 

work, the words classification and identification are used in a non-traditional marner, 

as they were adapted for the description of work done in spectroscopy ( N a ~ m a ~  et 

al., 1988; Helm et al., 1991). The tnm classification only relates to the results of a 

classification algorithm, and will under no cucumstance be used to describe any 

biochemical, seroiogic or genetic relations among the bacteria under investigation. 

The term identification indicates the use of nomenclature that has been provided with 

the microbial samples and utilised as a basis for grouping. In classical microbiology, 

it is generally agrecd that the choice of criteria for placement of strains into groups is 

somewhat arbitmy, although it is recognised that microorganisrns are best classified 

according to phylogenetic relationship and a set of rules exists and is found in the 



international Code of Nomenclature of Bactena (Sneath, 1992). With the constant 

advent of increasingly sophisticated methodology to investigate the genetic material 

of bacteria, new groups emerge constantly and changes in nomenclature are al1 too 

common. Bactenal systematics, based on physiological and morphological data, has 

shown to conflict with the new phylogenetic results (Busse et al., 1996). In numerous 

cases, it was even found that members of a taon were less related to each other than 

to members of different taxa (Busse et al., 1996 and references therein). In a manner 

similar to the classical microbiology, the classification algorithrns based on the 

infrared spectra should serve to place microorganisms into orderly arrangements of 

groups that should permit the charactensation of an unknown microorganism by 

cornparison with the database of known strains. 

Interest in the research to apply infkared spectrophotometry to the 

differentiation of microorganisms arose almost half a century ago (Thomas and 

Greenstreet, 1954; Noms and Greenstreet, 1958; Noms, 1959). The constraints 

associated with the use of dispenive instruments and the unavailability of 

cornputerisotion made the interest vanish by the mid- 1960s. Development of Fourier 

transform infiared spectrometers, in the 1970% the availability of powerful data 

processing software and increased computatiod capabilities have paved the way to a 

renewed interest in this application. The fùndamentals of the research have not 

changed, but the instrumentation has tmnendously evolved. 

By definition, the i n f i a d  spectrum of a substance describes the chemicai 

bonds present, and a classification developed with this spectral information is based 



on the differences and similarities that exist arnong and between groups of organisms 

in terms of theù stnictural characteristics (Naumann et al., 1991a). The chernical 

structures present derive fiom the entire biochemical composition of the cells. 

Therefore, al1 biochemical differences present between different bacteria should 

reflect in the infiared spectra that they produce (Naumann et al., 1988). The 

magnitude of these spectral differences is reflected in the band intensity and width. 

The best example, and most prominent difference, which can be evaluated with such 

an approach, is the presence of the additional membrane characteristic of Gram 

negative bacteria (Naumam et al., 1988; Schultz and Naumann, 1989). 

This section is dedicated to a basic review of the work that has been done in 

the field of bactena differentiation and identification by FTIR spectroscopy. A 

historical review of the bais of this field of research will be presented, followed by a 

short overlook of the most significant development in the application of FTIR 

spectroscopy for bacteria identification. 

2.1.2 Historical aspects 

In the 1950s, the possibility to employ infiared spectrophotometry for the 

classification of microorganisms was perceived as a rapid and labour-reduced means, 

which could potentially replace or complement the traditional biochemical rnethods 

of bacteria identification. Stevenson and Bolduan (1952) first reported that 

rnicroorganisrns had characteristic spectra which enabled closely related strains to be 

differentiated and unluiown strains to be identified by cornparison of the spectra with 



those of known organisms included in a data base. Thomas and Greenstreet (1954) 

recorded spectra of 35 bacterial strains and reported that the bacterial cells must be 

separated from the liquid culture medium by drying to eliminate the strong absorption 

of the aqueous solution in the infiared range and the consequent masking of some 

bands of interest in the spectnim of the microorganisms. It was found that 

differemiation was possible, but that discrimination of the spectral patterns at the 

strain level increased greatly the level of difficulty. The authon emphasised the 

necessity to maintain the instrument accuracy and sensitivity, as well as ngidly 

controlling the cultural and experimental conditions. The temperature of culture, the 

culture medium, the thickness of the bacterial film on the infiared window, the 

addition of a step of cell washing prior to the deposition of the film on the infiareci 

support and, in general ternis, a rigid control of the expetimental conditions were 

further confirmed as essential for this technique to show any practical utility (Kenner 

et al., 1958, Haynes et al., 1958; Noms and Greenstreet, 1958). At the time, 

comparison between the infiared spectra of bacteria was performed by visual and 

mathematical comparison of the spectral information. As computers equipped with 

punchcard encoding systems emerged, permitting simple, accurate and rspid sorting 

and comparison of the information, the sue of the data base that could be treated was 

further extended. However, the limited computing power and the low s p d  of the 

punch-card systems did not provide the power that was requued for treatment of 

suscient spectrai information to build a reliable identification system. A review, 

written by Noms (1959), summarises the findings of that penod in three points: 1) 

inf'rared spectra of intact bacteria may reproducibly be measured, providecl that 



growing conditions, sarnple preparation and instrumental parameters are rigidly 

controlled; 2) intact bacteria definitely exhibit infiared spectra that are unique for 

individual strains; 3) aithough the differentiation of bacteria by infrared spectroscopy 

is indeed possible, infiared spectroscopy cannot be regarded as a practical 

identification method because it is time consuming and tedious. 

The advent of Fourier transforrn infrared spectroscopy in the 1970s 

revolutionised the world of infiard spectrophotometry. Common problems of 

sensitivity, low signal-to-noise ratio, speed and accuracy associated with the 

utilisation of dispenive instruments were greatly reduced (Pavia, 1979). The FTIR 

spectrometer also required the use of a dedicated cornputer, and the availability of 

computen resuited in accessibility to computing power that was lacking with 

dispersive infiared spectrometers. Since the mid- l98Os, numerous publications have 

demonstrated that the availability of Fourier transform infrared spectrometers and 

powerful computing systems can help to solve many of the problems encountered by 

the pioneers in the field of bacteria identification by infiared spectroscopy. The ment 

work in this area of research has focussed on filfilhg a number of desired 

requirements for an identification system, namely rapid and reliable identification of 

the bacteria in relatively small amounts, and simple and uniform technical procedure 

and automation. 



2.1.3 Recent developments 

At first, the advantages associated with FTIR instrumentation have allowed 

more detailed studies of the cellular components of bacteria (Naumann et al., 1982, 

1987a-b; Nichols et al., 1985; Szewcyk and Mikucki, 1989; Labischinski et al., 1989; 

Schultz and Naumann, 1989, 1991; Helrn and Naumann, 1995). A wealth of 

information about the structure of many cellular components resulted from these 

efforts and, most interestingly for bacteria classification, specific band assignments 

were reported for some bacterial cellular components. Figure 2.1 shows the infiareci 

spectrum of bacteria and the assignments of the spectral areas. They are summarised 

in Table 2.1. Following the identification of the specific spectral contributions fiom 

cellular components, the researchers involved in bacteria classification and 

identification moved towards the use of specific spectral regions for identification 

purposes (Naumam et al., 1988; Lipkus et al., 1990; Helm et al., 199 1; N a u m a ~  et 

al., 199 1 a). Using advanced mathematical discrimination techniques, the first bacteria 

identification systems were presented. UnsupeMsed classification algorithms (e.g. 

Naumann et al., 1988; Horbach et al., 1988; Helm et al., 199 1; van der Mei et al., 

1993) and library search (Lipkus et al., 1990) were fist approacheû to group the 

infiared spectra of bacteria according to the taxonomie classification. As the spectral 

databases got larger, it was found that some kind of supervision was required in orda 

to obtain a useful grouping. Whether this supe~sion was limited to a selection of the 

spectral regions to be included for a particulor set of bacteria, or tmslatd into the 

use of artificial neural networks, it became clear in the early 1990s that supenision of 



the mathematical processing was necessary for identification of bacteria fiom their 

infiared traces. A chronological ovecview of the developments is presented in the 

nea paragraphs. 

Table 2.1: Some typical marker bands for some bacterial cell components 

(adapted fiom Helm and Naumann, 1995). 

Band (cm-') 
l I Attribution 

1605 

1 C-H bend of rnethyVmethyisne 

asymmetric carboxylate stretch 

1407 

1653 

1545 

syrnmetric carboxylate stretch 

a-helix (amide 1) 

polypeptide structure (amide II) 

I 1570 1 C-N of dipicolinic acid ring 

1279, 767,728, 
703,660 

ester carbonyl (poly-bhydrobutyric 
acid) 

dipicolinic acid 

Capsule ( h e  arnino 
acid side chains) 

Capsule 

Capsule 

Endospores 

Endospores 

Endospores 

Storage 



lipids 

amide 1 
amide II 

proteins protein 

C=O - 
lipids 

4000 3500 3000 2500 2000 
Wavenumbers (cm-l ) 

C-O 
carbobydrates 

cg PM 

Figure 2.1 : Spectrum of a typical smear of bacterial cells deposited on polyethylene. The regions of strong absorption 
from the polyethylene have been replaced by a straight line). 



In the first publications on classification of intact bacterial cells, it was 

reported that a simple calculation of correlation coefficients between the spectra 

permitted the differentiation of the strains (Naumann et al., 1988; Horbach et al., 

1988; Lipkus et al., 1990). An attempt at identifying unknown samples 6om theù 

spectra using correspondence analysis maps, built fiom the first denvative spectra of 

bacterial films, showed promising results and allowed a grouping of bacteria. 

Although the database used in these studies was generally small, the level of 

reproducibility of the spectra was not sufficient for proper classification of al1 

bacterial strains investigated and the experimental conditions needed improvement to 

increase that reproducibility. Consideration of discrete i n h d  spectral regions 

separately was also investigated to enhance the discrimination power of correlation 

method (Helm et al, 199 1). Table 2.2 gives an oveMew of the important spectral 

regions and their assignments to functional groups. 

The begi~ing of the 1990's marked a tuming point in the philosophy of the 

publications in this area. ïndeed, at that point, the exploratory work on the spectral 

characteristics of the different bacterial strains was abandoned, and the investigations 

focussed on restricted databases to successfull y different iate bacterial strains. More 

complicated mathematical models appeared for data treatment, and the interest in this 

application spread out of the German borders. 

In order to obtain a classification correlating with conventional taxonomy, 

Helm et al. (199 1) resorted to systematically varying the spectral treatment 



Table 2.2: Spectral windows enhancing the discriminating power of 

correlation techniques for the identification of bacteria fiom their infiared spectra 

(adapted £hm Naumam et al., 1995 and Helm et al., 199 1). 

Spectral region 
I 

3000-2800 cm-' 

1 500- 1400 cm-' Fatty acid region II -CH3, >CH2 I I 

1800- 1500 cm' 

1 500- 1200 cm-' 

Assignment 

Fatty acid region 1 

Functional grou ps 

-Cm, X H 2 ,  CH 

Amide region 

Mixed region 

1200-900 cm-' 

900-700 cm" 

amide 1 and amide U 

Proteinq fatty acids, phosphate-compounds 

Polysaccharide regi& 

True fingerprint 

Carbohydrates of ce11 wall 



parameters and selecting spectral windows pnor to performing chister analysis with 

the meawrements of correlation calculated between those treated spectra. The results 

of classification of b a b a  from their FTIR spectra showed that even when grown on 

different media, a main of bactena could be classified in one cluster with a 96.8% 

similarity level. The results presented were very promising in terms of the potential 

value of the methodology, but the systematic adaptation of the s p e d  treatment 

underlined the limitation of this unsupe~sed analysis. The methodology allowed the 

classification of 60 unknown clin ical i solates of Staphyllooccus maureus and 

Strepiococctls fueculis, correct1 y assigned to t heir respective species cluster with an 

average similarity ratio of 98.5% +/- 0.9%.Good correlation with the existing 

classification was also obtained for strains of Closiridiunt, but Legionella strains 

showed a poorer correlation due to the varying arnount of polyhydroxy fatty acid 

produced by each strain. Procedures were also developed which discnminated 

between the Gram + and the Gram- bacteria, using mathematics giving a greater 

impact to spectral windows representative of the fatty acid chahs of the membrane 

amphiphiles, as they had been reported by others (Schultz and Naumann, 1989, 

1991). When properly adapted, the cluster analyses allowed to group bacteria 

according to the genus, species and sometimes even to the serogroup (Helm et al., 

1991). 

In 1990, Lipbs and colleagues investigated the reproducibility of the i&ed 

spectra and its implication on the identification possibilities. They reported that in an 

attempt at using the spearal information compriseci in the region 1190-980 cm" to 



build an identification system based on a spectral library search, successfùl 

identification was obtained for cells grown in one batch. However, when the long 

term reproducibility was considered, poor results were obtained. The method of 

preservation for long term storage and rigidly controlled experimental conditions 

were mentioned as critical factors for the success of this type of identification 

rnethod. van der Mei and colleagues (1993) classified 40 streptococcal species by 

cluster analysis employing the first derivative of the infrared spectra and selected 

regions. Borel and Lynch (1993) investigated the possibility of differentiating 

between eight living bacteria directly on the growth medium using an attenuated total 

reflectance accessory on the infiared spectrometer. Encouraging results were 

obtained, but this approach was only reported again in 1998 (Lang and Sang, 1998). 

Curk and colleagues (1994) discussed the possibilities of discrimination and 

identification of thirteen Lactobac~llus species found in the brewery industry on the 

basis of the spectral region approach developed by the group of Helm and Naumann. 

It was observed that culture temperature and time in culture influence the spectnim, 

but that the difference between two strains was often greater than the difference 

between a single strain grown at different temperatures or for a different time in 

culture. Overall, FTIR spectroscopy was shown to provide a gwd discrimination 

between Lactobacillus species with the advantages of being rapid (two houn after 

obtaining pure colonies) (Curk et d ,  1994; Vannini et d., 1996). The effect of the 

growth conditions on the infiared spearum of the colonies produced was revisited 

during the same perïod. A snidy of the effects ofgrowth medium on B r ~ h t z o b i u m  

japoncum was pefiormed by Zerouai and colleagues (1994). Following mple  



preparation involving removal of the bacteria from the medium, centrifbgation in an 

isotonic saline solution and drying to fonn a film on a ZnSe window, it was observed 

that changes in the IR spectnim between 1200-900 cm-' occurred, especially in the 

bands at 1 154 and 1027 cm", assigned to the carbohydrate C-O stretching mode. The 

authors associate these differences to the sampling method and reported changes in 

the composition of the ceii wail due to a change of growth medium. 

In the mid-19909, most people involved in bacterial classification by FTIR 

spectroscopy were convinced that the enterprise was viable, but that the data 

treatment needed refinement. Naumann and colleagues (1995) proposed that a more 

restrictive selection of the spectral regions and combination with FT-NIR Raman 

spectroscopy could provide the key to a reliable identification system. 

Simultaneously, the technique of FTIR was coupled with more complicated 

multivariate analysis algorithrns, such as principal components analysis (Holt et al., 

1995), and applied in France to study the perturbations induced in bacteria by 

antibiotics (Zeroual et al., 1995). Since then, the number of publications in this field 

has multiplied dramatically and they are mostly focussed on the development of 

mathematical techniques for the treatment of the infrared information. The utilisation 

of univariate and multivariate classification methods, fbq multivariate rule-building 

expert system method (Alsberg et al., 1998) and artificial neural networks (Goodacre 

et al., 1996; Timmins et al., 1998; Schmitt et ai., 1998) have shown good 

discriminating capabilities. The mathematical processes, which have shown to be 

promising for handling of large databases and diflerentiation of the highly similar 



spectral patterns of bacteria, are described in the section of this chapter dedicated to 

mathematical processing of infiared spectral data. 

The focus of the research is now tuming to the expansion of the spectral 

databases handled by these methods. Additional work on the FTIR identification of 

the resistance to antibiotics of some bacterial strains has been reported (Sockalingum 

et al., 1998 a, b; Goodacre et al., 1998) and the methodology developed has tùrther 

been applied to the identification of yeast strains (Kummerle et al., 1998; Naurnann, 

1998). The fundamental work done in this area of application of FTIR spectrosmpy 

has provided key information about the limitations and critical factors that must be 

considered prior to the final elaboration of an automated identification. However, the 

work reported has always dealt with fairly small databases and was never expanded to 

include libraries of bactena relevant for the clinical sector or the agri-food industry. 

Additionally, the applicability of such technique in an indumial or ciinical setting has 

never been questioned. These fundamental and yet innovative aspects of the 

application of FTIR spectroscopy for bacteria identification are the main focus of the 

work presented in this document. 

The second application of FTIR spectroscopy investigated in the present thesis 

relies on the same findamentai concepts as the identification of bacteria describecl 

previously. in both cases, we d d  with intact cells of complicated biochemicpl 

composition. One important diffemice however sepantes these applications, and it is 



that the human cells are studied in order to determine the presence, the absence or a 

stage of development of pathological lesions that do not necessarily, and mostly 

unlikely, affect the entire ceIl population present in the sample. The pathology of 

cervical cancer and the work reported on the use of FTIR spectrosçopy for its 

diagnostic are reviewed in the following paragraphs. 

2.2.1 Introduction to cervical cancer 

Cancer, although a very dominant figure in the news, is not a new disease. 

Hippocrates (-400 B.C.) described cancer as an imbalance between the black humor 

(from the spleen) and the other three bodily humors (blood, phlegm and bile) (Hill 

and Tannock, 1992). Nowadays, cancer, as a broad concept, is known to be a cellular 

disease, potentially preventable, and difficult to treat because of the absence of 

cornmon specific identifiable differences between normal cells and malignant cells 

(Hill and Tannock, 1992). However, it is well established that early diagnostic, before 

metastasis, often allows a cure by local treatment in many forms of cancers, including 

cancer of the ceMcal epithelium. 

C e M d  cancer follows a pattern of venereal-transmitteâ disease, being 

increasingly common among women of high promiscuity. Low econornic status, 

history of multiple sexual partners, intercourse at young age, a large number of 

pregnanciea, poor hygienic conditions and contact with penile carcinoma have been 

identified as the main risk factors, cervical carcinoma being rare in senally inactive 

or uniliparons women (Hoskins et al., 1993). The human papilloma virus (HPV) is 



strongly linked with the development of cervical cancer (Benchimol, 1993). HPV are 

small DNA vimses with a closed cùcular double-stranded DNA genome of about 

8000 basepairs, and there are about 60 types of HPV (Benchimol, 1993). HPV types 

16 and 18 have been identified in about 70% of cases of cervical carcinoma, but 

HPVJ 1, 33, 35, 39, 42, 45, 5 1, 52 and 56 have also been implicated in a smaller 

percentage of cases (Howiey, 1993). Finally, smoking has been recognised by some 

as a cofactor in development of malignancy (Munoz and Bosch, 1989; Howley 1993). 

probably as a result of the accumulation of tobacco products in the vaginal fluids, 

nicotine being 70 times more concentrated and cotinine, 200 times more concentrated 

in the cervical fluids of women smoking a pack of 15 cigarettes per day (Sasson et al., 

1985). The herpes virus type 2 also shows a possible synergy with HPV (Howley, 

1993) and recent studies have suggested that women who develop cervical cancer are 

deficient in one or al1 of vitamin 4 vitamin C and folic acid (Gusberg and Runowicz, 

1991). Infection with a HPV is generally not sufficient to cause malignant 

progression, it works in synergy with the risk factors mentioned above. The current 

treatments for cervical cancer are based on the clinical stage of the disease and the 

history of the patient. Radiation t herap y, surgery (radical hy sterectomy) and 

adjunetive chemotherapy are the methods useâ to treat cervical cancer (Averette and 

Nguyen, 1991). Less radical trament is requind when the abnormalities are 

discovered at the earlier stages and this is the resson which justifies the increasing 

number of screening prograrns available to women (Miller, 1 993). 

The major benefits of screening for cancer include preventing the deith of 



patients, detection of the disease at an early stage, which allows for less radical 

treatments, reassurance for those with negative results and swings on treatment costs 

since less radical treatment usually have lower cost and do not require hospitalisation 

of the patient. A possible disadvantage is an overdiagnosis, or the discovery of a 

disease that may never have been diagnosed in the patient's lifetime (Miller, 1993). 

Data fiom the Amencan Cancer Society indicate that due to widespread screening 

programs, more than two-thirds of cervical cancers in the United-States are now 

detected in the in siru stage (Gusberg and Runowicz, 1991). An ideal screening test 

should possess a high level of sensitivity and specificity, employ technology that is 

readily available at a reasonable cost, be non-invasive or constitute a minimum 

burden and be supported by competent technical and professional staff. 

Many techniques are available to physicians to evaluate the gynecological 

health of women. Screening techniques for malignancy include Schiller's Iodine Test, 

Hinselmann's colposcopy, Papanicolaou's cytodiagnostic approach (Pap test), 

colpomicroscopy, biopsy and histological examination (Burghard, 1973). The Pap 

test is currently the most widely applied method for routine screening as it is 

relatively rapid, painless and shows a good level of efficacy. The recommended 

frequency of screening varies fiom an annual screening fiom age 18 and less fiequent 

saeening after three negative smears (Miller et al., 1990), to every three years from 

age 25 to 64 (Mettlin and Dodâ, 199 1). The fiequency o f  screening is motivated by 

the high level of false negative results which have led to conclude that three 

simultaneous Pap smears are required to detect 98% of lesions while only 70% are 



detected with one smear (Connelly, 1999). 

CeMcal screening by the Pap test has shown to be less efficient than 

expected. It is believed that the main causes may be inadequate sampling and the 

subjective interpretation of the smear, which is prone to inter-observer variation 

(Koss, 1992; Kato et al., 1995). In tems of sample quality, an appropriate smear for 

cytopathologic evaluation should contain cells fiom the exocewical squamous 

epit hel ium, the transfomat ion zone and the endocervical epit hel ium. They are 

obtained by either, or both, a cytological bmsh or a spatula (Koss, 1992). The 

sampling error has been report4 to be about 30% (Connelly, 1999). When it comes 

to the interpretation of the smear, it has been demonstrated that the reproducibility of 

cytological and histological diagnosis among competent observers is very good when 

a differentiation between invasive cancer and infiammatory or normal changes is 

concemed, but that this reproducibility is reduced when subtle differences such as 

those resulting fiom the different classes of premalignant lesions have to be called 

(Kato et al., 1995). The cytological patterns most ofien underestimated are those of 

keratinising surface lesions, small cell carcinomas and invasive carcinomas of various 

types. Also, smears containing ody a few abnormal dyskaryotic cells, as it is ofien 

the case, are often undercalled, despite the published (Kurman and Solomon, 1994) 

and widely recognised criteria for diagnosis. Some off the difficulties arise 6om the 

fact that there are anywhere fiom a few hundred cells to 300,000 cells per slide and 

each ce11 must be a t e g o k d  (Co~elly, 1999). Table 2.3 shows the grading systems 

availabie for the verbalisation of the diagnosis of the Pap smears. 



Table 2.3 : Classifi«ition systems available to report Pap smear results. 

WHO Description 

Atypia 

Mild dysplasia 

Moderate dysplasia 

Severe dysplasia 

WHO= World Health OrgPnization, CIN= ceMcal intraepithelial neoplasia 

system, ASCUS= atypical squamous cells of undetermined significance, CIS= 

carcinoma in situ, SU= squarnous intraepithelial lesions. 

Class CIN Grade 

Atypia 

Cm 1 

Carcinoma in-situ 

Invasive cancer 

Bethesda System 

CIN II 

CIN IlI 

ASCUS 

Low-grade SIL 

CIS 

Invasive cancer 

Class II 

Class III 

High-grade SIL 

High-grade SIL 

Class IIi 
I 

Class III 

High-grade SIL 

Invasive cancer 

Class IV 

Class V 



An interesting fact about cervical cancer is that 57% of the CIN 1 lesions 

regress back to normal, 32% persist, 11% progress to CIS and only 1% progress to 

invasion. in the case of lesions found at the CIN III stage, 32% regress, less than 56% 

persist at that stage and more than 12% progress to cancer (Connelly, 1999). The 

grading of cervical cancer is based on cellular changes associated with the sequence 

of events impiicated in carcinogenesis (e.g. W heater ef al., 199 1, Koss, 1992). 

2.2.2 Cervical cancer investigated b y FTIR spectroscopy 

Recently, in an effort to increase the ease and reliability of cervical ce11 

screening, methods using optical systems such as the study of difiaction patterns, 

fluorescence parameters or image processing to produce a diagnosis for 

Papanicolaou-stained cenical cells have been investigated (Buiscan, 1987; Kopp et 

al., 1976; Miles and Jaggard, 198 1; Miles et ai., 1982; Pemick et ai., 1978; Reuter 

and Vohringer, 1980). Promising results were also obtained from a preliminary study 

of the use of ceIl imaging processed by Fourier transform, showing capabilities to 

distinguish normal cells from their malignant counterparts with up to 97% correct 

classification (Banda-Gamboa et al., 1993). 

FTIR spectroswpy has been the subject of many investigations in the fast two 

decades for the study of malignancy in various organs (e.g. Rigas ef al., 1990; 

Benedetti et al., 1990; Rigas and Wong, 1992, Wong et al., 1993b; Malins, et al., 

1995; Hossein et al., 1996). The fist paper totaily dedicated to a screening technique 

for cenical cells using FTIR spectroscopy was published in 1974 by Kopp and 



Table 2.4: Band assignment for normal cervical cell samples 

Band (cm") 

-- 

(adap t « 

Attribution 

-CH20H 

C-OH (stretch + bend of C-O) 

PO< s y m m h c  stretchiag 

PO; asymmetric stretching 

a-helix of proteins (amide 1) 

a-helix of proteins (amide m) 
C-û stretch of serine, threonine, tyrosine and 

C.0 of &hydrate 

CH, symmetric bending 

CH3 asymmetric bending 

CH2 kndhg 

C=O stretching of acy l cbaiii 

phosphate monoester (2') symmetrk stretch 

Eom Wong et al., 199 1). 

Cellular corn pont nt 

glycogen 

g 1 ycogen 

glycogen + phophodiester of 

nucleic acids 

phosphdiester of nucleic acid 

\ 

\ 

methyl and methylene groups 

of proteins and lipids, and 

amide groups of proteins. 

1 

proteins 

proteins and wbohycûates 

proteins 

proteins 

lipids 

lipids 

phosphorylated pmteins, 

cellular nucleic acid 



colleagues. The results obtained at the time showed a propoition of 1% fdse negative 

and 10% false positive among 20 000 cells with a 1% probability of occurrence of 

malignant cells in a malignant sample (Kopp et al., 1976). in 1991, Wong and 

collaborators (1991a) reported a summary of the band assignments in spectra 

exfoliated cervical epithelial cells studied with FTIR spectroscopy. Table 2.4 lias 

some band assignments for normal cervical ceil sampies. 

These spectral band assignments have been the basis for fùrther research in 

ceMcal cell pathology using the instrumentation of FTIR spectroscopy. Many of 

these band assignments have been confinned and/or challenged by a number of 

authors. Their findings are summarised in the following section. Ideally, al1 

researchers want to find a diagnostic band or combination of bands that wuld provide 

information on the stage of the disease. Cornparison of the spectra of samples 

diagnosed as abnormal with the basic bands found in normal cervical samples has 

been the centre of many research prograrns in the late 1980s and in the 1990s. Some 

of the resuits obtained in that field are reviewed in the following paragraphs. 

2.2.2.1 The search for marker bands 

Following Kopp's success at classifying ceNical cells, it took over a decade 

before any other report wnceniing similar work appeared in the literature. In 1987, 

several spectral differences, obsaved when cornparhg the spectra of samples 

containing normal cells to amples with diagnosed malignancy, were reported (Wong 

1987). The most prominent differences includeâ a significant change in the intensity 



of the 1025, 1047, 1082, 1155, 1244 and 1303 cm-' bands, shifts of the bands 

originally located at 1082, 1 155 and 1244, and appearance of a band at 970 cm". 

Moreover, it was emphasised that the Pw asymmetric stretch, which appears at or 

above 1240 cm" when it is not hydrogen bonded, moves to 1220 cm-' when M y  

hydrogen bonded. This finding was supported by a study of the pressure dependence 

of that band which showed a further shifi to a lower iiequency, a typicai response of 

hydrogen-bonded groups because pressure enhances the strength of the hydrogen 

bonds and thereby decreases the frequency of the PO; stretching vibration (Wong, 

1987). Therefore, ii was concluded that the PO< groups of nucleic acid are hydrogen 

bonded in rnalignant cervical cells and not or less in the cells in their nonnal state. 

These band shifts were found to be cornmon in a number of malignant tissues, 

including tissues fiom cancer of the colon, stomach, oesophagus, skin, liver and 

vagina (Wong et al., 1991 b). Increased intensity of those same bands had also been 

found characteristic of tumour cells in lung tissue (Benedetti et al., 1990). 

Additionally, shifls of the band at 1 1 53 cm-' and 1 16 1 cm-' which arise respectively 

fiom the stretching vibrations of hydrogen-bonded C-O of glycogen and serine, 

threonine and tyrosine of proteins, and the band at 1172 cm-', which is due to the 

stretching vibrations of non-hydrogen-bonded C-O groups, were also reported by 

Wong in 1987 and fùrther confirmeci in cancerous c e ~ c a l  cells (Wong et al., 1991a). 

Finally, a difference in the degree of disorder of the methylene chain of lipids and 

decreased levels of glycogen were obsaved in malignant cervical cells (Wong et al., 

199 la). The assignment of the hydr&en-bonded phosphate band as a possible marker 

in a study of four human tissues was chailenged by Jackson et al. (1995). They 



showed that a strong band at 1240 cm-' is attributable mostly to glywgen and that the 

apparent shiff of the band to 1225 c t d  is not only attributable to increased DNA 

leveis in malignant tissues, but also to the degradation of collagen which results in a 

modified composite band that appears totally shifted to 1225 cm" in resolution 

enhanced spectra. However, it has also been shown that connective tissue could 

indeed lead to a misdiagnosis if the band at 1025 cm" was considered alone for the 

diagnosis of ceMcal ce11 abnomality, but that several sharp bands at 1204, 1238, 

13 18 and 13 39 cm-' identiQ clearly connective tissue and are absent from the 

spectrum of malignant tissue (Wong et al., 1993). 

in an evaluation of the spectral changes induced by pressure applied on both 

cervical tissues and exfoliated cells, Wong and colleagues (1 993) showed that most of 

the important spectral features observed in cervical cells were also present in the 

excised tissue. This result is of great interest because it implies that minirnally 

invasive sampling, such as a cervical brushing, is sufficient to provide the 

spectroscopists with a sample with the potential to describe the state of the disease, 

without a need to resort to a biopsy. Moms et a1.(1995) have reported the results from 

samples collected by cervicovaginal lavage with a O.% NaCl aqueous solution, 

âeeze-dried and s c a ~ e d  on a KBr disc by FTIR spectroscopy. In this new sampling 

approach, the characteristic spectral differences identifid in the previously reported 

litetanire were observed. Additiodly, it was found that the band at 972 cm-' in the 

infiareci spectra, proposeci to be a possible marker by Wong et al. (1 99 la), was not 

always present in samples cytologically classified as CIN II which differed little fiom 



the spectra of the majority of the CIN I samples. It was also noticed that 700h of the 

spectra of samples ranked as CIN I showed features closely resembling those of 

normal cells reported by Wong. Interestingly, the HPV 18, associated with a high risk 

of malig~nt development, was found in samples producing abnonnal infiared 

spectra, while the low-nsk HPV 6 and 1 1 were found in samples showing a normal or 

slightly abnormal spectrum, but never in the samples showing a totdly abnormal 

spectral pattern (Moms et al., 1995). 

From that point in time, the published results relied heavily on the band 

assignments reported, and focussed mainly on a refinement of the characterisation of 

premalignant lesions. A broad range of amplitude in the spectral characteristics 

observed in mal ignant cells was observed, and t here were no spectral c haracterist ics 

established for the pre-malignant dysplastic States (Yasdi et al., 1996). in the 

following year, it was established in a preliminary study that FTlR spectroscopy 

could provide a better false-negative rate and negative predicting value that a Pap 

smear when only negative-positive results were desired (Fung et al., 1997). In an 

attempt to calibrate a principai components analysis to classify samples according to 

diagnostic categories, Co henford et al. (1 997) have detetmined that cells of atrophic 

cervical samples show speara closely resembling those of malignant samples, and 

that blood may interfixe significantly in the diagnostic capability of a multivariate 

analysis of the specaal patterns. Both Fung and Cohenford's studies evaluated the 

possibility to differentiate spectra from samples of positive and negative Pap smear 

diagnostics. However, the sensitivity and specificity reporied in the two cases 



differed significantly, Cohenford reporting a sensitivity of 79%, compared to 98.6% 

for Fung, and a specificity of 77%, compared to 98.8%. The sampling and spectral 

acquisition methods were somewhat similar for both studies, but it appears that a 

visual evaluation of the presence or absence of the combination of spectral 

characteristics described previously for malignant samples provides much better 

speci ficity and sensitivity than a supervised multivariate anal ysis (Cohenford et al., 

1997; Fung et al., 1997). 

Such contradictory results were to be expected in an investigation of the 

biochemical changes associated with a pathologie condition that can afféct a variety 

of cells. The infraied spectrum of a collection of cells has the inherent property of 

showing the overall composition of the sample, emphasising the common features 

and ofien hiding the particular features present in a minonty of cells. in the case of a 

diagnosis of premalignant lesions, the features of interest are effectively minor 

modifications in a small number of cells (sometimes only one) among a great number 

of normal cells. Therefore, the specific spectral signatures, which have been identified 

in some samples, have to be soned out of the mass of information provided in the 

overall spectrum. This problem has been the main focus of the work done in this field 

in the iast two years. Indeed, a systematic investigation of the different ceIl types 

populating the ceMcal epithelium and a number of contaminants, which wuld 

contribute to the infiared spectrum of the &cal ceIl samples, hm been undertaken 

by several groups. It has been show that the cells from the basai layer and fiom 

superficial layers possess significant l y di ffering spectra, especiall y evident in the 



region between 1300 and 1 0 0  cm-' (Chiriboga et id., 1997). Moreover, the columnar 

endothelial cells do not show a large enough spectral contribution to be distinguished 

in the spectrum of the overall sample, the spectnun being largely dominateà by the 

spectral features of squamous cells. Further investigation of cervical samples has 

revealed that contamination with polymor~honuclear leukocyteq red blood cells and 

mucus cm produce variations tremendously complicating the interpretation of the 

spectral patterns (Chiriboga et ai., 1998a). When infiared microscopy was utilised to 

study biopsy samples (Chiriboga et al., 1998a), the spectral contributions of each of 

the different layers of the epithelium were contirmed, and the stroma (connective 

tissue) was further described. A very interesting explanation was also provided for the 

different phosphate bands observed in the spectra of basal and mature cells. It was 

hypothesised that the compact DNA present in the small nucleus of mature squamous 

cells renders the DNA partially or totally opaque to infiared light, and that in those 

particular circumstances, the phosphate bands in the spectrum would arise fiom the 

RNA present in the cytoplasm and not from the DNA of the nucleus. No other author 

has confïrmed this hypothesis. However, the confusing spectral contributions of 

contaminating materials present in the sample were further investigated by infrared 

microscopy and it was concludeâ that multivariate analysis or neural networks would 

be required to sort out the spectra acquired by microscopy (Wood et al., 1998). 

Artificial neural networks were developed for îhat tasic, but a strict selection of the 

spectra included for analysis was required to obtain good discrimination between 

mild and severe dysplasia (Romeo et ai., 1998). Finally, one of the most interesting 

wnclusions reached with the use of infiard mieroecopic study of cervical cells in 



one normal and one abnormal sample is that the spectral changes attributed to 

abnomality observed in the spectra of whole sarnples are also seen relatively 

consistently across the sample, indicating that the spectral patterns would not reflect 

the proportion of visually-abnormal cells, but rather a chemicai difference present in a 

majority of the cells. The microscopic approach to investigate pathologicd 

phenornena was also reported for a variety of diseases inciuding melanoma and 

colorectal cancer (Lasch and Naumann, 1998), hypercholesterolic liver (Jackson et 

al., 1 W8), breast cancer @ukor et al., 1998) and Alzheimer's diseases (Choo et al., 

1996). in the field of cervical screening, both the methodologies of fiill-sarnple 

spectral acquisition and infrared microscopic mapping are still activelly investigated. 

2.3 ~NESI'IGATION OF AMYLOID PEPTIDES 

The third application of infiareci spectroscopy investigated in this thesis is 

somewhat different fiom the other two applications in that the sample are peptides 

isolated nom the tissue matrix and that various physico-chemical conditions are 

applied to investigate their effect on the structure of the peptides. Although still 

related to a pathological state, this investigation does not aim at the determination of a 

stage of development or an identification, but rather at gaining an insight into the 

factors affkcting the stability of the disease-related molecules, arnyloid peptides. 

2.3.1 Introduction to amyloidosis 

Amyloid is a generic term, which refm to a grwp of diverse but specific 

extracellular proteins implicated in the developmeat of diseases clusified in the 

34 



family of amyloidosis. Historically, amyloid was thought to be related to starch and 

cellulose due to its blue to purple color when stained with iodine. It was in 1859 that 

Friedrich and Kekule discovered the protein nature of amyloids (Kisilevski, 1987). 

The common characteristic of amyloid-associated diseases is an accumulation of 

aggregated peptides of various lengths tenned amyloids, in fibrils in various organs of 

the body (human and animai). These peptides ail stain with specific dyes such as 

Congo Red and have a characteristic red-green birefnngent appearance in po larised 

light and show common x-ray diffraction and infrared spectra (Kisilevski, 1987). 

Clinically, amyloid was thought to be related to a long-standing inflarnrnatory 

disorder such as tuberculosis, lung abscesses or osteomyelitis, and was attributed to 

immune reactions. Moreover, am y loid deposition was al so observed in ani mals 

following injection of antigens for the commercial production of antisera before the 

era ofantibiotics. In the late-1970s, three conclusions were drawn tom the research 

that had been done on amyloids: the deposits are not uniform, the different peptides 

that comprise deposits are not necessarily related and a basic immunological 

disturbance canot account for the diversity of proteins seen as amyloids in the 

different diseases (Kisilevski, 1987). 

Amyloids can be classified according to various parameters such as their 

clinical manifestation or the protein involved. A classification based on both of these 

parameters was published in 1987 (Kisilevski, 1987). According to the classification 

based on the clinical settings, primary amyloid is the type of fibd formation not 

associateci with any preceding disorder. In 25 to 4 W  of the cases of primary 



amyloidosis, it is the antecedent of plasma ce11 dysfunaion such as the development 

of multiple myeloma (a malignant disease of the bone rnarrow) or other B-ce11 type 

malignancies. The type of protein involved in prirnary amyloidosis is most often the 

same as that seen in amyloid formation secondary to a variety of B-cell dysfùnctions. 

Secondary amyloidosis is characterised by its appearance as a complication of a 

previously existing disorder, very often a chronic inflammatory disorder which may 

or rnay not have an immunological basis. Familial amyloid is a fom genetically 

inherited and it has been found in several geographic populations. Finally, the isolated 

amyloid class groups those amyloids which tend to hvolve a single organ system 

(Kisilevski, 1987; Cohen and Connors, 1987). In the 19709, following findings of 

cornmon protein in amyloidosis with different types of clinical settings, it became 

inconsistent to classify amyloidosis based on the clinical settings and a new 

classification based on the protein involved was found to be more adequate. Table 2.5 

summarises the classification system. 

Two types of amyloids will be investigated by FTIR spectroscopy in the 

current worlq namely P-amyloid and AA amyloid, respectively implicated in 

Alzheimer's disease and secondary amy loidosis. 

2.3.2 Alzheimer's P-amyloid 

Alzheimer's disease is an age-related condition. hteren in this disease has 

sky-rocketed in the past decades due to the increasing life expectancy which implies a 

greater number of elderly people and a grPater nurnber of Alzheimer's d i m e  cases 



Table 2.5 : Classification of  amyloid by protein type. 

Peptide fonning Presumed Clinical setting 
amyloid fibril precursor or 

related protein 

Pat hogenic 
mechanism 

apoSAA Long-standing inflammation incited Increase HDL-apoSAA 
by Gy cause (immunologie, and pPmal degrdation of 
bacterial, chernical or familial), apoSAA. 

4 kDa protein (P- 
amy loid) 

Variant of calcitonin 

apo- A-U Experimental mode1 of accelerated Amho acid substitution 
senescence. in Apo-A-U primary 

stnlctwe* 

Ptimary and multiple myelotna, increase synthesis of K- or 
immuaoblastic lymphomas, nodular A - L Î ~  and piinial 
puimonary amy loid. degradation of such 

peptides. 

Familial amyloidotic polyneuropathy Amino acid substitution 
in pnmary structure. 

Isolated cardiac amyloid. 
? 

Alzheimer's disease. ? 

Down's synârome. 

fsolated atriai amyloid 

Scrapie and Creutzfeldt-Jakoô 
discases. 

(adapted e o m  Kisilevski, 1987; Cohen and C o ~ o r s ,  1987). 



in need of are. Alzheimer's disease is described as an old-age associated dementia, 

which has been defined as the decline of memory and other cognitive fiinctions in 

cornparison with the patient's previous level of funaion as determined by a history of 

decline in performance and by abnormalities noted from clinical examination and 

neuropsychological tests. A diagnosis of dementia c a ~ o t  be made when 

consciousness is impaired by delirium, drowsiness, stupor or coma or when other 

clinicd abnormalities prevent adequate evaiuation of mental status (McKha~ et aï., 

1984). Elderly people generally suffer fiom benign senescent forgetfulness, and it i s  

very difficult to tell the difference between this and the earliest stage of a dementing 

process with poor prognosis. It has been recognised that dementia cannot be 

diagnosed by computerised tomography, electroencephalography or other laboratory 

instruments, but is solely based on behaviour (McKhann et al., 1984). Definitive 

diagnosis of Alzheimer's disease is only possible in an autopsy following the 

patient's death through histological confirmation. Magnetic resonance imaging, 

positron emission tomography and single photon emission techniques appear 

promising but problems of availability of the instruments and reliability still need to 

be solved. 

The general concept of Alzheimer's disease has been separateci in two 

categories according to the age at which the symptoms are observed. Early-ons* 

Alzheimer's disease affècts people 50 to 60 years, whiie latesnset Alzheimer's 

disease affects people 80 years and older and is often refend to as senile dementia of 

Alzheimer's type. Edy-onset seems to affect more severely with a more mpid 



downhill course, a greater density and wider distriiution of senile plaques and 

neurofibrillary tangles, more neuronal loss and a wider spectrum of neurotransmitter 

deficits (Roth, 1986). 

Some risk factors have been identified for the disease. Old age is an obvious 

risk factor, however Down's syndrome and genetic links are also recognised to play a 

role. in the case of Down's syndrome, the probability of developing Alzheimer's 

disease is about 100% if the patients live long enough. Many theories are under 

investigation worldwide in order to determine a specific cause for the disease. Arnino 

acid sequence analysis shows P-amyloid to be unique and its coding gene to be 

located on chromosome 2 1 (St-George-Hyslop et al., 1987; Kang et al., 1987). It is 

beyond the scope of this work to describe al1 possible causes of this disease. A good 

summary is available in Cowburn et al. (1989). The present work shall concentrate on 

one of the components of the neurofibrillary tangles and senile plaques, P-amyloid. 

Neurofibrillary tangles show a structure in paired helical filaments with a 

diameter in sifu in the order of 20-24 nm and a helical periodicity of 160 nrn (Selkoe 

and Abraham, 1986). Tau proteins, amyloid peptides and ubiquitin have al1 been 

identified in neurofibrillary tangles. Neuntic or senile plaques consist of a central 

amyloid core surrounded by abnomal neurîtes, altered glial cells and cellular debris 

(Lavreski and JaM4 1994). 

The development of Alzheimer's disease has b a n  associated with an 

increased production and an accumulation of f3-amyloid peptides (PAP) (39-43 amino 



acid residues) in plaques in neuronal extracellular space and between blood vessels in 

the brain ( G l e ~ e r  and Won& 1984). The sequence of that protein has been found to 

be DAEFRHDSGYEVCMQKL,WAEDVGSNKGALTGLMVGGWAT and it is 

well established that it is formed by proteolytic cleavage of the transmembrane P- 

amyloid precursor protein (APPP) (Kang et af-, 1987; Terzi et al., 1994a). BAP (P- 

amyloid peptides) in fibrils contains a high proportion of B-sheet structure, whereas 

the monomeric fonn is predominantly present with a random-coi1 conformation 

(Barrow et al., 1992). Terzi et al. (1994b) have demonstrated by circular dichroism 

spectroscopy t hat the peptides PAP(25-3 5)OH and pAP(25-3 S)NH2 in buffered 

solutions exhibit a concentration-dependent random coil to P-sheet transition. 

Dependence on the physicochemical conditions of the solution has also been 
. . 

observed for PAP(1-28), PAP(1-39) and PAP(1-42) which show mixtures of P-sheet, 

a-helix and random coil (Barrow et ai., 1992). Maximum P-sheet formation is 

observed at pH 5.4, favoured by high concentrations of the peptide and is temperature 

insensitive (in the range O-50%) (Barrow et al., 1992). Some factors have been 

identified as risk factors for fibrillogenesis. They include pH, concentration of P- 

amyioid, binding to pathological chaperones (apoE or J, AP, GAG, etc), chernical 

modifications, mutation of the precursor protein, homozygosity for the EA allele and 

gene located on chromosome 14 (Soto et al., 1995). 

The mechanism of formation of these fibrils is generally accepted to be 

through a transformation of the a-helix structure into p-sheet, this new secondary 

structure being dependent on the conditions of the solution (Yamada et al., 1994; 



Soto et al., 1995; Sticht et al., 1995). However, certain secondary structures, such as 

a-helices, could also contribute to the formation of fibrils (Fraser et al., 1991). 

Studies of the X-ray diffraction patterns suggest that when the N-terminai segment of 

$-amyloid takes a fbstrand conformation, the peptide can east in B-sheet structure 

capable of interacting with other peptides to form an intermolecular secondary 

superstructure (Kirscher et al., 1986; Soto et al., 1995). NMR studies have shown 

that the C-terminal portion includes helical segments and terminal tum-like structure 

(Sonmachi and Craik, 1994). 

2.3.3 Reactive amyloidosis AA amyloid 

Reactive amyloidosis is an infiequent but potentially serious complication of 

chronic inflamrnatory diseases (Gle~er ,  1980). The resulting AA amyloid is 

composed of  76 arnino acids with a molecular weight of 8.5 kDa (Eriksen et al., 

1976). tt corresponds to the amino-kn.inal NO-thirds of a precursor apolipoprotein 

S A A  ( a h  called ApoSAA) composed of 103 amino acids. The sequence of amino 

acids has been found to be identical âom patient to patient regardless of the 

inflammatory process that has led to the deposits. For example, inflarnmatory 

and AA proteins fiom Familial Mediterranean fever, Hodgkin's disesse or renal 

carcinoma al1 possess the same sequence. Moreover, there is a great similarity 

between the sequences of amino acids of AA proteins from different specks such as 

mouse, duck, mink and monkey, where only a few amino acids are substituted and the 

sequence between 35-45 is identical (Miestemark et al., 1986). 



Semm amyloid A ( S M )  is a large pool of arnyloid precursor proteins in 

circulation and that have been colocalised with amyloid AA in lysosomes 

(Chronopoulos et al., 1994). It is synthesised by the liver in response to cytokines 

released during the process of inflammation. Its concentration in the plasma increases 

from 1-5 pg/d to 500-1000 pg/ml within 15 to 20 hours following an acute 

inflammatory reaction (McAdam et al., 1978). However, it is believed that this 

quantity of amyloid precursor is insufficient to cause AA amyloid by itself (Kisilevski 

et al., 1995). It has been suggested that an isoform of serum amyloid related to 

inflammation (SA&) is selectively retneved fiom circulation, kept in the 

extracellular matrix and partially proteolysed, allowing the polymerisation of the 

amino-terminal portion into amyloid AA (Hoffman et al., 1984; de Beer et al., 1993). 

The mechanism would be dependent on an amyloid enhancing factor (AEF) 

(Ganowiak et al., 1994) and other factors such as the presence of ions (Wong and 

Kisilevski, 1990) and the arnino acid sequence in the case of synthetic peptides 

(Westermark et al., 1992). AEF is a wmplex protein-carbohydrate that produces a 

cellular aberration that has not yet been elucidated. In CBNJ mice, an animal which 

always produces amyloid deposition following an inflammatory reaction, AEF 

appears in tissues 24 to 48 hours pnor to amyloid deposition (Axelrad et al., 1982; 

Kisilevski and Boudreau, 1983; Kisilevsky et ai., 1995). It has also been observed in 

human amyloid deposits (AA, AL and prealbumin amyloid) (Varga et al., 1986). The 

mecha~sm of formation of the fibrils is thought to be similar to the one described for 

P-amyloid. 



2.3.4 The study of the secondary stnichire of amyloids by FTIR spectroscopy 

Infiared spectroscopy has been employed in recent years to elucidate the 

structure and structural changes of P-amyloid peptides under a variety of physico- 

chernical conditions (Otvos et al., 1993; Fabian et al., 1993; Fraser et al., 199 1; Soto 

et al., 1995). Studies perfomed at pH 7.5 have showed structural proportions of 1.1% 

of a-helix, 60.4% of P-sheet, 3 1.4% of randorn coi1 and 7.1% of p-twn for b-arnyloid 

peptide (1-40) (Soto et al., 1995). Fraser et al. (1991) observed a pH dependence of 

the structure of P-A(1-28). At pH 2.5, a very small p-sheet content was observed, 

whereas maximum P-sheet content (70-8û%) was observed between pH 4-7 and 

random conformation predominating at pH 8.5. The histidine imidazole (pK 6.6) and 

the carboxylic acids of glutamate and aspartate (pK 3) being the only ionisable groups 

at the pH of the observed transition, it is concluded that P-sheet formation is favoured 

when the amino acid side chahs maintain their respective positive and negative 

charge. Table 2.6 surnmarises the transition pH observed for a variety of peptide 

lengths 

The pH4ependence of the peptides was attributcd to: (a) formation of salt 

bridges (His-Asp/Glu) resulting in fibril logenesis and (b) peptide aggregation 

resulting fiom isoelectric phenornena and hydrophobic packing (Fraser et al., 1991). 

Similar conclusions were reached by Soto and colleagues (1995) when they modifieci 

the sequence of the peptides to induce specific conformations. Solvents were useâ to 

simulate membrane-protein interface-like situations. In octyl B-giucopyranoside 



Table 2.6: pH dependence of the B-amyloid peptides structures. 

Peptide length 

(1-28) 

(9-28), (1 1-28), 
(1 3-28) 

(1 5-28) 

(1 7-28) 

1 

( 1 9-28) 

(adapted from I 

PH 

<3 .O 

3 .O-7.5 

>8.0 

<3 

3-9 

9 

10 

<3 

3-9 

10 

a 

3-9 

10 

<3 

>3 

Mer et al., 15 

Structure 

Random / p-sheet 

P-sheet 

Random 

Random / P-sheet 

P-sheet 

P-shet 

Random 

B-sheet 

P -s~M 

Random 

P-sheet 

p-sheet 

Random 

Radom I Psheet 

Random 



(OcGlc), nearly 100% of extended P-strand was observed, while in trifluoroethanol 

(TE), the structure was predominantly a-helix. In acetonitrile, a non-hydrogen- 

bonding organic solvent, there was a tendency to form p-structure, especially in 

Dutch-type P-amyloid (Fabian et al., 1993; &os et al., 1993). 

Finally, FTIR microscopy has also been employed to the study of P-amyloid 

deposition in brain tissue. A mapping approach has been demonstmted to provide a 

good means of obtaining a definitive diagnosis of Alzheimer's disease in brain slices 

(Choo et al., 1996). Moreover. this in situ evaluation pemitted assignment of a band 

characteristic of the aggregated peptides located at 163 1 miL. a fiequency much 

higher than the regular band attributed to intermolecular f3-sheets (1620-28 cm-') in 

the studies of isolated arnyloids. A hypothesis hm been proposed that the shift in the 

P-sheet band could be due to the presence of other proteins in the neuritic plaques. 

2.4.1 FTIR spectroscopy 

The technique selected for the projects involved in this thesis, Fourier 

transform infiard (FTIR) spectroscopy, is described in this section. The 

tiindamentals of the technique are presented in the first part of this section, followed 

by a btief oveMew of the advances in the instrumentation seen in the past 20 years. 

Some of the most important new considerations in the analysis of the speara of 



biological molecules will conclude this section. This section is a bief introduction to 

the instrumental considerations involved in the current work. The individual 

considerations involved in each of the projects presented in this document will be 

discussed in theù respective chapters. 

The tiindamental principle underlying infrared spectroscopy is that there is an 

interaction between electromagnetic waves and matter, and it is the basis of al1 

molecular spectroscopic techniques. The different levels of energy of electromagnetic 

spectrum are presented in Figure 2.2. Interaction between the energy of each region -. 
of the electromagnetic spectnim and matter produces a specific effect in the 

molecules present. In the region of radiofreguency, the energy promotes a change of 

spin. Microwave radiation causes a change of orientation of the molecules. Infrared 

light produces a change in the configuration of the molecule while visible, ultra-violet 

and X-ray al1 promote a change of electron distribution, and y-rays affect the nuclear 

configuration (Banwell, 1983). Different molecular spectroscopic techniques are 

associatecl with each region of the spectrum, al1 measuring the result of the interaction 

between light, at specific frequencies, and matter. 

The technique of interest in the present work, infiareci (IR) spectrogcopy, 

utilises wavelengths between 0.78 and 1000 micrometers (pm) or from 14 300 to 20 

wavenumbers (cm-'), correspondhg to an energy of 3 x 10" to 3 x 10" hertz. The 

part of this spectrum which is called mid-infiared corresponds to wavelengths 

between 2.5 and 15 pm (4000-650 cm*') (Banwell, 1983). The inf iad  absorption 





process is based on the fact that the molecules present in a sample absorb selectively 

frequencies of radiation which correspond to the stretching and bending vibrational 

fiequencies of their covalent bonds. A bond must have an electric dipole changing at 

the same frequency as the incoming radiation in order for energy to be transfened. 

This added energy increases the amplitude of the vibrational and rotational motions of 

the bond (Pavia et ai., 1979). The infiareci spectrwn of a molecule is unique because 

the position and amplitude of each absorption band present in the spectrum is 

dependent on the type of bond, its abundance in the sample, and on the environment 

of the bond. These characteristics are the basis for the use of FTIR spectroscopy in 

qualitative analysis. Moreover, the absorption of infrared radiation obeys the Beer- 

Lambert law, and therefore can be used for quantitative analysis (Pavia et al., 1979). 

Therefore, since every different type of bond has a different naîural frequency of 

vibration, and, since the same type of bond in two different compounds is in a slightly 

different environment, no two molecules of different structure will have exactly the 

same infiared spectrum. This is particularly interesting in the study of biological 

materials as the composition of two cells or tissues 6om a common ongin is generally 

similar, but minor factors affecthg the environment of the bonds can give rise to 

spectral features that rnay permit a differentiation between a perfectly healthy and a 

diseased cell. Such small differences in the chemicai composition of the cells and 

their environment were once impossible to detect by infrared spectroscopy due to the 

intrinsic small amplitude of these differences and the limitations imposed by 

conventional infiared instrumentation. 



2.4.2 Recent advances in inf'rared instrumentation. 

A major advance in infrared instrumentation occurred in the early 1970s with 

the advent of Fourier transfomi infiareci (FTIR) spectroscopy. An FTIR spectrometer 

has major advantages over dispersive instruments. Fust, the amount of radiation fkom 

the infrared source reaching the detector is greater than in a dispersive instrument 

because the FTIR spectrometer has fewer optical elements and no dit to attenuate the 

radiation. Thus, much greater signal-to-noise ratio is observed. The second major 

advantage is the wavelength accuracy and precision inherent in the use of a laser for 

wavelength calibration. Finally, an entire spectrum can be acquired in a bief period 

of time because al1 wavelengths corn the source reach the detector simultaneously, 

reducing analysis time. The superior performance of an interferometer-based FIlR 

instrument is particularly relevant when dealing with samples with high absorbance 

like biological samples containing water (Mantsch and Chapman, 1996). 

Since the advent of FT instruments in the field of infi.ared spectroscopy, the 

improvements have focussed on the sampling methods. Mer  one hundred years of 

i n h e d  spectroscopy, sampling remains one of the most challenging aspects of the 

technique. Attenuateâ total reflectance (ATR) accessorieq using single bounce and 

multiple bounces have emerged to accommodate samples showing strong and weak 

absorbance properties (Banwell, 1983). Fiber optic probes have also gained theû 

share of the market, especiall y for at-line analysis of solid and liquid matenais. The 

transparency of the probe mataiai to idhueci light allows for the use of fauly long 

probes that nspond to the neeâ for practicai sampling accessoMs in industnal 



applications. More recently, FTIR spectrometers capable of depth profiling have been 

developed. The method is based on photoacoustic measurements (Drapcho et al., 

1997; Marcott et al., 1997). 

For biological samples, different methods are currently used to record infiared 

spectra. Briefly, transmission and ATR are used extensively in the study of tissues, 

mictobial and human cells, body fluids and in investigations of isolated components 

such as proteins and peptides involved in pathologie disorders. lnfiared microscopes 

using single detectors or amay detectors operating in transmission or reflection are of 

great value in the study of ce11 populations, for example in histological section, 

because they allow the focus ofthe IR beam on specific areas of interest. 

The coupling of infrared spectrometers to optical microscopes was probably 

the most significant advance for the field of biomedical application of FTIR 

spectroscopy. The concept of using totally reflecting optics was first reported in 1947 

by Burch who coupled a microscope with a Cassegrain condenser to focus an [R 

beam on the sample and back to the dispersive spectrometer. Blout et al. (1949) 

reported the first studies of biological materials using that novel technique. The 
. . 

severe limitations associated with dispenive instruments stopped the progress in 

infiared microscopy. Fourier transform infiarecl microscopy instrumentation was 

introduced in 1983 by BioRad Digilab Division (Cambridge, MA) in response to a 

need to analyse siunples available at the nanogram d e  and the difficulty of using 

conventional FTIR spectrometers for such purposes. This new technology pushes the 

boundaries formerly set by the minimum amount of simple required for FTIR 



analysis. Indeed, micrognuns of a sarnple spread over a diameter of 1 millimeter 

once was the limit of detection, but infiared microscopy now allows the acquisition of 

the spectrum of a sample of less than one micrometer in diameter and can detect 

components present in nanogram quantities. The first biological application of FTIR 

microscopy was reported in 1989 (Mendelsohn et al., 1989). This technology gives 

access to the analysis of biological material in the physiological matrix without 

suffering fkom the interference arising fkom the matrix itself. Many cellular 

components recently deemed inaccessible are now analysed on a daily basis. 

The latest addition to the infiared microscopy instrumentation is the coupling 

with confocal plane array detectors, producing what is known as infrared imaging 

systems. The array is composed of multiple detector elements that collect the infkared 

spectra of al1 pixels simultaneously (Lewis et al., 1995, 1996, 1997a-b; Kidder et ai., 

1997) . The major advantages of this new instmmentation are the coupling of non- 

invasive infiared chernical analysis and visualisation. The latter is extended beyond 

the visualisation of the infrared image when a CCD camera is added to the system, 

allowing the simultaneous visualisation of the physical image. Figure 2.3 shows a 

schematic diagram of an infiared imaging system. 

2.4.3 New considerations in the anal ysis of biomolecules 

The application of FTlR spectroscopy for medical diagnostic and study of 

biological systems is increasingly investigateû (e.g.; Koddi et al., 1991; Wong et aï., 

199 1, 1993; Heise et al., 1994; Lewis et al., 19%; Kidder et al., 1997; Schultz et aï., 





1996; Romeo et al., 1998; Lasch and Naumann, 1998). Consequently, treatment of 

the inffared spectra has evolved tremendousl y and CO mplicated pattern recognition 

techniques and multivariate analysis are routinely applied in method development. 

Biomolecules present a whole new challenge to spectroscopists. Indeed, unlike 

organic solvents or other simple chernical components, biological material presents 

variability in its composition (Lewis cl al., 1995), in addition to the variability due to 

the sampling, scanning and data treatment procedures. The individual characteristics 

of cells h m  different tissues, as well as the patient to patient variability also 

contribute to complicating the spectral analysis. In addition, medication, pathologic 

condition and al1 other parameten affecting cellular biochemical composition also 

affect the infiared spectrum acquired from a particular sample. When the objective is 

to identiS, spectral changes associated with a particular pathologic condition, al1 other 

sources of variability encountered within the sample and during the acquisition of its 

spectrum, such as effects of dilution in cytology and the desiccation of the cells, 

constitute potential sources of error. This concept is general in nature, but shows very 

different consequences in the different types of matrices, (fluids, cytology or biopsy) 

analysed. Indeed, the first parameter that requires a close look in the application of 

FTIR spectmscopy is the sarnple itself The temperature and humidity conditions, 

state of the sample (solid, liquid, gaseous) and sample preparation procedures 

influence the structurai chvocterisation of a biological sample, and therefore its 

infiared spearum. The tempeiahire inside the instrument impacts on the refraaive 

index of the optics and air present in the path of the light, resulting in some o h  

minimal but yet significant contributions to the idkard spectrum of the sarnple 



analysed. The temperature of the instrument influences the sample, especially when 

changes in the temperature produce modifications in the state of the sample such as is 

the case in the analysis of lipids fonning crystals below critical temperatures (Nawar, 

1985). The presence of water vapour and carbon dioxide produce distinct bands in the 

infiared spectrum and therefore have to be strictly monitored to achieve 

reproducibility in the spectral acquisition procedure. A constant flow of dry air is 

commonly employed to purge the optical compartments of water vapour and carbon 

dioxide, but this can result in a complete desiccation of the sample. Additionally, 

blowing dry air on a biological sample can surely disturb the sample, but it can also 

contnbute to the dissemination of some portions of the sample, a clear safety concern 

when dealing with pathogenic microorganisms or infected human samples. 

Hermetically sealed sampling accessories minimise the impact of the sample 

cornpartment humidity problem and contnbute to a d e r  handling of the samples. 

However, the window material used on both surfaces of the sampling accessory adds 

one more variable impacting on spectral reproducibility. In the case of tissues and 

cells, fixation is necessary to avoid tissue digestion by enzymes or bacteria and to 

preserve the physical structure of the sample (Junqueira et al., 1995). Howcver, 

fixation can bring along modification of the sample that is detrimental to structural 

analysis. The ideal tissue or cell preparation would be preserved with suitable 

chemicals so that the material would have the same structure and molecular 

composition as it had in the body (Junqueira et al., 1995). Although theoretically 

possible, this is seldom feasible and artefacts nom the preparation pmass are almost 

always pnsent. Most fixative agents traditiodly used for the preparation of 



histological and cytological samples are organic in nature (e.g. formaldehyde) and 

possess infiared bands that can, in some cases, ovenvhelm the bands arising from the 

sample. Again, with fixation, an additional variable is introduced in the spectmm of 

the biological sample. Finally, the support selected to hold the sample shows great 

significance in biological applications of FTIR spectroscopy. Some salt windows are 

inert to chemicals, resistant to water and allow good adherence of biologicai 

materials, making them a suppon of choice in the development of analytical methods 

for the medical field. However, if a procedure is being developed for routine analysis 

of biological samples, the high cost of water tesistant sait windows needs to be 

addressed. 

The variability encountered in biological samples is rather large. In order to 

extract the valuable information present in the i n h e d  spectra, and to take into 

account the inter-individual and other sources of variability inhennt to biological 

materials, statistical methods, multivariate analysis and artificial intelligence methods 

have been utilised, as described in the previous sections. The tùndamentals of 

selected methods are described in the following paragraphs. 

2.5 MATHEMATICAL PROCESSïNG OF FT!R SPECi'RAL DATA 

2.5.1 Preliminary considerations 

Spectral anaiysis has greatly evolved in the past three decades with the use of 



a dedicated cornputer interfaced to the FTIR spectrorneter and the development of 

new data processing software. Data processing can be performed by a variety of 

statistical approaches, the method chosen being a tiinction of the type of substance 

under study and the results desired. For example, in the classification of cervical cells 

by FTIR spectroscopy, the response desired can be binary (presence or absence of a 

characteristic), ordered multistate (absent, rare and very abundant abnormalities in 

cervical cells) and continuous or quantitative (O= healthy to 4-carcinoma). For the 

evaluation of an evolutionary state of disease, using an ordinal scale such as 

multistate and quantitative attributes is preferable because they can better represent 

the few classes as well as the not so clear-cut differences between them. Moreover, 

the attxibute categories of ordinal state are not distinct, depending on the sampling 

and coding procedures, and can be interrelated to one another. Other applications 

require the classes to be specifically defined and unrelated to scale. Identification of a 

sample as part of a group or not is an example of a de-independent categorisation. 

h addition. statistical approaches are required to extract pertinent information fiorn a 

somewhat complex spectrum containing large amounts of information in the fonn of 

overlapping bands and hidden peaks. In the present studies, principal components 

regression (PCR), cluster anal y sis, discriminant anal y sis, library searc h and neural 

networks have been selected and investigated. The principle behind each of these 

methods is presented briefly in the bllowing sections. 

2.5.2 Muhivariate analysis 

Partial least-squares (PLS) and principal component regression @CR) are two 
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multivariate methods rnaking use of the whole spectnim and based on inverse 

modeling. Both methods can be employed to establish a relationship between the IR 

spectrum and the concentraiion of a single or multiple components, without 

knowledge of the concentration of the other constituents and in spite of the non-linear 

relationship between the absorbances at different wavelengths (Bhandare et al., 

1993). Haaland and Thomas (1988) have published a very detailed description of the 

PLS algorithm, but the discussion here will be limited to the basic principle of the 

method. Both PLS and PCR are factor analysis methods which have many of the full- 

spectrum advantages of the classical-last-squares (CLS) method. Mathematically, 

PLS and PCR consist of two main steps. In the first step, the spectral data is 

compressed into a matrix while in the second step, a linear regression of the 

compressed spectral features against the concentration of the analyte(s) of interest 

takes place. The matrix (n x m) consists of the calibration spectra of m solutions each 

consisting of the absorbances at n wavelengths. The matrix (nxm) can be expressed as 

a produa of two matrices added to a matrix of the spectral residual results in 

compression of the spectral data. Equation 1 shows in matrix notation the data 

compression st ep. 

In equation 1, A is the matrix of the calibration spectra (n x m), B is the 

matrut of loading vectors (h) having m columns and h rows. T is the matrix of the 

orthogonal intensities of the loading vectors (n x h), and E is the matrix of spectral 

residuals not fitted by the PLS or PCR mode1 (Bandhare et al., 1993). Atta 



decomposition of matrix 4 the spectral information is condenseâ as loading vectors 

into matrix T. ùi P C S  the first step is the principal component anaiysis (PCA) and no 

concentration data are needed whereas in PLS, concentration information is used to 

condense the relevant spectral variations into orthogonal PLS scores (amount or 

intensity of each of the loading vectors needed to reconstruct the calibration 

spectrum). In both methods, the scores obtained are linearly regressed against the 

constituent concentrations according to the relationship presented in equation 2. 

In equation 2, c is a vector (n x 1) of the concentrations, T is the matnx of 

scores (n x h), v is a vector (h x 1) of coefficients relating scores to the concentrations 

and e is the vector of concentration residuals. 

Principal wmponent analysis (PCA) (or eigenvector analysis or Karhunen- 

Loewe expansion) and factor analysis methods a h  to find a small number of 

hypothetical amibutes (components or factors) which contain the essential 

information expressecl in a larger number of attributes, thus reducing the 

dimensionality of the data by utilising interdependencies. However, while PCA tries 

to account for al1 the variability in the samples by representing them with 

components, factor anaiysis leaves a factor to include al1 variance not accounted for 

later resolution (Minitab, 1995). PCA is recognised for the robustness of the least 

squares approach to approximating the data matrix or covariance matrix, for the 

orthogonrlity of the components and the reduction in dimensionaiity. However, it hm 



some disadvantages such as the assumption that any relationship among the original 

attributes are essentially linear or at least t b t  any non-linear contribution is small, 

and the orthogonality of the components which implies fùnctional independence only 

if the objects are norrnally distributed. 

Clustering is an old technique used to classify objects into groups 

characterised by their qualitative or quantitative properties (Massart and Kauffman, 

1983). It is also known as an unsupervised pattern recognition. Clustering is 

performed according to a measure of similarity between objects obtained through one 

of three methods: rneasure of correlation, distance or information-type. Covariance 

and correlation matrices can be used to evaluate the similarity of objects through 

multivariate statistics. The covariance math is obtained by multiplying the data 

matrix (mm) produced fiom the absorbante information related to the wavenumben 

by its transpose (mm) after subtracting the mean of each variable, which yields a 

matrix of the form nxn, from which each element needs to be divided by the number 

of objects minus 1. Another measure of similarity of objects is the distance between 

two abjects of interest. Euclidean distance, Manhattan distance and Minkowski 

distance constitute various methods to measure the distance between objects, the 

Euclidean distance being the most used mearwe of distance. The Euclidean distance 

is equivalent to the hypotenuse of a rectangular triangle in a case where only two 

variables are considered. Figure 2.4 demonstrates the Euclidean distance @u) 



between objects k and 1. 

Figure 2.4: Geometric representation of the Euclidean distance between 

objects k and 1. 

In a multidimensional system, where more than two variables are considereâ, 

the Euclidean distance can be calculated according to equation [3], or in a vectorial 

form (equation [4]). 

The Euclidean distance is a usefil measure of sirnilady for a system where 

none of the variables are correlated. In cases of correlation between two variables, the 

Euclidean distance will give distorted results since the distance between pairs of 

objects can be the same even if they ail have different coordinates. This requires the 

introduction of a different measure of distance: the Mahalanobis distance. This 



measure takes into account the covariance matrix C introduced earlier and is 

calculated using equation [SI: 

where C-'= reverse covariance matrix. 

The Mahalanobis distance has the advantages of eliminating the correlation between 

variable and of being unchanged by scaling of the data. 

Standardisation and scaling can affect the measurement of similarity when it 

is perfomed using the Euclidean distance. Standardisation corresponds to a 

multiplication of the data by a factor determined according to the response of a 

standard introduced or present in the sample. This process accounts for the between- 

mn variability. Scaling is a transformation used to eliminate the effect of a variation 

in the range of results (Minitab, 1995). Despite the obvious advantages of these 

methods, they must be used cautiously to avoid an over-estimation or under- 

estimation of some variables. Indeed, a scaling of al1 the variables afFeaed in a 

sample will equalise the influence' of characters with small and large variability, 

therefore giving a higher weight to the absolute degree of variation of the less 

variable charmer (Massart and Kaufinan, 1983). 

The resuhs of a cluster analysis can be presented in a matrix form where the 

distances between each object and the different clusten are listed, or in a more visuai 

format, a hieratchical clustering, resulting in the production of a dendrogram. The 



clustenng can be obtained in an agglomerative way, by talcing the objects in a 

sequential way, or in a divisive way, where ail the objects are part of the same group 

at the beginning and divided in isolated clusten until only clusten containing one 

element remain. The agg lomerative clusteri ng can be detennined according to the 

distance between: the nearest neighbor (single linkage), the fiirthest neighbor 

(complete linkage), or the centroid of each cluster (centroid method). ûther methods 

such as Ward's method, measure the heterogeneity of the clusters through the sum of 

the squared distance of each element to the centroid of the cluster, and flexible 

strategy can also be used to group the smaller clusters into larger clusters. Divisive 

clustering is less used and mostly performed according to a divisive version of 

Ward's method (Massart and Kaufman, 1983). 

Other types of partitionhg or clustering are available, but will not be used in 

the present work. These methods include representative elements (k-median model), 

as well as nearest centroid (partitions using variable values), a global optimisation 

criterion, graph-theoretical methods, density methods, linear clusters and tiuzy 

clustering (Adams, 1995). 

2.5.2.2 Discriminant analysis and library search 

Discriminant analysis algorithms are very powerful, they allow classification 

of materials into classes or groups baseâ on some chernical or physical 

measurements, such as the spectmm of the substance. They resemble multivariate 

quantitative analysis techniques aa the calibration model is train4 to recognise 



characteristics based on previously input data. The main advantage over search 

techniques is that the spectral data can Vary substantially and still be classified, while 

it surpasses quantitative analysis in that no calibration data other than some 

representative spectra are needed to develop the model (Adams, 1995). 

Discriminant analysis is a parametnc method that models each class of 

samples by its centroid and covariance matrix, and assigns each object to the closest 

class. Different discriminant analyses are available. The linear discriminant anal y sis 

uses the Mahalanobis distance to determine the classification of the materials using 

the common covariance matnx in the metric. The nearest means classification uses 

the Euclidean distance and the quadratic discriminant analysis is based on the 

Mahalanobis distance calculated using the individual class covariance matrices. The 

Mahalanobis distance is an algorithm to calculate the distance of a sample fiom the 

mean of a set of standards, represented by the equation [6]: 

In equation 6, D is the distance, x is the data vector (n x I), x,,,~ is the mean 

data vector (nxl), ( X - X . ~ ~ ) ~  denotes the transpose of (x-xlv,J and n is the number of 

data points in x (Minitab, 1995). 

Spectral search algorithme are based on cornparison of the spectral features of 

an unknown against a spectral library employing a scoring system which grades the 

different levels of spectral s i m i l m  (Clerc et al., 1986). The system does not use 

explicitly specified modds for the correlation between chernical structure and spectral 



data. The basic idea behind this technique is that samples exhibiting similar spectral 

patterns should have similar chernical structure. The main drawback of the library 

search procedure is that the success of the search is directly related to the scde of the 

database because in order for an unknown spectrum to be correaly identified, it has 

to be contained in the database. However, when including large numbers of spectra in 

a database, the search time is extended and the computational power required greatiy 

increased (Tanabe et al., 1992). There are two types of library search systems: the 

identity search system and the similarity search system. The identity search system is 

particularly relevant when a complete iist of the compounds of interest can be given 

and reference spectra are available. The full spectnim may be used, but spectral 

regions changing theù values significantly even with minor structural changes should 

be preferred to reduce the size of the system and increase its speeâ. In the similarity 

search system, any arbitrary complex cornparison is split into a set of binary 

comparisons. It requires a careful mix between features of high, medium and low 

spectral sensitivity (Clerc et al., 1986). A variety of search modes are available, 

including the reverse search where mixtures of compounds can be identified as long 

as the spectra of their components are available in the library. The best-hit spectrum 

from the library is subtracted ûom the unknown and the residual is then matched 

against the other spectra in the library. Other search models are available such as the 

Biemam-MIT forward swching program (Hertz, 1971). Finnigan MAT'S Integrated 

Control System (INCOS), Search for Identical and Similar Compounds (SISCOM), 

and Vermuza's Exploratory Data Analysis (EDAS) (Vennuza, 1990) which are d l  

library search programs making use of difrent  algonthms to analyse the information 



2.5.2.3 Artificial Neural networks 

Artificial neural networks (ANN) mimic the brain in its lear~ng process and 

funher apply the knowledge to solve problems. The basis of human knowledge is 

hypothesised to be that the miilions of neurons in the bioiogical brain work together 

in parallel, each trying to solve a tiny bit of a big problem. An individual makes 

decisions based on past experiences, associates and applies acquired knowledge to 

new situations. Similady, the neural network looks for patterns in training sets of 

data, leams them, makes generalisations from previous samples and develops the 

ability to classify new patterns or to make predictions (Anonymous 1, 1993; Liu et 

al., 1993). 

Generally speaking, a neural network has three layers of neurons, each of 

which is co~et%!d to the neurons in the next layers. Each conneaion has a weight 

associated with it. Input values in the first layer are weighted and passed on to the 

hidden layer. Neurons in the hidden layer apply an activation knction to the sum of 

the weighted input values and produce an output. These outputs are then weighted by 

the connections between the hidden and the output layen and the latter layer produces 

the desireâ result. The leaming process is done by adjusting the interwmection 

weights repeatedly, so that the output neurons produce results close to the output in 

the training data. Eventually, if the problem is leamed, the weights becorne stable 

(Anonymous 1, 1993; Schalkoff, 1997; Knshan, 1997). 



There are two basic types of networks: supervised and unsupervised. Ln the 

supervised network, the network is fed a large number of correct classifications Rom 

which it learns to make predidions according to the pattems. in an unsupervised 

network, the network can classiq a training pattern into a specified number of 

categories by clustering the pattems, without being shown in advance how to 

categorise. Generally, the supe~sed  networks give the most reasonable answers 

based on theù training pattems (Schalkoff, 1997). 

The Back-Propagation Network (BPN) algorithm is currently the most widely 

used neural network paradigm for training multilayer perceptrons. It is capable of 

creating complex decision surfaces and has an inherent ability to build arbitrary 

nonlinear boundaries between input and output layer representations, allowing to 

solve a multitude of pattern mapping problems. Two factors affect the two critical 

issues of estimation of error and training time: the network architecture, including the 

number of hidden nodeq number of hidden layers and values of learning parameters, 

and the factors related to the training set, which include the nurnber of training 

pattems, the inaccuracies of input data and the preprocessing of the data. With these 

features, the BPN algorithm is found to be an appropriate means for analysing 

chemometric data, despite the requirement of preprocessing of the data. The 

preprocessing of the data is necessary to avoid building a huge neural network, which 

would result in a neeâ for enomous memory capacity, computational speed and 

accuracy. In this step, dimensionality reduction and extraction of the meaningful 

features, amplitude sensitive smoothing and data normalisation have to be achieved 



(Liu et al., 1 993). 

A variety of neural network architectures are available such as the Jordan 

Elman Neural Network, Probabilistic Neural Network (PNN), Hopfield Network, 

Ward Neural Network, Jump Co~ection Neural Network, General Regression 

Neural Network (GRNN) and Kohonen Self-organising Feature Maps (Liu 

et al., 1993; Zupan et al., 1997). In the standard neural networks, each layer is 

co~ected to only the previous layer. The Jordan Elman architecture produces a 

recurrent network with dampened feedback by a reverse connection fiom the hidden 

layer and fiom the input layer ont0 itself. This has the advantage of being excellent 

for time series. The Jump connections architecture is different in that every layer is 

co~ected to every other layer, enabling every layer to view features detected in al1 

previous layers. in the Ward network, the output layer can spot linearity in input data 

and the features detected by the hidden layers. The hidden layers have different 

activation functions, which extract different types of features fiom the inputs and thus 

present the output layer with different views of the input domain. In the Kohonen 

unsupenised network, no desired outputs are provided and the network looks for 

similarities in the input data and clusters them based on those similarities (Zupan et 

al., 1997). The Probabilistic nmork has a simple architecture where the patterns are 

classifiecl by a smoothing factor. However, this type of network cannot be used for 

problerns requiring continuous values for the outputs. Finally, the General Regression 

network resembles the probabilistic network except for the fact that it leanis in only 

one epoch and can produce continuous valued outputs (Anonymous 1, 1993). 



Figure 2.5 shows an oveMew of the different architectures. 
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Figure 2.5: Schematic representation of the architecture of some current 

artificial neural networks. 

The advantages of using neural networks are that there is no need for specific 

mode1 fonns, there can be predictions from incomplete data, one can detect data 

features and constmct generalised data mapping and the networks can be made robust 

and fauit tolerant because the information is encodeâ in a globally distributed fashion 

(Liu et al., 1993; Krishan, 1997). The training of the networks in a neural networks 

system takes a long time but once it is achieveâ, the execution is quite rapid, making 

it more advantageous than library search for spectral identification (Tanabe et al., 

1992). 



Finally, combination of mathematical ptocessing methods have been shown to 

provide additional prediction capabilities. Experiments combining the capacity of 

multivariate analysis to produce orthogonal scores with the ability of ANN to provide 

better predictions in the presence of nonlinear spectral relationships can be done and 

has been used to measure levels of glucose in whole blood (Bhandare et al., 1993). A 

cornparison o f  standard errors of prediction achieved with a PLS and with a PLS- 

ANN mode1 for a different number of factors in a cross-validation procedure showed 

that the application of the ANN resulted in 10 to 30% improvement of the prediction 

capability compared to the PLS alone. Neural networks have also been combined 

with spectral libraries to reduce the search time by restricting the search data base 

required (Klawun and Wilkins, 1995). 



Chapter 3 

SupeMsed and Unsupervised Pattern Recognition Techniques for 

the Identification of Bacteria on the Basis of their Infrand Spectra. 

The first biomedical application of FTIR spectroscopy investigated in this 

work is the possibility to identie bacteria based on their infrared spectra. In Chapter 

3, the performance of a number of mathematical techniques is evaluated for the 

development of identification methods for bacterial cells. The results show that 

unsu pervised and superviseci pattern recognition techniques can be used t O evaluate 

the differences and similarities present among the spectra of a set of five bacterial 

strains, and that the latter outperform the unsupe~sed methods investigated. 

Moreover, it is demonstrated that it is possible to obtain infiared spectra of gwd 

quality with minimal sample preparation. A single growth medium that supported the 

growth of a large number of bacteria, eliminating the need for growth medium 

selection for the enrichment of the colonies. Additionall y, the transfer of the bacterial 

cells from the growth plates onto a disposable sarnple support without a washing step 

to remove the growth by-pmduas is shown to be adequate to obtain reproducible 

spectta. The work describecl in this chapter is a wmprehensive evaluation of the 

mathematical treatments and sample prepantion rquirements that must be met to 

allow differentiation and identification of a rdcted  number of bacterial strains. In 

order to provide more details on the spectral data preprocessing, the codes of the 
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program written in Visual Basic (3.0) to automate the operations is added in 

Appendix 1. The work presented addresses the first objective stated in the section 

"Rationale and Objectives of the Study", the objective to establish the feasibility of 

building an FTIR-based identification system for bacteria with minimal sample 

preparation and combinations of data treatment. 

Note: This chapter is the text of a paper, which will be submitted for 

publication as follows: 

Dubois, J, Quinteuo-Rodriguez, M. P., Ismail, A. A., "Supervised and 

unsupemised pattern recognition techniques for the identification of bacteria on the 

basis of their infiared spectra." (1 999) 

Contributions of CO-authors: M. P. Quinteiro-Rodriguez (provideci the infiared 

spectra of bacteria and their identification), A. A. Ismail (thesis supervisor). 



The potential of a number of supe~sed  and unsupervised mathematical 

processing methods was investigateâ for the identification of bacteria from their 

infiared spectra. In this work, we also evaluated the possibility of identification where 

a large range of spectral variability attributable to sample preparation was present in 

the sample. The correlation coefficients were used to evaluate the similaity of 

replicate spectra acquired with the labour-reduced sarnple preparation technique and 

good reproducibility was observed. In terms of identification capabilities, both 

supervised and unsupewised pattern recognition techniques provided good 

classification of the spectra. In an extemal validation procedure, discriminant analysis 

performed better than any other method investigated, but the limitations observed in 

the development of the calibration were still observed upon validation. Overall, 

supervisecl data processing showed a better performance when a larger variability is 

observed among the replicate spectra of a particular strain. 



Fourier transfonn infiareci (FTIR) spectroscopy is increasingly investigated as 

a tool for the identification of bacteria (Naumann, 1995; Naumann et al., 1988; Helm 

et al., 1991 ; Curk et al., 1994; Goodacre et al., 1996). Specific spectral contributions 

of ce11 components have been identified and it is well accepted that the overall 

spectrum of a particular strain acts as a fingerprint, describing al1 components of the 

bacterial cells (Norris and Greenstreet, 1958; Naumann et ai., 1991; Helm et al., 

1991; Helm and Naumann, 1995). The infiared spectra of bacteria include 

contributions h m  the membranes, cell walls, proteins and genetic material, 

combined into a cornplicated s p e d  pattern. The extensive overlap of the bands and 

the complexity of the spectral envelopes prevent direct visual interpretation of the 
. . 

spectra. Consequently, advanced mathematicai processing techniques are required to 

extract the subtle dieerences in the patterns of different bactena for the purpose of 

identification on the basis theu infrared spectra (e.g.: Helm et al., 1991; Holt et al., 

1995; Goodacre et ai., 1 996). 

Spectral reproducibility is a key factor for identification purposes. Meed, if 

the various sources of spectrai variability produce greater differences between 

replicate spectra of a partinilar strain than the inherent differences between the 

spectra of different bacteria, identification or classification will be impaired (Lipkus 

et al., 1990). Growth conditions including the growth medium, time and temperature 

of growth (Curk et al., 1994) as well as the mahod of pnsavation (Liphs et al., 

1990) have been identifid as contributors to the variability between replicate idhueci 



spectra of a particular strain. Following classical microbiological pnictices, a variety 

of growth media are oflen used to favour optimal growth of the bactena prior to the 

acquisition of their infiared spectra. When it cornes to data processing of the spectral 

information, the use of multiple growth media provides the undeniable advantage of 

restricting the database to be searched for identification, because that database is 

medium-dependent and contains ody those bacteria showing favoured growth on that 

particular medium. Consequently, the appropriate medium must be used prior to 

comparing the spectmm of an unknown against a database of stored spectra. indeed, 

incorporation of different nutnents in the cells as a result of the presence or absence 

of such nutrients in the growth medium can produce significant spectral differences 

(Haynes et al., 1958). Cases have been reported where the magnitude of these 

differences was not large enough to cause errors in the classification (Helm et al., 

199 1). However, in general, the selection of growth medium is a ctitical step in the 

identification of an unknown sample. To deal with this restriction, we have used a 

growth medium developed specifically to allow the growth of a vast number of 

bacterial strains. 

Typicall y, mini mal sample preparation, speed and automation are key 

advantages associated with molecular spectroscopie methods of analysis. These 

advantages are not fully realised in the application of IR spectroscopy to bacteria 

identification as the m p l e  preparation involves multiple steps, including isolation, 

culture on the appmpriate growth medium, sepmtion of the colonies f?om the culture 

medium, washing of the cells, pelleting, transfer to an expensive infbed transparent 



support and drying. Finally, the live bacteria must be rinsed off the support for its te- 

use. In this study, we have simplifieci the manipulations necessary for sample 

preparation. We have used a single growth medium and unwashed cells harvested 

directly fiom the culture plate and spread on a disposable infiared support. This work 

evaluates the feasibility of this approach to sample preparation, which introduces 

additional potential sources of spectral variabiiity, owing to the presence of growth 

by-products in the sample and the use of a disposable sample support. 

3.3.1 Strains and growth conditions. 

The microorganisms used in this study were ATCC isolates or clinical 

specimens of bacterial strains. The organisms are identified on the left side of Table 

3.1. Al1 bacteria were stored at -70°C in a cryogenic solution (Cryo-tubes, MAST 

diagnostics). To account for the recovery of possible injured cells (Leslie et al., 

1995), strains were thawed on the recommended standard culture media for the strain 

and incubated at 37fZ°C for 24 hours, under aerobic conditions or with a low 

pressure of CO2 (for Streptococci). Once incubated, a sample of the culture was 

taken with a platinum loop and reinocuiated on iMMEDIAN growth medium 

(Quelab Laboratones, Montreal, Canada), following a three-streak pattern. The 

second growth medium was used to standardise the contribution of the growth 

medium to the inf iad  spectrum. After incubation for 16 houn at 37f1°C, under 

aerobic or low pressure of Ca conditions, a sample of confîuent colonies was taken 



with a calibrated platinum loop and directly deposited on a polyethylene support to 

produce a thin bacterial film. The films were kept in constant humidity pnor to 

recording of the infhued spectra. 

3.3.2 Acquisition of spectra 

A polyethylene card made from commercial polyethylene sheets was used as 

sample support. An open beam spectrum and single beam spectnim of the 

polyethylene support and the polyethylene with a film of bacteria were collected 

sequentially for each sample. Bactena were gently scraped off the surface of the third 

quadrant of the growth plate using a standard 3-mm platinum loop. The samples were 

air-dried on the polyethylene support placed in a closed environment for 10 minutes 

prior to analysis. Al1 spectra were collected using a Nicolet Magna 550 FTIR 

spectrometer (Nicolet, Madison, Wi) equipped with a DTGS (deuterated triglycine 

sulfate) detector and opaating under OMNIC 3.1 (Nicolet) by coadding 256 scans at 

a resolution of 4 cm" and using a nul1 zero-filling. The reproducibility of the 

instrument measurements was evaluated by cornparison of the fiequency of specific 

bands arising fiom the absorption of water vapor in the open-beam spectnim. 

3.3.3 Construction of a Database 

A small test set of 56 spectn representing selected species of the genera 

Citrobacter, Enterucucc11s and Enterobacter was used to evaiuate the reproducibility 

of the inAar& spectra of bacteria scanneci using the method describeci above. This set 

includes spectra aquired fkom bacteria lumsted on a single growth plate, to test the 
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repeatability of the methocl, and spectra acquired at a different tirne, following further 

preservation of the strain and re-growth on the solid medium, to test the 

reproducibility of the spectra. This set was also used in the development of a bacteria 

identification method from the i&ed spectra of bacteria. This test set was selected 

to include highly reproducible spectra as well as groups of spectra that showed great 

simiiarity in order to test the iimit of differentiation that can be reached with the 

methods investigated. Additional spectra were acquired following the methodology 

described above and served to increase the size of the database tested for 

classification. 

3.3.4 Preprocessing 

The single beam spectra of al1 samples were ratioed against the open beam 

spectnim collected immediately before sample spectral acquisition to produce 

absorbante spectni. The resuhing spectni were truncated to eliminate the regions of 

lesser interest or dominated by the absorption due to the polyethylene support. The 

region between 1430 cm-' and 950 cm-' was kept for identification of the bactena. 

Finally, badine effects were removed through a subtraction of the linear function 

derived &om the extremities of the range of interest of the original spectrum. 

3 3 . 5  Cornparison of spectra. 

The similarity of the spectra recordecl was evaluated using the Pearson 

correlation coefficient, a sale independent measure of linear association bdween 

variables. This coefficient is equivdent to a mersure of the covariance following 
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scaling of the data. The value of the coefficient (Eq. 3.1) typically ranges from -1, 

indicating a perfect negative correlation, to +1, indicating a perfect positive 

correlation with a coefficient of zero indicating absence of correlation between the 

variables. 

In equation 3.1, xi and x2 are variables, and Xi and X2 are values of the means 

for variables xi and xz. The correlation coefficients were calculated pair-wise to 

produce results indicative of the similarities between two individual spectra. 

Statistical analyses were done on the correlation coefficient to compare in-batch 

values and between-batch values, therefore cornparhg the repeatability and 

reproducibility of the spectra. The calailation of the correlation coefficient was 

prefened to the calculation of the covariance because it is scale independent and 

therefore it is not affected by the thickness of the bacterial film spread on the support, 

within reasonable limits of reproducibility in this thickness. 

The possibility of identieing the bactena grown on a single growth medium, 

IMMEDIA~~,  based on their i&ared spectrum was evaluated using a library search, 

cluster anal ysis, discriminant analysis and arti ficial neural network ( ANN) 

identification methods. Spectral library search is one of the most straightforward 

procedures to identify a substance nom its i&ed spectrum. Bnefly, the spectnim 

of the unknown sample is compared to each spectnim containeci in the library and the 

one that most closely matches the unknown is found. The match value indicates how 

well the library speaium matches the wknown and ranges fiom O to 



100, the latter indicating a perfect match. The spectral library was built using OMNlC 

ESP sofhmue (Nicolet) âom the spectral information between 1435 and 950 cm-'. 

The spectral library was used on the basis of correlation measurements of spectral 

information stored with a resolution of 4 cm-'. Al1 sarnples fiom the database were 

included in the library and a randomiy selected set was fùrther retrieved firom the 

library for validation purposes. An extemai test set was also used to evaluate the 

performance of the library search. The use of hierarchical clustering and discriminant 

analysis (SCAN, Minitab Inc., State College, PA) was also investigated. The 

hierarchical clustering uses complete linkage and measurement of the Euclidean 

distance between the points to provide an unsupeMsed grouping, while the 

discriminant analysis rneasures a Mahalanobis distance for supe~sed  classification. 

The effects of scaling the data and denvatization were examined. 

Finally, NeuroShell 2.0 software (Ward Systems Inc., Frederick, MD) was 

employed to develop a bacteria identification technique using the absorbance values 

corn the spectra as inputs and binary-coded categories as the outputs in General 

Regression neural network (GRNN). No data reduction was applied to the spectral 

information pnor to building the neural networks. Consequently, al1 spectral data 

points were used as inputs in the ANNs. Al1 ANNs counted 125 inputs and one output 

conesponding to the numbered bacterial strains. Training was stopped after 20 

generations without improvement greater than 1% in the intemal test set randornly 

extracteci from the input matrix. The performance of the A N N s  was judged by 

determining the identity of al1 the samples of the training and test se&. 



Al1 identification methods developed were assesseci on their performance in 

the identification of bacteria fkom a set of eighteen inffared spectra recorded fiom 

replicate samples fiom new batches of three bacteria fiom the original database, re- 

grown, and prepared according to the same procedures. 

3.4 WSULTS AND DISCUSSION 

3.4.1 Spectral reproducibility 

The spectra of al1 bacteria in the test set showed faitly similar patterns, as 

expected since bacterial cells have relatively similar biochemical composition. Subtle 

differences have been demonstrated in the literature to be suficient for the 

differentiation of bacteria, but their amplitude needs to be compared to the sale of 

the variability introduced in the spectra of replicate runs of the same bacteria s c a ~ e d  

either in the same batch, or at a later time (different batches). Indeed, it is obvious 

that if the replicates show larger differences in their spectra than the difference 

between two strains, species or genera, no classification method will be able to 

separate them. In small sets of bactena, this problem is unlikely to occur, but as the 

bank of spectra of different bacteria is enlarged, median patterns are observed and the 

classification process is wmpiicated. Moreover, one of the objectives of the present 

work was to develop a method of identification based on the use of a single growth 

medium. With this approach, the spectra of al1 bacteria are placed in one single 

database, without a pre-classification based on the medium useû for growth. 

Therefote, it was imperative to evaiuate the level of similitude between replicate 



spectra of the same bactetium. Dixon's test was applied to compare the samples 

acquired in every batch. Two spectra showed to be outliers at the 5% level of 

significance in Dixon's test. The similitude of the remaining 54 spectra was measured 

using Pearson's correlation coefficient. Table 3.1 lists the average correlation 

coefficients found among replicate spectra of a same bacterium and between the 

different bacteria. The two samples identified as outliers were kept in the database for 

al1 other mathematical treatments and the effect of theu presence or absence from the 

training sets for the different algorithms was investigated. We chose to keep these 

samples because they are found to be outliers in a very restricted set of replicates, 

which may not contain al1 the variability that could be encountered if a larger number 

of samples was considered. For this reason, they will be calleci extreme samples. 

The correlation coefftcients are high in repeated samples scanned in multiple 

batches. This is expected because the samples scanned âom one batch were recorded 

fkom bacteria grown on the same plates and scanned consecutively. Therefore, the 

repeated spectra solely depict the variability due to the distribution of by-products of 

growth, the retrieval of the cells fiom the plates, their smear on the polyethylene 

support and the variability encountered in the polyethylene itself and the growth 

medium. In different batches, the variability attributable to the preservation of the 

cells, possible slight differences in the growth conditions, in addition to the 

parameters affecting the repeatability are also implicated. 



Table 3.1: Average Pearson's Correlation coefficients for the spectra of 

selected bacterial strains. 

Enterobacter cloacae ATCC 

23555 

Enterobacter cloacae ATCC 

14082 

Enterococcus faecium 2 590 

Where n= number of spectra present in the test for the particular bacterial 

strain, b= number of batches included in the test. '(0.9938 M.0002 at 9% 

confidence) 2(0.9937 M.00003 at 99% confidence) * indicates samples with an 

average correlation coefficient smaller when compared to a different strain versus a 

cornparison within the same sample. 



Therefore, if only replicate samples originating from one batch had been considereû, 

the results would have shown even higher correlation coefficients, as is the case for 

Ciirobacterfreundiii. Introducing a larger number of sources of variability results in a 

smaller correlation coefficient. There are two ways to interpret such high correlation 

coefficients. On the one hand, a tight correlation among spectra belonging to one 

group can be a Favourable trait in the deveiopment of a calibration, especiaiiy if it is 

based on unsupervised pattern recognition techniques. indeed, these methods 

calculate spectral differences and are therefore greatly handicapped by variability 

introduced in the spectra by sources other than the sample itself On the other hand, if 

the calibration procedure for an identification system is based on a supervised pattern 

recognition technique, the addition of variability fkom extemal sources can contnbute 

to the robustness of the prediction algorithm. Indeed, by building in the dynamic 

range of absorbante values that may be encountered as a result of reguiar working 

conditions, one avoids excessive rejection of samples or false predictions which 

might be due to subtle differences in the spectra attributable to variability inherent in 

day-to-day manipulation. It can be seen from the results presented in Table 3.1 that 

the reproducibility is  very high for al1 bacterial strains. Similerity levels smaller than 

measured here have been reported when more tedious mahods of sample preparation 

were involved, including in the procedure additional steps such as culture on selected 

growth medium, cell washing, pelletting and vacuum desiccation of the samples 

(Helm et al., 199 1). Consequently, the coefficients of correlation found above are 

considered indicative of a good reproducibility of the spectra obtained in the non- 



labour-intensive sampling conditions employed. 

The correlation coefficients calculated between spectra originating from 

different bacteria show values much lower than those indicative of the reproducibility 

of the spectra of each strain. One exception is observed, and identified with a star in 

Table 3.1. Cornparison of the confidence interval of the two average correlation 

coeficients (calculated upon comparing Enterohcter clwcae 23555 with itself and 

with Enterobacter clmcae 14082), we find that the two values overlap, and therefore, 

that using al1 points of the spectra equally should not permit a differentiation between 

the two strains. 

3.4.2 Identification of bactena based on their infiared spectra 

We investigated the consequences of including a broad range of variability 

into a database treated with unsupervised and supervised pattern recognition 

techniques. In a first approach, a hierarchical clustenng was perfonned with the 56 

spectra included in the test set. In this analysiq we have used a complete linkage and 

Euclidean distance measurement, implying that the distance between two clusters is 

the largest distance between al1 pairs of objects. Figure 3.1 shows a dendrogram 

obtained with this clustenng method. It can be observed that the two strains of 

Enterokcfer cloacae (identified by the letters B and C) are not differentiated in the 

tree, and that the wrongly classified spectra are the two extreme amples detected in 

the correlation analysis. A small group of spectra tiom group D were found more 

closely related to Enterobacrer thon Enterocrncus species. This result is somewhat in 



agreement with the analysis of correlation coefticients and demonstrates that this 

masure is a good indication of the perfomuuice of unsupervised cluster adysis; that 

is because both methods use al1 data points equally and are only indicative of the 

close resemblance between the two samples. A second unsupe~sed identification 

method, a spectral library search, also provided good classification results. Only one 

sample of the strain Enterobucter cloacae 23555 was wrongly identified as a 14082. 

and this sample was the extreme sample detected in this data set. The second extreme 

sample was correctly identified as E. cloacae 14082. The discrepancy in the 

performance of the search for the two extreme samples is justified by the fact that the 

second extreme sample is significantly different fiom the other spectra acquired in the 

same batch. However, this difference is really only a broadening of the bands due to 

the scaling step applied on a spectrum with an absorbante much lower than the 

replicate samples. This effea was never as severe in any of the other bacteria 

investigated 

emp hasi sed 

method for 

included in 

here. Therefore, this difference in the peak shapes due to an over- 

spectrum did not its identification. 

the identification of spectra in a case like 

Library search is a powerfil 

this one, where the samples 

the spectral library are replicate measurements of the samples tested. 

Furthemore, this method determines the level of similarity between two spectra at a 

time, giving a result indicating the closest matches in decreasing order. The aigorithm 

does not go through any grouping or class determination, it simply reports the closest 

matches. Therefore, if a sample resembling closely the spectrum investigated is 

present in the library, a good match will be found. The dificulty increases 



B-C D A 

Figure 3.1 : Dendrograrn obtained from the hienrchical clustering of scald spectra of bacteria in the range 
1435-950 cm-'. The * indicate the two extreme amples (refa to text). 



proportionally with the number of spectni included in the database and it remains 

primordial to include al1 the variability that may be encountered in the spectrum of a 

particular source because there is no interpretation of the data. 

We also investigated supeMsed pattern recognition methods. In a regularised 

discriminant analysis (RDA), it was found in a first approach that when the spectra 

identified as outliers according to Dixon's test are included in the calibration matrix, 

both the calibration and cross-validation contain many misassignments. However, 

when training without these extreme samples, only three samples are misassigned in 

the cross-validation. As expected fiom the results of correlation coefficients, al1 

misclassified samples belong to the species E. c lwcw  and represent misassignment 

at the strain level. The total error rate for the RDA is 4%- The presence of the 

extreme sample that was successfully identified in the library search tended to 

produce errors in the class assignrnents in RDA. Both extreme samples contnbute to 

the mathematical description of the cluster E cloacae and cause an overlap of the 

limits of the two clusters containing E. cloacae, which results in misassignments of 

sorne samples in the coss-validation. 

Another approach employed for the identification of bactena fiom their FTIR 

spectra is a neural network-based expert system. ANNs has ban  effective in the 

analysis of infiared spectra of bacteria €tom a restricted set of bacteria belonging to 

the genera Strepta:occus and E~ertxuccus (Goodacre et al., 1996). The ANN was 

developed with the use of a G e n d  Regression Neural Netwotk (GRNN) trained 



with the sarne spectra employed above for spectral library search database. 

The neural networks are presented with inputs and corresponding outputs 

fiom which they train by adjusting the co~ections between input, hidden and output 

layers until the relationship is encoded in the algorithm. Results of the identification 

of the five selected strains of a test set using the neural networks are show in the left 

part of Table 3.2. Ten samples have been randomly picked by the neural network 

software to act as an intemal test set. Neural networks are, by theù basic nature, 

classifiers, but the non-linear function differentiates them fiom most discriminant 

analyses. The results for an ANN trained with the data set showed correct 

classitication of al1 samples, and rejection of the two extreme sarnples when they 

were not included in the training set. When one of the extreme samples was included 

in the training set, its variations from the conventional pattern of the class E. cloacw 

ATCC 23555 was factored in and it was well assigneci in the calibration. However, 

the ANN failed to correctly identifi it in the cross-validation, and the second extreme 

sample could not be identifid. 



Table 3.2: Results obtained by a General Regession Neural Network identification 

system. 

Comct assignment Incorrect assignment 

i I I I ' kesults obtained when the extreme sample is included in the training set a d  

I 

Enterococcus faecalis ATCC 52 199 

Results obtained when the extreme sample is included in the test set. 

6 

Enterobacter cloucue ATCC 235 55 

Entero bacter cloacae Q- 14082 

We have chosen to use al1 the data points from a large region of the infiared 

spectrum of bacteria to develop a classification method. Using al1 spectral data points 

in a given range of the infiared spectrum of bacteria to train a neural network was a 

nsky endeavour. It is well known that when the number of weights is much larger 

than the number of outputq there is a risk of overfitting, or fitting the noise fond in 

the samples. This did not appear to be the case here. The fact that the problem is 

simplified by the presence of oniy a small number of classes probably explains the 

good performance of this very simple ANN. The anay of variability encountered in 

the spectra was sorteci out and good classification is obtained. Therefore, a large 

number of inputs did not appear to handicap the identification procedure. This result 

1' 

1' 

12' 

12' 

I f  6 



has a tremendous impact on the application of ANN in bacteria identification. Indeed, 

it has generally been the trend in bacteria identification based on their infiareci spectra 

to optimise the spectral range, even selecting fairly narrow bands, for each data set 

under investigation (Curk et al., 1994; Helm et al., 1991; N a u m a ~  et al., 1991b, 

1995; Sockalingum et al., 1998). Surely enough, such an approach provides a very 

good identification of the bacteria included in the data set, but the small and restriaeâ 

spectral regions used may not permit good differentiation when the database in 

enlarged and in fact will need to be readjusted when new spectra are added to the 

database. in keeping with the rest of the method, which relies on minimal sample 

preparation and minimal preprocessing of the spectral data, we have chosen to reduce 

as much as possible the human contribution to the learning process and to !et the 

neural networks individually select the useful datapoints. It might have been an 

inconceivable idea a few years ago, but the availability of fast personal cornputers 

that cm process large amounts of information in very short periods of time making it 

possible to employ iarger spectral regions. The short time required to train the ANN 

(less than a minute) and the correct predictions in the cross-validation confims the 

validity of the approach of using large spectral regions. Furthemore, it indicates that 

the samples present in the training set are representative of the matrix under study, 

and it contains sufficient information to differentiate the members of the individual 

categories. The correct identification of al1 samples fiom the data set demonstrates the 

value of the method to identify spectra despite the presence of some variability, which 

l makes two groups overlap 

resorting to wavelength 

when the whole spectral region is considered without 

selection. Indeed, the ANN had no difficulty in 
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differentiating the E. c l m e  species. Thus, supewised pattern recognition based on 

ANN is more tolerant to variability and performs better at identifjing both median 

and extreme patterns. Another important conclusion that can be d m  &om these 

results is that the variability included in the spectra by the bacteria themselves as well 

as by extemal sources can be factored in the identification method. In this study, the 

growth by-products have not been washed from the samples foliowing collection 

from the growth plate; the infrared suppon incuded some variability in the thickness 

and in the absorption of the polyethylene, and the films were dried in ambient air 

conditions. Al1 these variables were accounted for by the ANN. 

The results obtained with this small data set have shown that both 

unsupervised and supervised methods provided good classification of the spectra. Ln 

order to evaluate the eRkt of additional inter-batch variability, a set of samples 

composed of three of the bacterial strains employed in the calibration, re-grown and 

rescanned at a later time, was tested (six spectra were acquired from each drain). The 

four methods discussed previously were evaluated. Results are shown in Table 3.3. In 

the ANN, both E faecuiis and E clmcae were wrrectly identified, but 4 of the 6 

spectra of Citrobacter freundii were rejected for being too different tiom the 

calibration patterns, and the 2 others were wrongly classified. In library search, al1 

six samples of E. cloacoe were rnisclassified at the strain level and one C. freudii 

was misassigned. The discriminant analysis performed very well and al1 eighteen test 

samples were properly identified. Finally, cluster analysis successfùlly classified C. 

fretmdji and E. faecah sarnples, but still wuld not separate the strains of E. clame. 



Table 3.3 Results for the classification of spectni of E. clwcae, C. freumYi 

and E. faecalis (acquùed at a later time) obtained by artificial neural networks, 

spectral library search, discriminant analysis and hierarchicai clustering. 

RDA= regularised discriminant analysis and HC= hieruchical clustenng. Six 

replicate spectra of each bacterium were used and the numbers indicate the number of 

correct assig nrnents. 

E. cloacae 

C. fieundii 

E. faecalis 

3.5 CONCLUSION 

It has been demonstrated from the results presented in this work that minimal 

sample preparation can provide reproducible infiareci spectra of bacteria, and that 

bacteria can be conectly identified. Although, a larger variability in the spectra from 

samples from different batches was obsewed thon was the case for replicates of the 

same sample, this variability could be factored in the calibration model. These resuhs 

confirm that the i W e d  spectmm depicting the total biochernical composition 

bacteria contains sufficient information to allow the differentiation of the 

RDA 

6 

HC ! 
O 

GR.NN 

6 

GRNN= general regression neural netwo rk, L S= spectral lib rary search, 

O 

6 

LS 

O 

5 

6 

6 

6 

6 

6 



rnicroorganisms. The next step involved in the development of an identification 

system for bactena of clinical relevance is now to increase the sire of the spectral 

database and include a larger number of bactena. In doing so, we will be faced with 

more closely related spectra and the task will be to optimise the spectral analysis in 

order for the algorithms to account for the increased variability, deal with the spectral 

differences associated with sampling, and still differentiate between more closely 

resembling spectral patterns. Based on the results presented in this work, it appears 

that supe~sed  classification methods will perform better than unsupervised methods 

and should be selected for further improvement of the identification system by 

increasing the number of bacterial strains descnbed in the model. 



Chapter 4 

investigation of Combineâ Data Processing Techniques for the Identification of 

Bactcria from their Infrared Spectra. 

4.0 CONNEC~ING STATEMENT 

In Chapter 3, the identification of bacteria fiom their infiared spectra was 

investigated using a restricted set of bacterial strains and various mathematical 

treatments of the spectral data. Some mathematical treatment methods were found 

more efficient for classification. In Chapter 4, combinations of mathematical 

treatments are further evaluated for the classification and identification of a larger set 

of bacteria. Increasing the number of bactena investigated results in the addition of 

more closely related spectral patterns and consequently complicates the 

differentiation. The work descnbed in this chapter fùrther addresses the feasibility of 

developing infiared-based identification systems for bacteria, the first objective stated 

in the "Rationale and Objectives of the Study" in Chapter 1. 

Note: This chapter is the text of a paper, which will be submitted for 

publication as follows: . . 

Dubois, J., Quinteiro-Rodriguy M. P., Ismail, A. A, "Combined Data 

Proceasing Techniques for the Identification of Bacteria fiom their hf.hred Spectra." 

(1999). 



Contributions of CO-authors: M. P. Quinteiro-Rodriguez (provided infiared 

spectra of bacteria), A. A Ismail (thesis supe~sor). 



Fourier transform infiarec! spectroscopy has been applied to the identification 

of bacteria. Conventionally, tedious sample preparation is involved and a number of 

mathematical treatrnents of the data are used to ciassify the spectra and provide an 

identification of the organisms. Minimal sample preparation, involving the presence 

of the growth by-product and the use of a disposable sample support, was applied for 

the present work. A combination of data reduction and multivariate analysis was 

selected to classify the spectra of thirteen different bacteria of the genera 

Enterococcus, Pseudomonus, StaphyIococcus and Streptococms. Using this 

approach, data reduction through the use of principal components analysis scores 

obtained fiom the spectra showed much better classification capabilities than the 

utilisation of the raw spectral information. An artificial neural network with a 

backpropagation architecture ww successtiilly applied to classi& the bacteria from 

their infiared spectra acquued on the disposable support. 



Bacteria identification by infrared spectroscopy was first examined in the 

early 1950s in an attempt to replace tedious and tirne-consuming traditional 

biochemical methods. It was reported that microorganisms had characteristic spectra 

that allowed theû differentiation, even at the strain level (Noms and Greenstreet, 

1958). Identification of bacteria fiom their infiared spectra was also possible if the 

spectrum of that particular bactenal strain had previously been recorded and included 

in a reference library. Initially, the aqueous culture medium was the source of major 

problems as a result of the strong absorption of water in the mid-infiared. This 

dificulty was overcome by recording the infiared spectra of films. With time, an 

adequate control of the growth conditions, scanning conditions and instrumental 

optimisation were identified as crucial parameters for the acquisition of reproducible 

spectra (Lipkus et al., 1990; Curk et al., 1994; Helm et al., 1991). In the late 19609, 

the advent of Fourier transforrn infiared spectrometers provided reliability of the 

spectral fiequency, as well as a digital storage of the data. FTIR spectroseopy has 

been applied successfûlly to the classification of bacteria by a number of research 

groups (e.g. Naumann et al., 199 1; Helm et al., 1991; Curk et ai., 1994; Vannini et 

al., 1996; van der Mei et al., 1993; Zeroual et ai., 1994; Alsberg et al., 1998). A 

variety of mathematical techniques have bem evaluated for the interpretation of the 

digital spectral information and it is now accepted that multivariate d y s i s  is 

required for classification of bacteria on the basis of their infiared spectra. in this 

field of application, it has been the general trend to evaluate classification or 



identification capabilities of various systems based on infiareci spectral information 

applied to restricted databases, this approach providing a solid basis for further 

amalgamation of the information. In trying to mirnic the taxonomy currently used in 

classical microbiology, spectroscopists face one major problem. Fundamentally, 

infiared spectra of cells depict the entire biochemical composition, while 

conventional taxonomy relies on a series of morphological observations, biochemical 

reactions and, progressively, on genotypic information. However, the actual context 

requires new classification methods to follow the current taxonomy. Consequently, 

the total biochemical composition does not dways relate to the accepted groupings, 

and unsupervised classification of infrared spectra acquired from bacterial cells has 

shown difficulty in consistently irnitating the taxonornic classification (Dubois et al., 

1 999a). 

While minimal sample preparation, speed and automation of the identification 

procedure are key advantages associated with molecular spectroscopie methods of 

analysis, bacteria identification by infiareâ spectroscopy currently involves multiple 

steps of sarnple preparation (Helm et ai., 1991; Vannini et al., 1996; van der Mei et 

al., 1993). These steps include isolation, culture on the appropriate growth medium, 

separation of the colonies fiom the culture medium, washing of the cells, pellaing, 

pipetting ont0 an expensive infrared transparent support and drying, followed by 

cleaning the infiared support to allow its re-utilisation. 

In previous work, we have demonstrated the feasibility of using the spectral 

region 1435-950 cmo1 to correlate the infiareci spectra of bacteria to their taxonomy 



(Dubois et al., 1999a). The selection of a relatively broad spectral region 

encompassing the infiared absorptions arising from carbohydrates and the phosphate 

bands fiom the genetic material has shown promising results with a relatively smdl 

set of spectra of bacteria. Because there are no region optimisation steps, which are 

generally strongly dependent on the bacteria under investigation, this approach should 

allow the classification o f  a iarge number of bacteria without frequency selection. 

Training and application of a general regression neural network proved to be an 

effective approach for bacteria identification (Dubois et ai., 1999a). The aim of the 

work reported here was to evaluate combinations of multivariate analysis methods to 

build an identification system with the flexibility required to account for the similarity 

of the spectral patterns. Again, we are focussing on a relatively small set of data to 

refine the identification system. The multivariate analysis algorithrns investigated 

include hierarchical clustering, principal component analysis, artificial neural 

networks (ANN) and discriminant analysis, individually and in combinations. The 

influence of preprocessing steps, including baseline correction and scaling, was also 

investigated. We have also simplified the manipulations involved in sample 

preparation. We use a single growth medium and unwashed cells harvested duectly 

from the culture plate and spread on a disposable infiared support. In addition to 

screening a number of mathematical method for classification, this work evaluates the 

feasibility of bacteria identification in the presence of a large range of spectral 

variability attributable to the simplified sample preparation, the pnsence of growth 

by-products and the use of a disposable sample supports. 



4.3.1 Strains and growth conditions. 

A data set compnsing 75 infiard spectra of bacteria, recorded during a one- 

week interval was selected for analysis. The spectra represented replicate 

measurements of 13 different bacteria of the genera Enierococms, Pseudomo~s, 

S1aphyIoc0~~21s and Srreptococcus. A list of the bacteria is given in Table 4.1. The 

set corresponds to a random seletiion of repeated samples since no d e s  guided the 

choice of strains to be scamed in a particular week. However, the infiared spectra 

recorded in one week were picked to minimise the differences in the spectra. No 

report of problems with the instruments, the strains or the growth of the bacteria had 

been filed for that particular week. All bacteria were stored at -70°C in a cryogenic 

solution (Cryo-tubes, MAST diagnostics). To account for the recovery of possible 

injured cells (Leslie et al., 1995), strains were thawed on the individually 

recommended standard culture media and incubated at 37S°C for 24 hours, under 

aerobic conditions or with a low pressure of CO2 (for Streptococci). Once incubated, 

a sample of the culture was taken with a platinum loop and reinoculated on the single 

medium, IMMEDIAm (Quelab Laboratories Inc., Montreal, Canada), foUowing a 

three-streak pattern. The second growth medium was used to standardise the 

contribution of the growth medium to the inAared spectrum. Mer  incubation for 16 

hours at 37S°C, under aerobic or low pressure of Ca conditions, a sample of 

confluent colonies was taken with a calibcated platinum loop and direaly deposited 



1 ame 4. i : uaaenai mains usea rn me investigation ana rneu source. 

Species Strain number Source 

Enterococcus faecalis 

Enterococcus feaculis 

Enterococeus faecalis 

Enterococcus feaculis 

Pseudonto~s aeuroginosa 

S t u p h y I ~ ~ u c ~ ~ s  ouricu faris 

Streptocuccus bovis 

Streptococcus dysgalactiae gr C 

Streptococctls group A 

Streptocuccus group B 

Streptococcus group G 

Streptococcus mitis 

Streptococcus pneumoniae 

where: A=ATCC and Q= Quelab Laboratones Inc. (Montreal, canada) 



on a polyethylene support to produce a thin bacterial film. The films were kept in 

constant humidit y prior to recordhg the infiared spect ra. 

4.3.2 Acquisition of spectra 

A polyethylene card made from commercial polyethylene sheets was used as 

the sample support. An open-bearn spectrurn and single beam spectra of the 

polyethylene support and the polyethylene with a film of bacteria were collected 

sequentially for each sarnple. Bacteria were gently scraped off the surface of the third 

quadrant of the growth plate using a standard 3-mm platinum loop. The samples were 

air-dried on the polyethylene support placed in a closed container for 10 minutes prior 

to analysis. Al1 spectra were collected on a Nicolet Magna FTIR spectrometer 

(Nicolet Instrument Corp., Madison, WI) equipped with a DTGS (deuterated 

triglycine sulfate) detector and operating under OMNIC 3.1 software (Nicolet) by 

coadding 256 sans at a resolution of 4 cm-' and using a zero-filling factor of 1. The 

reproducibility of the instrument measurements was evaluated by cornparison of the 

bands arising from the absorption of water vapour in the open-beam spectrum. 

4.3.3 Preprocessing of spectral data 

The single beam spectra of al1 samples were ratioed against the open beam 

spectrum collected immediately pior to recording the inikared spectrum of the 

sample to produce absorbance spectnim. The resulting absorbance s p w a  were 

truncated to eliminate the regions of lesser interest or dominateci by the absorption 

due to the polyethylene support. The region between 1430 cmo' and 950 cm-' was 
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kept for identification of the bacteria. Finally, baseline effects were removed through 

a subtraction of the linear function derived from the extremiries of the range of 

interest of the original spectrum. For some analyses, the spectra were scaled and 

outliers were eliminated on the basis of a 95% significance level in a Dixon's test or 

comparison of the correlation coefficients of replicste samples. 

4.3.4 Mathematical processing 

Discriminant analysis, a supervised pattern recognition technique, was built 

on the measurement of the Mahalanobis distance between objects. Grouping is known 

a priori and each cluster is  characterised by its centroid. When a new sample is 

presented to the system, the Mahalanobis distance between the object and the centroid 

of dl clusters included in the training data is determined. The smallest distance 

determines the cluster to which the new object belongs. In a first approach, the 

spectral data points comprised in the range 1435-950 cm" were fed directly, without 

baseline correction or normalisation, into the discriminant analysis. A correction of 

pathlength was applied by comparison of the highest point in the range with a 

baseline point at 1333 cm". Intemd normalisation by mean centenng was applied 

and the algorithm was set to use a maximum of 15 principal components. The second 

approach taken with the same set of data was a discriminant malysis under the same 

conditions described above, utilising baseline-correctecl spectra (generated by a 

subtraction of the straight line formed by joi~ng the two ends of the spectral region). 

The third approach was to use the second derivative spectra, in conjunction with the 

discriminant conditions stated previously. The three &a sets examine the effect of 
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spectral scaling and baseline correction of the spectra on discriminant analysis of the 

spectra. 

fierarchical clustering is a classification method based on a measure of the 

Euclidean distance between objects grouped by an agglomerative algorithm. Each 

object starts in its own cluster and the two objects closest together are joined. In the 

next step, two other objects are joined together in a different cluster or a thud object 

joins with the fira two. In the end, al1 objects are grouped into one cluster. Ail three 

approaches described for discriminant analysis were applied in cluster analysis. 

Another type of cluster analysis was applied, based on the Mahalanobis distance 

found âom the most accurate discriminant analysis algonthm obtained. The 

parameters for the cluster analyses were maintained constant. They consisted of a 

complete linkage, calculation of an Euclidean distance and no automatic scaling of 

the data In a final investigation with this type of algorithm, al1 analyses were 

repeated, but the spectral data points were range-scaled (fiom O to 1) pnor to 

clustering. 

A principal component analysis ('CA) is a data reduction algorithm used to 

describe a data matrix by its principal components (Deme, 1992). It calculates 

orthogonal linear combinations of the scaled variables basad on the maximum 

variance criterion. Since PCA was not adequate for classification of bacteria fiom 

their infrared spectra in our previous work (Dubois et al., 1999a), it is on1 y applied to 

reduce the dimension of the data matrix. In the discriminant analysis package used in 

this work, a principal cornponent d y s i s  is applied by defauh and the classification 



is obtained fiom a selected number of principal components. PCA is  also applied 

pnor to hieratchical clustering and artificial neural network 

Neural Networks rnimic the human brain in its leaming process and further 

applying the knowledge to solve problems. The basis of human knowledge is 

hypothesised to be that the millions of neurons in the biological brain work together 

in parallel, each trying to solve a small portion of a big problem. Similarly, the 

mificial neural network (ANN) looks for patterns in training sets of data, lems 

them, makes generalisations fiom previous samples and develops the ability to 

classifi new patterns or to make predictions (Anonymous 1, 1993; Liu et al., 1993). 

ANN architectures based on raw spectral information, scaled spectra and a variable 

number of principal components scores are investigated. Reduaion of the input data 

matrk through PCA is perfomed to reduce the risks of overfitting the mode1 

associated with a very large ratio of weights to the number of outputs. In using the 

raw spectral information fiom a fairly large region, the number of input variables is 

large and results in numerous comection weights. Results are reponed only for the 

systems found most accurate. 

One representative spectrum for each of the bacterial strains used in this 

investigation is shown in Figure 4.1. The spean of al1 bacteria demonstrate foitly 

similar patterns. This is to be expected because the s p e c t n  al1 arise fiom whole 

bacterial cells with nlatively similar biochemical composition. Subtle differences 



exist, but their amplitude needs to be examined, dong with the sale of the variability 

introduced in the spectra of replicate samples of the same bacteria, before 

identification can be achieved. The relative closeness of the spectrai patterns fiom al1 

bacteria illustrates the need to use multivariate analysis for classification. 

The outcome fiom discriminant analysis was strictly dependent on the type of 

input data. Very poor classification was obtained with the raw spectral information 

and the use of the second denvative spectra, but scaling of the baseline-conected 

absorbance spectra resulted in a proper classification of 74 of the 75 spectra 

Following matnx reduction with PCA, it was found that the 10 fust principal 

components (PCs) described 98.8% of the variability and their use as input values 

resulted in a classification of 74 of the 75 spectra. Results of this classification are 

s h o w  in Figure 4.2. The misclassified simple (a Sbepto~mcus group B) was found 

to possess an original spectrum showing an average absorbance much higher in the 

spectral region fiom 1 180 to 950crn.' compared to the replicate samples of the same 

bacterium, and is the probable cause of the misidentification. Indeed, spectra with 

very low absorbance values will result in artificial sharpening of the bands upon 

scaling, and therefore creates a pattern with sharper contours than seen in the replicate 

spectra. In order to evaluate the amplitude of the dfierence, statistical tests were 

employed. The very high similarity of the 5 other replicate spectra prevented the set 

from assuming a normal distribution, eliminating the possibility to utilise Dixon's 

test. Upon caiculation of the Pearson's correlation coetticients among the replicate 

spem of that particulsr bacterium, this sample was found to diffa fiom the others 





Figure 4.2: A) Discriminant analysis cross-validation results. A regrcssive discriminant andysis function 
was used and a lambda of 0.25 to build the mode1 from the 10 first PCs of the scaicd spectra. B) Principai 
components Eigenvaiue plot. 



by an average of 4%. 

In hierarchical clustering, the best results were obtained when the inputs used 

for classification were the Mahalanobis distances calculated in discriminant analysis 

(Figure 4.3). Using the unscaled or scaled spectral data points as inputs also gave a 

poor separation of the bacterial strains. When the dimensionality of the matnx is 

reduced through the use of the 15 principal cornponents, the cluster does not give 

better results, showing the impossibility of mimicking a taxonomie classification in 

an unsupe~sed use of the spectral information. Indeed, the only hierarchical 

clustering that succeeded at classieing the samples was built on data obtained by a 

discriminant anal y sis, therefore based on supervised inputs. 

A Ward backpropagation (Ward Systems Group, MD) neural network with 

three hidden slabs and different activation fùnctions was built, employing the ten first 

PC scores for al1 spectra as inputs and binary coded categories as outputs. The 

network architecture was 15-7-7-7-13 and the network was trained until 200 events 

had passed since the lowest internai test set error. Ten samples were extracted 

randornly pnor to training of the network Ln the neural network approach, a good 

classification of 74 of the 75 spectra was obtained. The average match results for al1 

bacterial strains are given in Table 4.2. The sample misidentified in this method is a 

Strepzococcus bovis. The difference in absorbame before scaling, observecl in the 

discriminant analysis, causes a discrepancy among the spectra of replicate smears. 

This sample was misidentified in the neural network because it was extracteci h m  



Figure 4.3: Himrchical clustering fiom the Mahalanobis distunces cilailateci in discriminant analysis on 
unscaled baselinecoriected spectra using the 15 first principal componcnts. The + indicatc tht two misidentified 
spectra. 
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the training set to be used as a test sample, preventing the network fiom leaniing its 

difference from the other replicates. The sample of Streptococcus group B that had 

been misclassified in discriminant analysis was fiirther kept in the training set and the 

newal network learned to consider the observed pathlength difference as a variability 

intrinsic to that particular strain. 

The investigation undertaken here serves to demonstrate that it is possible to 

obtain a classification of bacteria, following the current taxonomie classification, on 

the basis of their infrared spectra. Moreover, the use of a single growth medium, a 

disposable infiared support and simplified sample preparation have been show to be 

non-limiting and accelerated the process of sample preparation (Dubois et al., 1999a). 

We have used the spectral information present in a continuous spectral range, without 

tiying to determine optimal disdminating variables and a number of mathematical 

processing methods have been applied to the data set. True unsupervised hierarchical 

clustering has not permitteci us to attain a classification, independent of the need for 

spectral scaling, baseline correction or data reduction preprocessing. This result 

reflects the intrinsic dificulty arising fiom using phenotypic information deriveci 

fiorn the total biochemical composition of the microorganisms to rnimic a 

classification developed on the basis of morphological features. However, upon 

utilisation of the Mahalanobis distances detennined in discriminant analysis, correct 

assignrnent was obtained for 97% of the s p m .  Supervwd algorithms calculate the 

models maximising the separation between cotegories and minimising the difference 



between sarnples belonging to the same class. In this type of approach, the spectral 

information provided as input is not used with an eveniy distributed importance and 

emphasis is placed on variables compatible with the separations and groupings 

desired. In other words, this methodology establishes prionty for certain variables 

fiom the specmim. Somewhat equivalent cluster analyses, termed unsupervised 

analysis but based on data where the contribution of a number of variables is 

predetermined (Helm et al., 1991). However, we consider these algorithms as 

supervised methods. According to the results obtained, unwpewised classification 

does not succeed at mimicking taxonomic classification, as the spectral information is 

directly correlated to the total biochemical composition of the rnicroorganisms and 

thus it appears necessary to guide the mathematical definition of the groups under 

investigation in order to produce a grouping similar to taxonomic classification. 

In both discriminant analysis and ANN, we were faced with misclassification 

due to some samples showing significant difference in film thickness between 

replicate spectra of the same bacteria. This difference translated in higher absorbame 

values in the region between 1180 and 950 cm" reaching amplitudes impossible to 

correct for by simple scaling of the , , data. Indeed, scaling of al1 spectra in each class 

revealed that the thicker samples showed sharper band contours in the region affecteci 

by the pathlength difference. The adherence properties of each bacteriai main as well 

as the amount of growth by-products have a direct impact on the sarnple thickness. 

These characteristics impact on the spectra in the current sarnpling technique, but are 

not as important when sample preparation includes a washing step. Indeed, in using 



simple colonies harvested directly nom the growth plate, a number of characteristics 

are included in the measurement, while they are left out when washing is involved. 

Cell adherence and growth by-products are probably the two most important 

additional factors that are included in the spectrum. The growth by-produds should 

aid in the identification as it is constant under similar growth conditions and medium 

composition. However, the sample adherence can cause serious problerns when the 

amplitude of the spectral differences falls above a critical value. In the present case, 

when six replicates of a same bacterial strain were present in the database, an average 

correlation coefficient 4% lower than found among the other replicates resulted in 

incorrect classification. This value is not constant for al1 bacteria and an increased 

nurnber of replicate spectra included in the database influences the critical value by 

better descnbing the range of pathlengths comrnonly produced fiom a particular 

strain. In ANN, the pathlength variability was factor4 in by the algorithm. indeed, 

the sample of Streptococcus group B that was misclassified in discriminant analysis 

was kept in the training set and the neural network leamed to consider the observed 

pathlength difference as a variability intrinsic to that particular strain. This result 

emphasises the requuement for a descriptive input matrix composai of numetous 

replicate speara from each bacterial strain. 

Finally, in agreement with the acceleration of the procedures through minimal 

sample preparation and the use of disposable infkared support, we have sought to 

speed up the data analysis step by reducing the amount of chta fed into the systems. 

However, using a relatively small number of principal components results in the 105s 



of important information. By selecting a number of components which corresponds to 

a large eigenvalue, we aimed at keeping al1 the spectral information relating to the 

bacteria and leaving behind the information about random noise and the variability in 

the support medium (polyet hy lene). This approach reduced the calculat ion time and 

gave better results in the ANN approach. Despite our previous success at training 

ANNs with ail spectral datapoints (Dubois et al., 1999a), we expected this approach 

to cause problems in training ANNs with increasing numbers of bacteria because 

neural networks are prone to overfitting when the number of weights is much larger 

than the number of outputs. Consequently, using the fmt 15 principal component 

scores was a more valuable input set than the individual spectral points. In the present 

case, data reduction through principal component analysis did not significantly 

accelerate the mathematical processing, however, as more sarnples are added to the 

training set and additional strains of bacteria are included, data reduction will 

significantly affect the training and analysis time. 

. . 

The results presented confinn the superiority of supervised pattern recognition 

techniques for the differentiation of bacteria on the basis of theu infiared spectra. In 

conjunction with simplified sample preparation and simple disposal of the analysai 

samples, this method may prove usefùl for rapid and reliable identification of the 

bacteria. 



Cbapter 5 

Identification of Bacteria Commonly Found in the Respiratory Tract 

by FTIR Spectroscopy and Artificial Neural Networks. 

The feasibility of identi@ing a restricted set of bacteria on the basis of theu 

infiared spectra was established in Chapters 3 and 4. The potential of using artificial 

neural networks for the treatment of the spectral data was also demonstrated. In this 

chapter, we investigate two different approaches to deal with the problems arising 

fiom the influence of increasing the number of bacteria. in a first approach, the 

bacteria identification system is designed specifically to interpret the spectral patterns 

of bacteria from a particular ongin, in this case the respuatory tract. The second 

approach was to proceed in a step-wise identification, first identifying the genus, and 

then moving on to the species and strains. The work described in this chapter further 

addresses the first objective stated in the "Rationale and Objectives of the Study" in 

Chapter 1, namel y the feasibility of developing infrared-based identification systems 

for bacteria, 



Note: This chapter is the text of a paper, which will be submitted for 

publication as follows: 

Dubois, J., Quinteiro-Rodriguez, M. P., Ismail, A. 4 "Identification of 

bacteria commonnly found in the respiratory tract by FTIR spectroscopy and artificial 

neural networks." (1 999). 

Contributions of CO-authors: M. P. Quinteiro-Rodriguez (providecl infiared 

spectra of bacteria and their identification), A. A. Ismail (thesis supervisor). 



5.1 ABsTRACr 

Fourier transform inf'tared spectroscopy is increasingly applied to the 

identification of bacteria. A simplified sample preparation method, which includes 

direct transfen of the microorganisrns fiom the culture plate to a disposable sample 

support have shown minimal impact on the discriminating power of the infi=ared 

method. In this work, the size of the database of bacteria is enlarged and two types of 

approaches for application of backpropagation artificial neural networks are 

investigated. The preparation of the bactenal film on the infiared support hm a 

marked impact on the classification results and it is concluded that it must either be 

strictly controlled, or that al1 possible variability in that step must be covered in the 

calibration matnx. A pre-separation of the database on the basis of information other 

than that obtained in the infiared spectrum provides better classification results than 

utilisation of a general database. indeed, the utilisation of the source of the samples as 

a pre-disaiminatory step and rehiiely small neural networks targeting that particular 

source provide better identification results than the approach of employing a large 

neural network comprising - 1000 spectra from 120 bactena. 



The Fourier transfonn i h u e d  ( F m )  spectrwn of a particular bacterial 

strain is unique and is considered to be analogous to a fingerprint of the 

microorganisms. It contains information fiom the organic constituents of the 

microorganisms. Specific spectral absorptions have been assigned to various 

components of the cells (Helm et al., 1991; Naumann et al., 1982; Naumann et 

al., 1987qb; Schultz and Naumann, 1991; Helm and Naumann, 1995). FTIR 

spectroscopy has shown great potential for bactena identification (Naumam et 

al., 1988, 1998; Van der Mei et al., 1993; Curk et al., 1994; Goodacre et al., 

1996; Sockalingum et al., 1998; Timmins et al., 1998). The similarity in the 

cellular composition of al1 bacterial ceils results in a high degree of similarity of 

the infrared spectra of microorganisms which makes it necessary to employ 

multivariate analysis methods for classification of bacteria on the basis of their 

infiared spectra. To date, a variety of algonthms have been evaluated for the 

processing of the spectral information. One of the difficulties faced by 

spectroscopists arises ftom trying to mimic the taxonomy currently used in 

classical microbiology. Fundamentally, infiared spectra of cells depict the entue 

biochemical composition, while conventional taxonomy relies on a series of 

morphological observations and biochemical reactions. Consequently, the total 

biochemical composition does not always relate to the taxonomie grouping (Holt 

et al., 1995). Unsupervised classification on the bais of selected combinations of 

spectral regions of the infiared spectra acquired ftom bacterial cells w u  the 



preferred method (Naumann et al., 1988; Van der Mei et al., 1993). but recently, 

there is a growing interest in "supervised pattern recognition techniques, such as 

artificial neural network (ANN), for bacteria identification (Goodacre et of., 1996; 

Timmins et al., 1998). 

While minimal sample preparation, speed and automation of the 

identification procedure were key advantages associated with identification of 

chemicals by infrared spectroscopy, this approach was more problematic for the 

analysis of biological samples. For example, the strong absorption of infrared 

radiation by water resuhs in requirements for partial or complete desiccation of 

the sarnple. The identification of bacteria fiom their infrand spectra involved 

multiple steps of sample preparation including isolation of the bacteria, culturing 

on an appropriate growth medium, separation of the colonies fiom the culture 

medium, washing of the cells, pelleting, transfer to an expensive infrared 

transparent support and d e n g .  These steps may hinder the acceptance of i n h e d  

spectroscopy as a rapid means of bacteria identification. In this study, we have 

simplified the sample preparation protocol by employing a single growth medium 

and transfer of the colonies directly fiom the culture plate to a disposable infrared 

support. Our objective is to evaluate if an identification of the bacteria fiom theù 

infiarecl spectra temains possible with a simplified protocol. In the present study, 

the feasibility of employing a simplified sample preparation that does not requin 

the removal of growth by-products fiom the colonies harvested and the deposition 

of the bacteria on a disposable sample suppons to record the intiareci spectra of 



the bacteria for the purpose of identification will be undertaken. We have 

focussed our attention to the bacteria commonly found in the respiratory tract. As 

part of this work, the predictive capacity of two different types of spectral analysis 

methods will be investigated. 

5.3.1 Strains and sample preparation 

The microorganisms used in this study were ATCC isolates (provideci by 

Quelab Laboratories. Montreal, Canada) or clinical specimens. A large database 

including 940 spectra of 120 bacterial strains 6om 17 different genera was 

compiled (the number of spectra and the species included for each genus are listed 

in Table 5.1). A number of organisms commonly found in the respuatory tract 

were selected fiom that database and these bacteria are identified in Table 5.2, 

Al1 bacteria were stored at -70°C in a cryogenic solution (Cryo-tubes, 

MAST diagnostics). To account for the recovery of possible injured cells (Leslie 

et al., 1995), strains were thawed on the recomrnended standard culture media for 

each case and incubated at 37f1°C for 24 hours, under aerobic conditions or 

under a low CO2 pressure (for Streptococci). Once incubated, a sampie of the 

culture was taken with a piatinum loop and reinoculated on the single medium, 

IMMEDIATH (Quelab Laboratories, Montreal, Canada), following a three streak 

pattern. The second growth medium was used to standardise the contribution of 

the growth medium to the infiard spectrum. After incubation for 16 hours ot 
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37G°C, under aerobic or low CO2 pressure, a sample of conftuent colonies was 

taken with a calibrated platinum loop and directly deposited on a disposable 

polyethylene support to produce a thin bacterial film. The films were kept in 

constant hurnidity prior to recording the infkared spectra. 

An open beam spestrum, and single beam spectra of the polyethylene 

support before and afier deposition of the bacteria were recorded. Bacteria were 

gently scraped off the surface of the third quadrant of the growth plate using a 

standard 3-mm platinum loop. The bactena were air-dried on the polyethylene 

support for 10 minutes prior to recording the infiared spectrum. Al1 spectra were 

collected on a Nicolet Magna FTIR spectrometer (Nicolet, WI) equipped with a 

DTGS (deuterated triglycine sulfate) detector and operating under OMMC 3.1 

(Nicolet) by coadding 256 scans at a resolution of 4 cm" and using a nuIl zero- 

filling factor. The reproducibility of the instrument measurements was evaluated 

by cornparison of the bands arising from the absorption of water vapour in the 

open-beam spectrum. In total, 940 speara of bacteria were recorded. 

5.3.3 Data proecssing 

All single beam spectra of bacteria were ratioed against the open bemn 

spectmm collected imrnediately before recording the specvum of the bactena to 

produce an absorbance speanim. The resulting absorbance spectra were truncated 

to eliminate the regions of lesser interest or dominated by the absorption due to 
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the polyethylene support. The spectral region between 1430 cm" and 950 cm-' 

was baseline corrected by a subtradion of the linear function derived 60m the 

extremities of the region of interest. Finally, the spectra were range-scaled &om O 

to 1. 

Artificial neural networks (ANN) were built using NeuroShell 2 (Ward 

Syaems Group inc, Frederick, MD, USA). Principal component (PC) analysis 

was perforrned on the spectra with SC AN (Mi~tab Inc., State College, PA USA) 

and selected numbers of PC scores were used as inputs for the ANN with a Ward 

backpropagation architecture. The outputs were binary codes corresponding to the 

genus or species depending on the level of identification desired. One ANN was 

built to identify the respiratory tract-common bacterial spectra down to the 

species level and contained 19 output categories. in a different approach, a 

pyramidal stacking of ANN was investigated where an ANN was built to 

differentiate al1 the bacteria included in the database of clinical bacteria at the 

genus level. This ANN contained 17 output categones. A subsequent pass of the 

input PC scores into an ANN trained for the separation of the represented species 

of that particular genus followed. Figure 5.1 shows a schematic representation of 

the structure of the procedure and relationships between the different networks. 

Each ANN was trained with a large number (12 to 36) of replicate spem 

acquued fkom different growth batches to include the variability in the spectra 

that may result fiom slight differences in the growth conditions or sample 

preparation. The nurnber of replicate siunples included in the database is indicated 



Table 5.1: Genera and species of bacteria included in the spectral 

database. 

Uwarsie IIa tarda 

Enterobacter 1 aerogens, cioacae* agglomerm 

feacalis, faecium, gdinarum 

coli 

Haemophius influenza, paroinjhenza, heamoliticus 

Hafia alvei 

Klebsiella oxyIoca* pneunroniae 

Proteus 1 mirabilis, vuIgaris 

Pseudomonas aewoginosa, cepcia, p t i k  

Salmonella enteritidis, gr. B, gr. C, gr. D, tiphy, typhimtirium 

Serratia 

Shigella 

matescerts 

jlemeri, sonnei 

aurW loris, maureus, epidermidis, hominis, 

~ ~ y t i c u s ,  wmer i  

bovis, dysgalactyae, gr. A, gr. B, gr. G, mitis. 

maltophila 

Yersinia enteroco Iitica 
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Figure 5.1 : Schemcitic of the stnichire of the fint step of the expat systern for the 
identification of bacteria fiom their infmed spectra. The ANN to determine 
genus shows the infornation flow in a 8-1-1-1-4 ANN whae the activation fundons 
are: GoGwssisn, Th=tangente hyperbolique, Gc=Gaussian correlation and L=logistic. 



in Table 5.2 for the bacteria 6om the respiratory tract. This number varied 

similarly for the bactena of the general clinical bacteria database. 

The similarity of the FTIR spectra of the bacterial strains investigated in 

this work is clearly demonstrated in Figure 5.24 dong with the variability 

between replicate spectra of the same bacteria. An additional complicating factor 

for the identification of bacteria eom their infiared spectra is that the 

conventional taxonomie classification does not necessarily correspond with the 

similarity of the infiared spectra of the bacteria. This phenomenon is seen in 

Figure 5.28, w here replicate spectra of di fferent species of Enteroc0~cus are 

shown. When these spectra are compared with the spectra show in Figure 5.24 

it appears that the difference between the spectra of bacteria fiom different genera 

is indeed not greater than the difference observed between spectra of bacteria 

from the same genus. in a relatively small database of i n h e d  spectra from a 

limited number of bacteria, the classification of the bacteria may be possible using 

unsupeMsed pattern recognition methods. However, as the database becomes 

larger, intermediate spectral patterns are included and complicate the grouping 

when it is based solely on spectral resemblana (Dubois et al., 1999a and b). 

The similaity of the spectra of different bacterial strains observed has led 

to the utilisation of supervisecl pattern recognition methods such as neural 

networks, which mimic the human brain in its leaming process and further applies 



deixseria meningitidis 
~ t e r ~ ~ ~ ~ ~ ~ ~ ~ @ e c a i i s  
.,. Mi~r~cmms luteus 
, . . Sbeptococcus pncumoniae 

Figure 5.2: A) Two replicate absorôance spectn of Neisreria meningitidis, 
Enler0ca:cu.s faemlis, Mcrococcus ïuieur and Streptocwcus pneumoniae . 
B) Spectra of dine different Enreroroccus species. 



the knowledge to d v e  problems. it is thought that the human brain relies on the 

millions of neurons working in parallel, each trying to solve a small portion of a 

bigger problem. Similarly, the ANN algorithms search for patterns in the training 

data sets, lems them, makes generalisations and develops a method of classifihg 

new patterns or to make predictions (Anonymous 1, 1993; Liu et al., 1993). We, 

and others, have previously shown that ANN can be used for the identification of 

bactena, in restncted data sets (Dubois et al., 1999 a, b; Goodacre et al., 1996). in 

this work, we have investigated an ANN for the direct identification of species of 

bacteria commonly found in the respiratory tract. The 25 first PC scores 

calculated fiom the training matrix were found to be necessary to describe the 

matrix under investigation and were used as inputs for the neural network. The 

bacterial species identifications were binary coded and smred as outputs for 

bacteria identification. A Ward backpropagation neural network with three hidden 

slabs and different activation fiinctions was used. The network architecture was 

25- 13- 13- 13- 16 and the network was trained until20 000 events had passed afier 

reaching the lowest interna1 test set emr. Fifty-five spectra were extracted 

randomly 6orn the calibration matrix (total 372 spectra) prior to comrnencing the 

training of the network. An additional twenty-six spectra were retrieved and used 

as an intemal validation set. The average match results for al1 bacterial species 

included in the test and intemal validation sets are given in Table 5.2. 



Table 5.2: List of bacteria included in the calibration matrix and the 

average scores obtained for the identification of  the species (TD) using a onastep 

artificial neural network for the test and intemal validation sets. 

Genus Species 

Campylobacter jejuni 

Enferococcus Becalis 

faecium 

gallinurum 

Micrococcus luteus 

Neissena gonorrhea 

lac tamica 

meningitidis 

1 Porphyromonus 1 levi 
I 

Staphylococcus 

Xanthomonas maltophilu 

fia indicates the number ol 

49 0.93 (O. 15) 

22 
0.99 (0.03) 

9 

5 

22 1 
1 1 I 

rpectra âom that particular species included in the 

training matrix. "Others" are the average scores obtained by species other than the 

expected species and the standard deviation of that average. The standard 

deviation of the scons are indicated in parenthesis when greater than 0.02. 



The results presented in Table 5.2 include only the predictions obtained 

for the test set and intemal validation set. The main difference between the two 

sets is that the samples in the test set are not seen by the ANN during training and 

are employed for the assessrnent of the predictive accuracy of the mode1 during its 

development. The interna1 validation set consisted of replicate spectra extracted 

randody Eom the database used for the training. In contrast to the test set. the 

intemal validation spectra are never seen by the network during development. It 

can be seen from Table 5.2 that the average predicted values of the intemal 

validation set are often smaller than those obtained for the test set. This can be 

attributed to the tact that the ANN did not see these samples during training. The 

results demonstrate that ANN can be effectively employed for the identification 

of bacteria from their infrared spectra in a small database. 

A larger database containing spectra of cornrnon clinicai bacteria was 

subsequently constructed. In this database, the number of spectra more than 

doubled compared to the system developed above. As a result, the differentiation 

of these spectra is complicated by the presence of an increased number of 

intermediate patterns and a larger number of diffennt classes to be separated. A 

preliminary evaluation of the differentiation capabilities of a system based on the 

principles used above showed that the ANN produceâ more emrs in the 

identification of the bacteria. Consequently, we restricteâ the size of the database 

by applying a stepwise procedun for the spectral anaiysis and bacteria 

identification. This is d e d  out by creating a number of ANN, each trained on a 



subset of the spectra in the database. Since an ANN was successtiilly developed 

for the identification of bacteria common in the respiratory tract, we separated the 

spectra in the large database according to the genus at fist. Additional separation 

of the spectra in ternis of species followed. The structure is illustrated in Figure 

5.1. Briefly, in the fist step of the procedure, the spectra are processed 

individually and checked for adequacy. At this stage, the spectra showing 

abnorrnally strong or weak absorbance at pre-specified points are eliminated. The 

preprocessing procedure detailed previously is then applied. The genus of the 

bacteria under investigation is detennined in a first ANN. A scatter plot of the 

scores obtained for the expected category for the test set, an intemal validation set 

and an extemal validation set is shown in Figure 5.3. The intemal test set is made 

up of spectra used during training of the ANN to adjust the connection weights. 

The internai validation set comprised 47 spectra recordecl fiom replicate samples 

extracted fkom the same growth plates. The extemal validation set was built fiom 

spectra of bactenal strains included in the training database, but acquued about 

Nne months later. Two sets of spectra provide a masure of the influence of 

sample preparation and instrument reproducibiiity . The intemal validation set 

provides an indication of the variability arising fiom sample deposition, dtying 

step as well as the slight differences that may be present in the sample support. 

The extemal validation set also includes the effects of re-growing the bacteria 

&om fiozen strains, the effects of sarnple preparation and instrument performance. 

It can be seen that the identification of the genus was excellent for the test set and 





the intemal validation set (Table 5.2), but that the variability found in the genera 

Shigella, Enterobacter and Klebsiella in the extemal validation set is not well 

described in the training database. Upon examination of the individual spectra, it 

appears that the variability in the intensity of the absorption bands arising from 

the different thickness of the bacterial film on the polyethylene support is the 

major source of the variability. This variability may not have been well 

represented in the calibraiion set. The varying thickness of the bacterial film also 

affects the bandwidth of the infiared absorptions. The scaling step applied to the 

spectra pnor to their inclusion in the database reduces somewhat the effect of the 

sarnple thickness. but cannot fully compensate for the change in bandwidth. 

Typically, scaling spectra with weak band intensity results in the broadening of 

the bands, while scaling spectra with strong absorption bands sharpens bands. 

This problem was dealt with by applying strict rules of exclusion in terms of 

minimal and maximal intensities acceptable in the initial infkared spectra to be 

included in the database, as well as the samples to be analysed. 

The second step of the stepwise procedure was to identi@ the species of 

the bactena using a genus-specific ANN. Graphic representations similar to those 

presenteû for the genus assignment are shown in Figure 5.4 for the differentiation 

of the species of S ~ ~ @ ~ O C O C C U S  and E~erocucctls. The architectures of the ANN 

were respeaively 14-8-8-8-6 and 10-5-5-5-3. A âiirly smail number of training 

spectra were available for the training and testing of these specific ANN, which 

limits the representation of speara for each strain. The ANN for the 



Figure 5.4: Graphic representation of the score obtained for the identification of the bacterial species 
(target score = 1).The results for Stapholococcus and Enterococcus species were obtained from two 
independent ANN. 



differentiation of Staphylococcus species contained a total of I l  1 spectra from 3 

species, while the ANN built for the identification of the Enierococcus species 

contained 225 spedra fiom 6 different species. The spectra included in the 

extemal validation sets were randomly picked spectra fiom the database described 

in Table 5.2. With the exception of three samples of Staphyiococms mreus, the 

species was correctly identified. Examination of the spectra from the samples that 

were incorrectly identified revealed that despite the application of the exclusion 

rules, the variability of the thickness of the bactenal film on the polyethylene 

support is not well represented in the calibration matrix. The scores of the ANN 

built for the identification of the species are much lower on average for the 

extemal validation set of the Stup~loc~~cus species. This result was expected 

because the ANN was based on a grossly unequal number of spectra from the 

different species, a phenornenon which common! y results in bi ased learning fiom 

the ANN. 

The results obtained in this work demonstrate potential utility of 

employing ANN for bacteria identification by infrared spectroscopy. In addition, 

the need for rinsing the bacteria to remove growth by-products pnor to deposition 

on an IR compatible substrate is not essential for adequate reproducibility. 

Furthemore, disposable polyethylene films can be employed in place of 

expensive infiarecl crystals as infiareci substrate. However, the results also 

demonstrate that bmer control of the thickness of the bacterial film is required 

when the database under investigation is enlargeci. This fàctor contnbuted largely 



to the variability in the infiared spectn of the same bacteria and that it had a 

strong impact on the predictive accuracy of the system. Whether this control 

needs to be in the forrn of the implementation of a strict protocol for the 

production of the film or simply a better representation of al1 possible film 

thicknesses in the calibration matrix stili needs to be detemined. However, it is 

cleariy apparent from the results obtained that a reduction of the dimensionality of 

the database improves the predictive capability by reducing the amount of 

intermediate patterns considered in the differentiation process. The dimensionality 

reduction was done by subdividing the identification procedure through a step-by- 

step identification or by subdividing the database according to the sample origin, 

for example bacteria commonly fokd in the respiratory tract. Both approaches 

resulted in the development of ANN-based methods for the identification of 

bacterial species fiom their infrared spectra, although the latter approach 

produced better results. 

5.5 CONCLUSION 

Bacteria identification on the basis of their inf iad  s p e m  can be 

achieved with minimal sample preparation and utilising a disposable sarnple 

support. Subdivision of large databases produces better results when a large 

number of organisms needs to be considered. A subdivision of the information 

can be readily achieved on the basis of the sample origin, a stepwise 

identification, or a combination of both. The utilisation of additional information, 

such as the incubation time required for satisfactocy growth, the colour of the 



colonies, or any other parameter that can describe a characteristic of that 

particular species or grain, will provide improved accuracy of the identification 

by reducing the number of spectra in the database employed for analysis. 

Furthemore, by decreasing the variability stemming fiom ample preparation and 

instrumentation, databases consisting of a large number of bacteria, with a 

minimal number of infrared spectra of each microorganism c m  be constnicted, 

sig~ficantly reducing the analysis tirne. Finally, we conclude fiom the results 

obtain in this work that the key to accurate identification will probably reside in a 

proper subdivision of the large spectral database prior to the application of any 

mathematical classification method. 



Chapter 6 

Classification of Cervical Ceils from Pap Smars by FTIR 

Spectroscopy and the Effect of Sample Preservation. 

The second biomedical application of FTIR spectroscopy investigated as a 

part of this thesis is the possibility of classifjmg cervical smears according to 

diagnostic classes on the basis of their infrared spectra. This application resembles 

the identification of bacteria because both methods are based on the classification 

of spectral patterns into groups, they both deal with the spectra of intact cells and 

the classification that we want to achieve is based on parameters other than the 

chernical structure of the cellular components. However, the classification of 

cervical srnears poses additional problems arising from the nature of the samples 

and the requirements for preservation of the sample for extended periods of time 

(five years and more). In this chapter, we describe the feasibility of classifiing the 

ceMcal smears into two categories, normal and abnormal, and the factors 

complicating this classification. In addition, we show that storage for a period of 

four years does not compromise the integrity of the samples. The work presented 

in this chapter addresses the second objective of this thesis, to establish the 

feasibility of developing an FTIR-based diagnostic tool for the detection of 

abnormalities in edoliated cervicd cells. 



Note: This chapter is the text of a paper, which will be submitted for 

publication es follows: 

Dubois, I., Ismail, A. A, Arsenault, J., Auger, M., Bawick, H., 

"Classification of cervical ce1 1s fiom Pap smears b y FTIR spectroscopy and the 

effect of sample preservation." 1 999 
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and provided expertise in cytopathology), H. Barwick, R.T. (provided diagnostic 

for al1 smears). 



While the potential applicability of infiared spectroscopy as a tool for the 

detection of pathologic processes is under investigation, some limitations 

attributable to sampling have been identified. The amount of cells from which to 

record the infiared spectrum can greatly affects the spectral profile obtained. 

Mathematical processes cornmonly used to correct for such variability pnor to an 

evaluation of the similarity of the spectra have been inefficient at accounting for 

the differences introduced in the spectra. The use of an inexpensive infiared 

support for recording the infiared spectra of the cervical cells proved practical as 

the spectra obtained corresponded well with the published information. This 

provides a more affordable solution to the problem of sample storage for a 

minimum of five years. Furthemore, a four-year study of the reproducibility of 

the spectra acquired from stored sarnples showed that the samples did not 

deteriorate in any significant manner as to alter the infiared spectra. An attempt to 

employ the principal components describing 99% of the variance present in the 

spectra for classification of the samples in normal and abnomai groups was not 

successful. This has led to the hypotheses that the spectral contributions fiom 

abnorrnal cells in an otherwise normal sample were weak compared to the 

contributions of the remaining normal cells. This results in the loss of 

discrimination power due to the utilisation of too much non-discriminant spectraî 

information in the separation of normaî fiom abnormal samples. 



6.2 IrvTRo~ucro~ 

The application of Fourier transform infiared (FTIR) spectroscopy for the 

study of cells and tissues has dramatically increased in the 1990s (e.g. Wong et 

al., 199 la; Rigas and Wong, 1992; Choo et al., 1996; Wong et al., 1993, b; 

Naumann et al., 1995). One of the dnving forces behind the use of FTIR 

spectroscopy is that it provides information about the molecular structure of the 

components of interest. Cervical cancer is a disease diagnosed by an evaluation of 

cellular abnormality in edoliated samples. The incidence of ceMcal cancer in 

developed countries has greatly been reduced in the pst decades due to the wide 

application of the Pap test (Hoskins et al., 1993). High rates of false positive and 

false negative results obtained fiom the conventional visual examination 

procedure involved in the Pap test (Hoskins et al., 1993) and the need for highly 

skilled personnel for this tasic, readily available in developed countries but not so 

easy to find in some parts of the world have justified research to replace the 

visual screening methods by automated procedures. Among the alternate 

techniques under investigation to replace the visual examination is FTIR 

spectroscopy. The rationaie behind the use of a tmhnique recognised in molecular 

structure determination is that rnole!cular abnormalities in the cells should be 

present befon the appearance of morphological alterations. Following a rather 

promising start in the field, with the publication of the major spectral features 

obsened in normal and abnormal ceil populations (Wong et al., 1991a, 1993a), an 

increasing interest ha9 been shown in both dernonitrahg the variability found 



among what was first seen as diagnostic spectral fuihires (Wood et al., 1998), and 

the possibility of employing statistical and multivariate analysis for the 

classification of the cervical cells based on their infiareci spectra (Cohenford et 

d., 1997; Romeo et al., 1998). 

Several important infrared spectroscopie changes associated with cervical 

cancer have been outlined (Wong et al., 1991% 1993a; Moms et al., 1995; Yazdi 

et al., 1996). Briefly, the changes include reduction in the amount of glycogen 

present in the nonnally glycogen-rich cells, increase in the hydrogen bonding of 

the PO; groups of nucleic acids, deçreased hydrogen bonding of C-OH groups of 

serine, threonine and tyrosine, and increased disorder and orientation of the 

methylene chahs of membrane lipids. Recently, sorne of the initial band 

assignrnents have been challenged. For example, the apparent shifi of the 

glycogen band fiom 1240 cm" to 1225 cm" observed in cervical samples 

diagnosed as cancerous has been hypothesised to be largely contributed by a 

degradation of the collagen which results in a modified composite band that 

appears totally shifted to 1225 cm-' in resolution enhanced spectra, rather than to 

DNA levels in malignant tissue (Jackson et al., 1995). Moms et crl. (1995) have 

reporied an inconsistent presence of the band at 972 cm-' considered to be a 

diagnostic band for ceMcal cancer (Wong et al., 1991) in samples cytologically 

classified as CIN 11. In goad agreement with the cytologie observations, little 

difference is observed in the spectra of CIN II and the majority of CIN 1 samples 

(Moms et ai., 1995). Comlation behuem the spectral features to the low 



proportion of cases showing signs of low-grade dysplasia which suffer a 

progression to carcinoma has even been put forward (Morris et al., 1995). 

Following the pmmising results obtained in the identification of cellular 

abnormalities from the infiued spectra of exfoliated cervical cells (Wong et 

al., 199 1 ; Wood et al., 1998), it has become realistic to envisage the use of this 

technique as an alternative to the visual examination of the Pap smear. We have 

undertaken an investigation of some parameten crucial to the clinical application 

of infiared spectroscopy in an atternpt to detemine its limits of practicability in 

screening for ceMcal cell abnonnalities. For example, long-term preservation of 

the samples is a crucial parameter for the implementation of an alternative 

screening technique in clinical laboratories because in North Amerka, samples 

must be kept for referral for a minimum 5 years by the laboratory. As a 

consequence of this requirement, we have evaluated the possibility of employing 

an inexpensive infiared support for the acquisition of the spectra. A sample 

classification system based on supervised and unsupe~sed pattern recognition 

techniques was then developed, hd'the effect of storage time on the predictive 

accuracy of the samples was evaluated. 

6.3.1 Collection of samples 

CeMcai cells hmested during a conventional Pap smear were obtained 

fkom the Royai-Victoria Hospital. Eacb sample w u  split hto two M o n s ,  one 

143 



being processed according to the conventional Pap smear, and the other being 

kept for FTIR analysis. In the latter case, the cells were suspended in saline at the 

tirne of harvesting, separateci from contaminants and washed three times in saline 

containing 3% acetic acid to inhibit mirobial spoilage of the samples. Following 

concentration of the cells by centrifùgation, aliquots of 15, 45 and 90 pl were 

spread on a polyethylene film (- 50 pm thickness) and ailowed to dry at room 

temperature. Selected samples were stained using the Diff-Quicko staining 

package. Sample diagnosis was obtained for the remaining portion of the Pap 

smear by a qualified cytotechnologist and confirmeci by the chief cytopathologist. 

Selected samples prepared for the FTlR study were also stained and diagnosed by 

the cytopathologist to confirm or ifim the similarity of the two portions of the 

smears. This study examines selected samples from a database of 2000 spectra 

recorded fiom about 600 samples collected fiom patients of the Royal-Victoria 

Hospital (Montreal, Canada). 

6.3.2 FTIR spectroscopy 

The spectra of the cells were recordeci on a Nicolet 8210 spectrometer 

operating under the DX system (Nicolet Corp., Madison, WI) equipped with a 

DTGS detcdor and purged with dry air 60m a Balston dryer to avoid interference 

Born water vapor and carbon dioxide. Spectra were collected by coadding 512 

s a s  at a resolution of 4cm-l and using an aperture of 5mm. 



6.3.3 Mathematical treatments 

The spectrd range 1435-950 cm*' was used for sample classification. The 

SCAN 1.0 for Windows software (Mïnitab hc., State College, PA) was used for 

principal components analysis. Artificial neunl networks were built with 

NeuroShell 2 (Ward Systems Group Inc., Frederick MD), using backpropagation 

Ward architecture, where the number of inputs, outputs and hidden layers is 

dependent on the matrix used for training. Details on the architecture are provided 

with the rcsults obtained. Training of the networks was stopped after 20 000 

events passed reaching the lowest prediction error in an intemal test set randomly 

extracted fiom the calibration matrix. Spectral library search was performed using 

the fiinction built in OMNiC 3.1 (Nicolet Instmments Corp., Madison, WI). 

FTIR spectra of cervical cells showing the characteristics reported for the 

different classes of diagnostic (Wong et al., 1991) are shown in Figure 6.1. The 

spectral region shown contains the information regarding proteins, glycogen and 

phosphate groups, mainly from DNA (Wong et al., 1991; Morris et al., 1995; 

Yazdi et al., 1996). The i w e d  spectra of the cells were recorded on a 

polyethylene substrate, and as a consequence, the region between approximotely 

1425 and 1485 cm*' is replaced by a straight line as it is dominated by strong 

absorptions fiom polyethylene. Despite the generai Cmilarity of the spectra, the 

characteristic reduction in the band intensity in the range of 1000 cm-', amibuted 
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Figure 6.1 : lnfmed spectra of cervical ceIl sarn ples of di ffmnt pathologi cal classes. on pol y ethy lene support. 
WNL = within nonnd limits, ASCUS = atypical squamous cells of unknown significance and CIN II = cervical 
intraepitheliai neoplasia grade II. 



to glycogen, relative to the symmetric phosphate stretching mode of D N 4  at 

1080 cm-', is present in the spectra of al1 abnormal sarnples and in the sample 

containing inflammation (Wong et al., 1 99 1). Moreover, some of these glycogen- 

deprived abnormal samples show an increase in the band at approximately 1225 

cm-', attributed to the increased hydrogen bonding in the DNA of cells 

undergoing pre-cancerous transformation (Wong et al., 1991), a feature not 

observed in the normal sample containing inflammation. The use of the 

disposable polyethylene support, in place of expensive salt windows, does not 

appear to influence the infiared spectra of the cervical samples; the bands seen on 

the spedra correspond very well to the bands identified in similar samples (Wong 

et al., 199 1) deposited on infiared-transparent salt windows. 

In Figure 6.2, selected spectra obtained 6om samples classified as 

abnormal by the Pap test, but that do not show the characteristic profile observed 

in Figure 6.1 are shown. The composition of the cell population under 

investigation has been found to be of concern in the case of cervical cells 

harvested with a conventional cytotologic brush or spatula, which can result in the 

deposition of contaminating matenal commonly found in cervical smears, such as 

blood, bacteria, possibly fibers, yeast, mucus, topical medication etc ... 

Furthermore, columnar cells originating fiom the endoceMx and squamous cells 

harvested fiom the exocervix show spectral differences, in addition to the 

confounding variations in the spectra due to the stage of maturation of the cells 

from the stmtified squarnous epithelium (Chiriboga et al., 1997; Wood et al., 
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Figure 6.2: Infrared spedra of cervicai cells on polyethylene support showing intemediate 
spectral p a w s  for each diagnostic category. 



1998). The interferences caused by the presence of some or ail these contaminants 

have been document4 (Wood et al., 1998) and rnay account for the spectral 

variability observed between Figures 6.1 and 6.2. Wood and colleagues (1998) 

concluded that most of the contaminants produce specific spectral features that 

can permit distinction between the cervical cell population and the contarninants 

upon carefùl examination of their individuai spectra. The characteristic spectral 

features of most contaminants are very hard to distinguish visually in the 

spectrum of a sample of cells acquired using conventional FTIR spectroscopy due 

to the large surface of the sample, and therefore the enormous amount of coadded 

spectral information. Infiared microscop y has recently been emplo yed to 

overcome the contamination and cell populations issues (Chiriboga et ai., 1998% 

b, c; Chiriboga et ai., 1997; Lowry, 1998; Wood et al., 1998). The vaiability in 

the infrared spectra attributed to contarninants has also been observed by others 

(Moms et ai., 1995; Romeo et d ,  1998) who concluded that there is a need for 

multivariate analysis to classi@ such spectra according to the diagnostic classes. 

However, the suc~ss of these approaches has been rather limited (Romeo et al., 

1998; Cohenford et al., 1997). in this work, we have attempted to examine the 

efficacy of various mathematical algorithms and data preprocessing for the 

classification of ceMcal ceIl sarnples based on their infiareci spectra to account 

for the variability obsewed between Figures 6.1 and 6.2. 

From Figures 6.1 and 6.2, it is clearly seen that the spectral patterns 

observed vary in the relative intensities of the bands, as well as in their width. The 



relative difference in the band intensities has been attributed to differences in the 

cell population and the presence of contaminants, as mentioned above. The 

change in the bandwidth may be attributed in part to varying thickness of the cell 

film. Consequently, we looked into the effect of varying film thickness on the 

infrared spectrum. A set of 62 spectra composed of pairs of replicate samples 

from the same ce11 suspension, but for which films with two different thicknesses 

were prepared by deposition of 15 and 90 pl of the cell suspension over a 5-mm 

diameter polyethylene substrate were analysed by principal component analysis. 

Figure 6.3 shows the score plot for the tirst two principal components performed 

on scaled spectra (range-scaled fiom O to 1). A clear grouping of the spectra on 

the bais of the volume of cells is seen. The diagnosis of the samples plays no role 

in the grouping as no pairs of samples (one 15 and one 90 pl) are observed. This 

experiment was repeated on four other sets of similar sire, and the influence of 

the volume of cells, hence the film thickness, on the grouping was clearly seen in 

al1 cases. Consequently, it can be concluded that a consistent arnount of cells must 

be used to produce consistent infrard spectra of the sample pnor to classification. 

Compensation for pathlength differences through scaiing the infrared spectra has 

been successfully for the classification of bacteria (Dubois et al., 1999% b, c), 

however the extent of the pathlength difference was not as large. 



Figure 6.3: Score plot for the first two principal wmponents in a principal component analysis performed on scaled 
spectra (0-1) of cervical cells. For each of the 3 1 sarnples used, a pair of spectra is represented on the figure, corresponding 
to volumes of 15 and 90 pl. The stars indicate spectra of ciean polyethyiene. 



After establishing that the disposable support was a workable alternative 

to conventional salt windows, and that the volume of cells used in the production 

of the infiared spectra played a major role in theu classification, we investigated 

the effect of preservation of the samples on the spectra. The Pearson's correlation 

coefficients @) were calculated for a data set composed of 172 spectra fiom 60 

different samples recorded 2 years apm (at year 0, 2 and 4). The diagnostic 

categories included in the analysis are within normal limits (WNL), atypical 

squamous cells of undeterrnined significance (ASCUS) and cervical 

intraepithelial lesion I (Cm 1). Table 6.1 summarises the average correlation 

coefficients obtained as a function of the volume of cells deposited on the support, 

and the diagnostic. 

Table 6.1: Average Pearson's correlation coefficient (Dava and standard 

deviation (Std) of D calculated for replicate spectra of 60 samples of cervical cells 

acquired at time O, 2 and 4 yeius. 

The number in parentheses indicates the number of spectra considered for 

each measurement. 

D a v ,  

Std D 
- 

15 f l  
27 (26) 

29 

90 pl 

8 (34) 

9 

ASCUS 

14 (7) 

14 

WNL 

18(46) 

25 
1 

CIN 1 

12(7) 

7 
L 



The results presented in Table 6.1 indicate that the samples containhg 90 

pl of cells preserved better than the lower-volume samples, bas4  on the much 

lower D values obtained in a comparable number of samples. The distribution of 

diagnostic results being relatively even for the two volume categories, t was 

possible to calculate average D values by diagnostic categories, without a bias due 

to the volume effect. The results show that there is no difference in the 

consistency of the infrared spectra over time that could be attributed to the 

diagnostic category. 

Considering the reproducibility of the spectra of the samples over time and 

the influence of the film thickness on the scaled spectral patterns, we went one 

step further and investigated the possibility to classify the spectra according to 

their diagnostic category. Since the diagnostic category did not appear to 

influence the reproducibility of the spectra over tirne, we selected a random set of 

infiared samples (90 pl only) fiom the database discussed above and petformeci a 

cluster analysis to assess theu diagnostic category based on the infwed spectra. 

Cluster analysis, based on correlation measurements, is an unsupervised 

pattern recognition technique which has been used extensively for the 

classification of bacteria (Helm et al., 1991; Naumann et al., 1995). The graphic 

representation of the classification, in the fonn of a dendrogram, is shown in 

Figure 6.4. The groupings observed confinn the good level of spectral 

reproducibility of the sample achieved over time, but indicate no influence of the 





diagnosis on the classification. Principal components analysis and spectral libtary 

search did not provide better classification of the spectra. Consequently, we 

tumed to supervised pattern recognition to try to group the spectra according to 

their diagnostic category. An artificial neural network (ANN) was built using the 

5 first principal component scores calculated fiom the spectra. The principal 

components were used to reduce the dimensionality of the matrix and thus reduce 

the number of inputs fed into the network and comection weights between the 

neurons. When the ANN was trained to recognise 4 categories (WNL, ASCUS, 

CIN 1 and "unsatisfactory for evaluation" on the basis of lack of endocervical 

cells), the results obtained showed that only 26 out of the 40 speara were 

properly classified. However, when the number of categones was brought d o m  

to two (WNL and "not within normal limits") and the two samples classified as 

unsatisfactory are removed they cannot be placcd in any of the two categories, 38 

out of the 40 spectra were assigned correctly. Of these spectra, 29 were used for 

training, the interna1 test set was composed of 7 spectra and was used as an 

indicator for readjustment of the connection weights during training. Out of the 7 

spectra (4 WNL and 3 abnomal), 6 were well assigned, leaving one of the normai 

samples classified as abnormal. Findly, 3 spectra (2 WNL and 1 abnonal) 

extracteci fiom the training matnx for validation purposes were correctly 

classified. 

It appears possible to determine a general diagnostic (normal or abnomai) 

from the infiared spectra of c e ~ c a l  smears spread on polyethylene substrate. 



This evaluation was done on a relatively small number of samples, fourteen 

sarnples were used, scamed in replicate copies over a period of four years. The 

95% success rate observed for this small number of samples was not obtained for 

a larger database (80 samples). Increasing the number of spectra resulted in the 

introduction of intermediate and extreme patterns, complicating the definition of 

each group. However, a success rate of 98% was obtained for the classification of 

the 58 WNL samples, but a low 28% (6 out of 22) of the abnomal samples were 

correctly classified. The variability in the infiared spectra show in Figure 6.2 

may contribute to the misclassifications. Indeed, spectral patterns lacking some or 

even most of the spectral features described for their diagnostic category 

complicate the discrimination. This is not surprising since the inftared spectnim 

simply reflect the composition of the sample. Cytologically, pre-cancerous lesions 

are diagnosed when abnormalities are observed in as little as one ceIl in the 

sample. In general, less then 10% of the cells fioma ceMcal smear show 

morphological abnormalities. Consequently, the intermediate patterns observed 

and the dificulty in prediding the diagnostic category of sample cytologically 

diagnosed as abnormal may arise fiom the effect of cell dilution. Thus, the 

spectral features characteristic of cellular dysplasia or neoplasia are ovemhelmed 

by the spectral contribution fiom the large proportion of normal cells. In aâdition, 

the results presented here were obtained 6om aeatment of the spectral 

information contained in a fairly large fiequency range. Selection of narmw 

spectral regions containing discriminatory information may result in better 

classification. Whether it would be preferable to restrict the spectrai information 



fed into the ANN, or use a rnicroscopic approach to eliminate the dilution effea 

still needs to be determined. Work is ongoing in our laboratory to optimise 

sampling and spectral analysis. 

it has been shown in this work that the inErared specuai profile obtained 

from cervical smears and the preservation of the samples is greatly affectai by the 

sample thickness. The use of inexpensive polyethylene supports pmvides a low- 

cost alternative to conventional salt windows, making this support suitable for 

long-term preservation of samples. The four-year reproducibility of the spectra 

acquired fiom stored samples proved that the sample preparation employai in this 

work is adequate for sample preservation. Finally, it appears that the information 

present in the principal components describing 9% of the variance present in the 

spectra is insufficient for proper classification of a large number of samples into 

normal and abnormal groups. This can be attributed to a dilution effect stemming 

from the presence of a large number of normal cells in an abnonnal sarnple, 

which may result in the loss of discrimination power. Clearly, additional work is 

required for the successfùl application of idtarecl spectmscopy in the diagnosis of 

pre-cancerous and cancerous lesions. 



Chapter 7 

Investigation of Cervical Cells by FTIR Spectroseopy using Focai- 

Plane Array Imaging 

In Chapter 6, we have shown that long-term storage of cervical ce11 

samples has no apparent effect on the reproducibility of theu infiared spectra. 

However, it was clearly demonstrated that classification of samples on the basis 

of their spectral patterns into categories representing the different cytological 

classes of samples was impossible. We have hypothesised that the dilution of the 

abnonnal cells among the normal cells inherently present in al1 abnonnal cervical 

cell samples and the relative proportions of different ce11 populations (basal, 

parabasal, squamous cells, âom the endocervix, exocervix and the squamo- 

columnar junction) may be the cause for this dificulty in distinguishing between 

the samples tiom the various diagnostic classes on the basis of theù idkared 

spectra. In order to fùrther investigate this hypothesis, we have ernployed an 

infiared spectrometer equipped with a focal-plane amy detector examine the 

composition of cervical ceIl samples with a high degree of spacial resolution. This 

instrumentation allows the acquisition of infiared spectra of aias of 6.4 x 6.4-~un, 

a resolution which is in the order of the diameter of basai cells. This investigation 

addresses the second objective stated in the d o n  "Rationale and objectives of 

study", to establish the feisibility of developing an FTIR-based diagnostic tao1 for 
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the detection of cervical ceIl abnormalities fiom exfoliated cervical cells. 

Note: This chapter is the text of a paper that will be submitted for 

publication as follows: 

Dubois, J., Ismail, A. A., Arsenauh, J., Auger, M., Barwick, H., 

"Investigation of Cervical Cells by FTIR Spectroscopy using Focal-Plane Array 

Imaging." (1999) 

Contribution of CO-authors: 

A. A. Ismail (thesis supe~sor), S. Arsenault MD, F.R.C.P.(C) (provided 

the samples), M. Auger MD, F.R.C.P.(C) (confinned the diagnostic of the smears 

and provided expertise in cytopathology), H. Barwick, R.T. (provided diagnostic 

for al1 smears). 



ùifrared spectra of samples of c e ~ c a l  cells deposited on polyethylene 

support were acquired with conventional FTIR spectroscopy, FTIR microscopy 

and focal-plane array detection coupled to an FTIR microscope. The spectral 

patterns observed in the spectra of the whole samples were indicative of 

molecular alterations in some samples, but not dl. An investigation at the 

microscopic level(100-pm surface) gave some indication that the alterations were 

localised in some portions of the sample. Limitations attributable to the 

combination of the aperture size and the selected sample support prevented the 

investigation at a higher resolution. This limitation was overcome by the use of a 

focal-plane anay detector in combination with the infiarecl microscope, which 

allowed a spacial resolution of about 6.4 p. The spectral maps produced by the 

ratio of the band at 1235 cm-' and the band at 1037 cm-' against the glycogen- 

specific band at 1025 cm'' show that the spectral differences were CO-localised 

and represent only a small fraction of the celis of the abnormal sample. These 

bands have previously been reported to be indicative of cellular abnorrnality. This 

obsenation indicates that the spectroscopists may be facing a dilution effect, 

which can result in false-negative results if the sarnple is S C ~ M ~  as a whole. 



Cancer of the uterine cervix is a disease presumably caused by the Human 

Papilloma V h s  (FIPV) in synergy with CO-factors such as cigarette smoking and 

a variety of chemicals (Hoskins et al., 1993). The incidence of cervical cancer in 

developed countries has greatly been reduced due to screening of the at risk 

population with the Pap smear, which has the potential of detecting cytological 

alterations related to pre-cancerous lesions. High rates of false-positive and false- 

negative results obtained corn the conventional visual examination of the Pap 

smear and the need for highly skilled personnel for this task, the latter readily 

availabie in developed countries but not so easy to find in other parts of the world, 

have driven the interest to replace the visual screening by automated procedures. 

Arnong the techniques under investigation to replace the visual examination of the 

Pap smear is Fourier transform infiared (FTR) spectroscopy. Molecular 

abnormalities in the cells should be present dong with, and possibly before the 

appearance of morphological alterations (Wong et al., 199 1 a; Chiriboga et al., 

1997), and FTIR is a technique that has proven effective in the determination of 

molecular structures. The publication of the major spectral f m e s  obseîved in 

normal and abnomal ce11 populations and theù assignment to specific structural 

components in the cells (Wong et ai., 1991a, 1993) were the milestone that rose 

interest in this field, but the lata controversy surounding the value of these 

diagnostic bands has led to investigation of superviseci and unsupervisad 

statistical and multivariate analysis for the classification of the ceMcal cells 



(Cohenford et ai., 1997; Romeo et al., 1998) without resoiting to band 

assignments. 

Several i n h e d  spectroscopie changes associated with cervical cancer 

have been reported (Wong et al., 1991a, 1993; Moms et al., 1995; Yazdi et al., 

1996; Chiriboga et al., 1997, 1998% b, c). Reduction in the amount of glycogen 

nomally present in squamous epithelial cells, increased hydrogen bonding of the 

POi groups of nucleic acids, resulting in a shifi of the band, decreased hydrogen 

bonding of C-OH groups of serine, threonine and tyrosine, and finally, increased 

disorder in the conformation and orientation of the methylene chains of 

membrane lipids have been mentioned. As interest in this field spread, some 

initial band assignments have been challengeci. Some of the controversy involved 

the apparent shiA of the glycogen band fiom 1240 cm-' to 1225 cm-' obsewed in 

cervical samples diagnosed as cancerous. It was suggested that it could in fact not 

only be due to increased DNA Ievels in malignant tissue, but also to the 

contribution of degradation of collagen which results in a modified composite 

band that appears totally shided to 1225 cm-' in remlution enhanced spectra 

(Jackson et al., 1995). A band at 972 cm", defined as possibly diagnostic for 

cervical cancer by Wong et al. (1991a). hm been found to not aiways be present 

in samples cytologically classifieâ CIN Il (Monis et al., 1995). The spectra of 

CIN II often differ little fiom the spectra of the majority of the CïN 1 samples, in 

agreement with the preçsncer classification. Gendly,  a greater variability than 

onginally reported luis b an obsmsd in the spectra of œ ~ c a i  cells. The 



variability and heterogeneity found in the samples has led to the use of 

microscope or multivariate analysis to account for the variability or deal with the 

heterogeneity of the samples. In recent articles, the-consuming expenments (up 

to 10 hours (Lowry, 1998)), have been reported to ~IY to work with the 

heterogeneity of the samples through the use of FTlR microscopy (Chiriboga et 

al., 1998~; Romeo cl al., 1998). 

The present study uses the technique of infiared microscopy to investigate 

the spectra of exfoliated cervical cells. Infiared imaging, allowing the acquisition 

of spectra of -40 surfaces obtained through the use of a focal-plane array 

detector and infîared microsco p y, providing spectra of a 250- 1 000 pm2-surface, 

are used. The main advantage of the microscopie approach as a diagnostic tool is 

to allow an evaluation of portions of a sarnple and to study the variability present 

arising fiom the fa* that the cells are randomly coUected in the cervix. The 

hypothesis behind this work is that the image, or spectrum, collected from a 

sample containing a few hundred cells constitutes an average signal. A mapping 

of the same sample would meal more information about the various populations 

of the different ceIl types and the presence and characteristics of abnormal cells 

by avoiding the dilution effea. 



7.3.1 Sample collection 

CeMcal cells were obtained from patients from the Royal Victoria 

Hospital according to the conventional Pap smear procedure. A portion of the 

sample was smeared on a glas slide. The remaining sarnple was suspended in 

saline at the time o f  harvesting, then was filtered to remove contaminants using a 

screen-filter and washed three times in saline containing 3% acetic acid. The 

acetic acid was used to prevent detenoration of the samples by microorganisms. 

The cells were centrifuged and aliquots of 15, 45 and 90 pi fiom the pellet were 

spread on a polyethylene film (diameter of 5 mm, thickness - 5 0 ~ )  and allowed 

to dry at room temperature. The cytological diagnosis was obtained from visual 

examination of the conventional Pap smear by qualified cytotechnologists and 

cytopathologists. Further, selected samples prepared for the FTIR study were also 

stained using the Diffpuickm staining package and diagnosed by a 

cytopathologist to confirm or infirm the sirnilarity to the conventional Pap smear 

counterpart. Cervical smears were obtained fiom 600 patients over a period of 9 

months. The patients had been referred either for investigation of a ment 

abnorrnai Pap smear or for follow up of a more remote abnormal Pap smear. 



The spectra of the cells were recorded on a Nicolet 8210 spectmmeter 

(Nicolet Corp., Madison, WI) equipped with a DTGS detector and purged with 

dry air from a Balston dryer to avoid interference fiom water vapour and carbon 

dioxide. Spectra were collected by CO-addition of 5 12 scans at a resolution of 4 

cm-' and using an aperture of 5 mm and a triangular apodisation fùnction. Each 

spectmm required about 4 minutes for the acquisition of the spectral region fiom 

650 to 4000 cmo'. The single beam spectra acquired were converted to 

absorbance by a ratio with the spectnim of air. 

7.3.3 FTTR microscop y 

The cells were viewed with light microscope objectives (total 

rnagnification up to 400x) to identify regions containing variable proportions of 

normaVabnorma1 cells. The inôared spectra were recorded using a Spectra-Tech 

NiePlan infiared microscope equipped with a nitrogen cooled MCT detector and 

a 15x infisred objective. The spectra were recorded by CO-adding 5 12 sans at a 

resolution of 4 cm", using a Happ-Genzel apodisation function. The apemire 

employed was either a fixed cuculor apemire of 100 Pm in diameter, or was 

adju sted individual 1 y using adjustaôle kni fe-edges. A corresponding background 

of the empty sample cornpartment was wllected for each sample. For imaging, a 

Bio-Rad UMA-500 microscope coupled to an FTS 6000 Step-Scan idtareci 

spectrometer equipped with a nitrogen-cooled MCT StingRay 6000 fixai-plane 



array detector (Bio-Rad, Cambridge, MA) was used for the irnaging work. An 

empty polyethylene support was scanned to adjust the focus of the beam. The 

aperture was fixed to approximately 0.4 mm. The detector consisted of a matrix of 

61 x 64 areas of detection with a dimension of approximately 6.4 p. A total of 

5 12 scans were co-added at a resolution of 8 cm-', using a speed of 1 Hz, a phase 

modulation frequency of 400 Hz and a triangular apodisation fùnction to produce 

the spectra which were stored unprocessed as group files of 16 megabytes in size. 

The spectra for each 0.4-mm surface required approximately 16 minutes for 

collection of the spectral region 900-4000 cm-'. AU spectra acquired with the 

imaging system were scanned as single beam spectra and were fiirther ratioed 

against a background of spectrum recorded in the absence of the sample. 

Figure 7.1 shows the spectra of whole samples acquired by conventional 

FTIR spectroscopy. Slightly or markedly different spectral features in the region 

1330-950 cm" are observed fiom the samples diagnosed as normal versus those 

containing inflammation and versus those containing morphologically 

characteristic pre-cancerous lesions. This spectral region contains the information 

regarding proteins, glywgen and phosphate groups, mainly tkom DNA, as 

previously reported (Wong et al., 1987,1991a; Moms et al., 1995; Yazdi et al., 

1996; Chinboga et al., 1997). Because the simples were scannai on a 

polyethylene film, the region between approximately 1425 and 1485 cm" was 

unusable due to the intense absorption of the CH2 bending of the polyethylene and 



1325 1250 1175 1100 1025 950 

Wavenumbers (cm-') 

Figure 7.1 : Spectra of five cervical cells samples. The spectra A, B correspond to samples diagnosed as within 
normal limits. Spectnun C corresponds to a sample diagnosed as within normal limits but containing 
inflammation. Spectmm D was obtained from a sample diagnosed as CM 1, specinim E, from a sample 
diagnosed as CRlJ II and spectmm F corresponds to a sample diagnosed as CIN III. 



was replaced by a straight line. Despite the gened similarity of the spectra, the 

reportecl characteristic reduction in the glycogen band showing in the range of 

1025 cm" is present in the spectra of al1 abnormai sarnples. Moreover, the spectra 

of the CIN I, CIN iI and C W  III samples show an increase in the band at 

approximately 1235 cm", attributed to the increased DNA in cells undergoing 

pre-cancerous transformation (Wong et (II., 1991a), a feature not observed in the 

normal sample and the sample containing inflammation. 

The spectral patterns observed in Figure 7.1 represent an overall picture of 

the cells present in the smear, dong with contaminating material commonly found 

in ceMcal smears, such as blood, bacteria, possibly fibers, yeast, semen, mucus or 

topical medication. The interferences caused by the presence of some of these 

contaminants has been documentai (Wood et al., 1998; Chiriboga et al., 1998a) 

and it was concluded that most produce specific spectral features that can permit 

distinction between the cervical ce11 population and the individual contaminants. 

However, the characteristic spectral features of most contaminants are very hard 

to distinguish in the spectrum of a sample aquired using conventional FTIR 

spectroscopy due to the large surtace of the sample, and therefore to the e n o m s  

amount of superimposeci spectral information. Furthemore, the distribution of the 

ceIl population under investigation is also of concem in the case of cervical cells 

harvested with a conventional cytotologic brush or spatula. Indeed, columnar 41s  

onginating firom the endoceMx and squamous cells hamesteci fkom the ectocervix 

show spectrai differences, in addition to the possibiy confounding variations in 



the spectra due to the stage of maturation of the cells from the stratified quamous 

epithelium (Chiriboga et al., 1997; Wood et al., 1998). The overlap of bands and 

the loss of relatively small spectral contributions under large broad contours, 

produced by the ovedl sample, has justified a move towards the use of infiared 

microscopy to look into this phenomenon (Chiriboga et al., 1998~. 1997; Lowry, 

1998; Wood et al., 1998; Romeo el al., 1998). However, the use of microscopy 

implies a time element. To properly image a smear of 5 mm requires scanning of 

10 000 spectra in 50 Fm increments and approximately 166 hours of work. 

We have used FTIR microscopy to investigate specific segments of srnears 

that we visually selected based on morphological characteristics. Figure 7.2 shows 

the infiared spectra of the whole sample (2D), and sections of a diameter of 100 

pm (7.24 B, C) scanned fiom a sample containing cells within normal limits and 

collected over the surface of the sample. It can be observed that the strong 

glycogen band present in the spectmm of the whole sample is not as strong in 

some of the sections. While spectrum 7.2A shows a pattern corresponding to the 

spectral features observed with ectocervical cells, spectra 7.28 and 7.2C could 

contain more characteristics associated with endocervical cells (Chinboga et al., 

1997) due to theu reduced glycogen bands around 1025 and 1050 c d .  

Furthermore, the ratio of the absorptions at 1235 and 1080 cm*', attributed to 

phosphate groups, to the giycogen band (1025 cm*') is slightly larger in the case 

of endoce~cd cells, a direct resuh of the higher ratio of nucleus to cytoplasm. 





Despite the trends seen in these sections of the sample, conclusions on the 

dominance of some types of cells or interferences fiom contaminants cannot be 

achieved. The interpretation is still based on a collection of cells present in a 100 

pm-diameter surface. Considerable overlap of cells was present in some sections. 

Even when the cells are spread in a monolayer, we have observed that in the 

spectra of the sections, we are looking at the contributions of absorptions Erom 5 

to 30 cells. Under such conditions, the interpretation of the spectra is still based 

on a heterogeneous population of cells and the objective of eliminating the 

dilution effect of spectral features in a broad contour is not attained. Reducing the 

aperture down to 50 x 50 pm resulted in significant decrease of the signal-to-noise 

ratio in the spectra. Even in such small sections, contributions fiom one large 

superficial squamous ce11 can be seen, but it can also contain contributions from 

portions of about 10 cells. 

In an attempt to huly eliminate the additive effect on the infiared spectrum 

due to the presence of multiple cells in a sample and the time-consuming 

procedure of scanning multiple sections of a sample by conventional FTIR 

microscopy, we tuned to focal-plane array detection. The absence of physicai 

aperture blocking portions of the incident beam provides the possibility of 

obtaining good quality spectra fiom much smaller areas than a conventiod 

infisred microscopy. Moreover, the fod-plane m y  detector captures the signal 

60m al1 pixels of the section under investigation a! once, considerably reducing 

the data acquisition tirne, the latter being ody limited by the delay imposed by the 





step-scan technology and data transmission to the cornputer. The sample was 

placed under the microscope, a field of 0.4 x 0.4 mm was located and an image 

composed of 4096 spectra was collected in under 16 minutes at a resolution of 8 

cm". The spacial resolution of the pixels was approximately 6.4 W. Figure 7.3 

(B and D) shows the spectral map generated firom the ratio of the band attributed 

to the symmetric stretch of the phosphate groups at 1235 cm" to the glycogen 

band at 1025 cm-' obtained from two cytological samples diagnosed as CIN iI and 

within normal limits respectively. We used the symmetric phosphate absorption 

band because it does not contain contribution from the glycogen as seen in the 

lower-frequency phosphate band. The band ratio provides a means of 

compensating for the variable thickness of the cells across the surface (Lowry, 

1998). Figure 7.3A shows the spectrum of the whole sample classified as CIN U. 

This spectmm does not show the typical features previously associated with 

higher grades of pre-cancerous lesions, namely a reduced absorption at 1025 and 

1050 cm*', relative increase of the bands at 1080 and 1240 cm*' and a relative 

change in the symmetry and band shape of the phosphate symmetric stetching 

band (Wong et al., 1991a; Morris et al., 1995). The spectral profile is indeed 

characteristic of a sample within normal limits and underscores the limitations 

seen by us and reported in the literature (Lowry, 1998; Romeo et al., 1998) on 

application of FTR spectroscopy as a means of classifying cervical cells samples 

&om spectni of the total population harvested and calibrating against the Pap 

smear results. We have purposely seledeci an abnonnai sample that showed a 





therefore a spectnrm probably resulting fiom a dilution effect. Investigation of 

segments of 0.4 x 0.4 mm of the CIN II sample reveaîs spectral variability that is 

not represented in the spectnirn of the whole sample (Figure 7.3A). The spectral 

map (Figure 7.38) ieveals that a large proportion of the ceIls show lower ratios of 

the phosphate band to the glycogen band (represented by the green colour on the 

map), similar to the phenomenon seen in the spectrum of the whole sample. 

However, areas showing a greater ratio of the bands are indicated by the red and 

dark blue coloun. These features are typically found in some of our samples 

classified as abnormal. The same colour distribution was used to produce the map 

of the normal sample (Figure 7.3D). In Figure 7.3B, the orange, dark blue and red 

coloun cover a fairly large proportion of the sample surface, while the map 

presented in Figure 7.3D shows only areas of pale yellow colour, indicative of 

only slightly higher ratios of phosphate to glycogen. 

In order to supplement the information available fkom these maps, 

additional spectral maps were built fiom the same spectra. Indeed, it would be 

incomplete to consider the increased ratio of phosphate to glycogen spectral 

contributions alone as diagnostic of pre-malignant lesions as it could also be 

caused by a higher content of endoce~cal celis or contamination fkom fibroblasts 

and endocervid mucins (Wood et al., 1 998). A ratio of the absorbana at 1037 

cm-' relative to the glycogen band was mapped (Figure 7.4). A band et 1037 cm*' 

has been identified in the spectrum of HeLa cells, a ceIl line of cervical cancer, 

but it was not detected in the spectra of both nomial ectoceivicai and endocenrical 



cells (Wood et al., 1998). The distribution of the pixels representing increased 

ratio of the band at 1037 cm" relative to the glycogen band follows the same 

pattern as observed in the map of the phosphate band presented in Figure 3B. The 

co-localisation of the regions of increased ratio for both the band at 1240 cm-' and 

the band at 1037 cm-' is of interest, indicating that some cells in the sample 

possess the spectral features characteristic of abnomality, but it is not the case for 

al1 cells contained in the subpopulation identified with blue, red and yellow in 

Figure 7.38. This result is  in good agreement with the cytological observations 

that only a portion of the cells in a smear possesses morphological abnonnalities. 

Upon visual examination of the conventional Pap smear of the abnomal 

sample, abnormal cytological morphological changes were identified. Whereas 

roughly 2% of the cells on the conventional Pap smear showed rnorphological 

alterations, it appears that the spectral maps shown in Figure 7.3B may contain up 

to 20% of the sudace coloured in red, orange and dark blu+ while Figure 7.4 

reduces that number by approximately half. This is still relatively high compared 

to the cytological observations. This phenornenon speaks in favour of one 

important hypothesis that has driven the research on the application of FTIR 

spectroscopy to the screening of cervical cells, namely that alterations are visible 

at the molecular level before they affect the morphology of the cells. 

The increased ratio of phosphate to glycogen bands observed comspond 

well with the morp hological changes associated with pre-malignant lesions. 

Cenical intraepithelial neoplasia is chuaaerised by a prognssion of immature 



cells into the intemediate and superficial layers of the epithelium, resulting in a 

larger amount of immature cells found in the exfoliated sample of the Pap smear. 

Immature cells have larger nuclei and are depleted in glycogen, resulting in 

spectral patterns resembling that of basal cells. The slight variability found in the 

ratio of these bands on the map of the normal sample was expected. Indeed, the 

presence of cells from the superficial and intermediate layers of the epithelium, as 

well as the possible contribution fiom sorne parabasal cells, imply variability in 

the glycogen content and in the spectral contribution from the nuclear material 

(Chiriboga et al., 1997). The markedly increased ratio of the phosphate band to 

the glycogen band as well as its broader distribution over the sample surface seen 

in the map of the abnonnal sample implies a phenornenon beyond the variability 

due to the ceIl population. Similar increased ratios have been observeci by us and 

others in the spectra of amples cytologically diagnosed as abnonnal (Wong et al., 

1991, Chinboga et al, 1998b). Finding this type of spectral pattern in the map of 

a sample reinforces the h ypothesis that definite spectral changes can be associated 

with dysplasia. However, it also implies that infiareci spectroscopy utilised with 

the conventional sampling accessories may not allow the detection of these 

spectral features due to the large number of cells intrinsically present in the 

sarnple, resulting in dilution of the spectral contributions. Coupling of the FTIR 

spectrometer with a microscope objective allows examination of the cells in a 

more isolated fashion, which results in a mon detailed picture of the chernicd 

composition of each ceIl. 



7.5 CONCLUSION 

The potential use of FTIR spectroscopy in the detection of cellular 

abnonnality related to a progression of pre-cancerous lesions has been well 

documented in the past few years. However, it was hampered by the variability in 

the samples fiom patient to patient, which limited the development of a robust 

mode1 for c e ~ c a l  cells screening. This same limitation also applies to the visual 

examination of the Pap smear, which consists in finding abnormal cells among a 

heterogeneous population. When one or more cells are found to show 

morphological abnonnalities, a cytological diagnostic can be drawn. In FTIR 

spectroscopy, we have corne to realise that the dilution effect prevents the use of 

the spectra acquired fkom the sample as a whole. This justifies why we and others 

have not been able to develop multivariate analysis mahods to classiS, the cells. 

Resorting to FTIR spectroscopy imaging using focal-plane array detection allows 

a better resolution than conventional FTIR spectroscopy to analyse the samples, 

therefore eliminating the dilution effect. Here, the methodology of spectral 

imaging has shown that only sorne segments of the whole sample diagnosed as 

CIN 11 show spectral features associated with cancer development and that it is 

possible to localise these regions of structural changes in the sample. Indeed, the 

spectnim of the 5-mm surfàce showed a strong absorption arising fiom the 

glycogen moieties and no increased proportion of the phosphate bands, while the 

map of a segment of this ample showed areas of inmead phosphate ratio. 

Considering the spectral contributions of al1 confounding variables present in a 

sample of cells exfioliated fiom the d x ,  and with the confinnotion that the 
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spectral characteristics of abnormality are not presait in al1 cells of the sample, it 

is clear that a resolution equivalent to the size of individual cells is required to 

distingui sh healt h y and abnormal ceIl S. h h e d  Mcroscop y provides an increased 

resolution, a definitive advantage in this type of endeavour. The examination of 

the ceMcal ce11 sample using the technique of infiared imaging bas4 on the 

acquisition of spectra for each - 40 pm2-pixeis in a sampie provides information 

that could not be obtained through conventional sampling. On a more practical 

note, the rapidity of the acquisition of the spectral data is a major improvement of 

this technique over conventional FTiR microscopy and could contribute to a 

better acceptability of the method in clinical settings where experienced 

spectroscopists would not be present to operate the instrument 

Finaily, we have found spectral patterns previously assigned to abnonnal 

cells in a much larger proportion of the cells in the sample than was visually 

observed in the stained counterpart. Consequently, infkared spectroscopy may 

have the potential to allow earlier diagnosis of cellular abnomalities. Moreover, 

if abnormalities can be detecteû at earlier stages, then, in theory, the probability of 

giving a false-negative diagnosis is reduced. 



Chapter 8 

Fourier Tnnsform Infra nd Spectroscopie Investigation of 

Temperature- and Prrssu~Induced Disaggregation of Amyloid A 

8.0 CONNEC~ING STATEMENT 

in the previous chapters, FTIR spectroscopy was applied to the 

classification of spectral patterns in order to obtain an identification of bactena or 

a diagnostic of cervical cells fiom their infiared spectra. These applications make 

use of both the qualitative and quantitative information provided in the infiared 

spectnim of a complex cellular system. In a more fundamental investigation, we 

examined the stability of proteins and peptides involved in amyloidosis. The 

power of mid-infrared techniques to elucidate the secondary structure of proteins 

has been extensively demonstrated in the literature, and our intention is to use the 

infornation that we can acquire with FTIR spectroscopy to describe some of the 

properties of amyloid-forming peptides. Much work has been done on 

Alzheimer's disease aggregating peptides, but amyloid A is less well known. The 

peptides used in this study have been isolated fiom murine tissue. The results 

presented in this chapter address the third objective of this thesis, to monitor the 

effects of a variety of physico-chernicd conditions on the aggregate stability of 

amyloid peptides. 



The text of this chapter has been accepted for publication as follows: 

Dubois, J., Ismail, A.A., Chan, S.L., Ali-Khan, 2. "Fourier transform 

infrared spectroscopie investigation of temperature and pressure-induced 

disaggregation of amyloid A." Scmd J.  Inrniunol. 37:000-0 (1 999). 

Contributions 

A. k Ismail (thesis supe~sor), S.L.Chan @urified the amyloid A peptides 

and provided expertise on amyloidosis), 2. Ali-Khan (provided expertise on 

arnyloidosis and w p e ~ s e d  the purification of amyloid A). 



The conformation-sensitive amide 1 band in the Fourier transform infhred 

(FTJR) spectra of amyloid A suspensions in D20 was examined as a function of 

temperature (25-9S°C) and applied hydrostatic pressure (1-12 kbar) to assess the 

stability of the peptide. The principal changes observed upon heating were 

significant loss of intermolecular f3-sheet structure, and increase in the broad band 

centered at 1644 cm*' assigned to unordered structure and a-helices of the 

dissociated species. Application of hydrostatic pressure at ambient temperature 

resulted in a limited degree of aggregate dissociation. These stxuctural changes 

were partially reversible with cooling or release of the applied pressure. 

Dissolving the aggregated peptide in alkaline solution (pH 12) also resulted in 

disaggregation. Dissociation of organ deposited amyloid substance bears clinical 

relevance. The present data indicate that residual amounts of undissociated 

amyloid in the milieu at physiological and acidic pH may act as nucleating foci 

rendering dissociated amy loid to reaggregate into organiseci amy loid. 



Amyloidosis includes a gmup of diseases, which is characterised by 

extracellular deposition of proteinaceous 8-pleateâ sheet fibrils into various 

organs and tissues (Glenner, L980; Benson, 1995). Arnyloid deposits exert their 

pathological effect through their physical presence; disorganisation of tissue 

architecture rnay lead to death through organ dysfùnction (Glenner, 1980; Benson, 

1995). At least 17 diverse proteins and peptides yield amyloid (Benson, 1995; 

Teng and Buxbaum, 1996). A comrnon link among al1 amyloids, regardless of the 

chernical nature of the precurson, is the confonnational transition of the precursor 

fiom a-helix to P-sheet (Kelly, 1996). This may indicate a pathogenic process 

common to al1 amyloids. However, the molecular mechanism by which soluble 

amyloid precursor proteins transfonn into arnyloid fibrils in vivo is not well- 

understood. A clear understanding of this process is essential for the development 

of a successfùl therapeutic strategy against amyloidosis. 

Reactive amyloidosis, characterised by the tissue deposition of amyloid A 

(AA), is a senous complication of inflammation-associated diseases (Glenner, 

1980; Benson, 1995). AA is derived nom acute phase protein, semm amyloid A 

(SAA) (Husebek et a%, 1985; Husby et ai., 1994). Data fiom experimental 

snidies show that SAA is capable of rising up to 1000-fold in response to tissue 

injury or infection and that SAA is concentrated in lysosomes in activated 

monocytoid cells where AA has b a n  localiseci (Husby et al., 1994; Chronopoulos 

et al., 1994, 1995; Chan et al., 1997; Shirahama and Cohen, 1975). This may 



suggest conversion of SAA into AA under low pH conditions in the lysosomes 

(Chronopoulos et al., 1994; Shirahama and Cohen, 1975). Structurai anaiysis of 

AA shows that it contains a significant amount of f3-sheet structure (Van Andel et 

al., 1987). Synthetic peptides corresponding to the first 15 N-terminal portion of 

SAA (GFFSFIGEAFQGAGD) is  potentially fibrillogenic and yields fibrillar 

amyloid in vitro (Westermark et d., 1992). Of these 15 residues, hydrophobic 

amino acids occupy positions 2,3, 5,6,9, 10 and 13 (Husby et al., 1994). 

Recently, to gain an insight into the process of amyloidogenesis, Zang and 

Rich (1 997) subjected synthetic ionic self-complementary oligopeptides 

consisting of p-sheet only and a / p  form, to various physico-chernical conditions 

(variable pH and ionic strength of buffer and high temperature). Interestingly, the 

a / p  oligopeptide, as compared to the fl-sheet oligopeptides, underwent 

conformational changes to a relatively stable a-helical fonn at low pH and high 

temperature (75 to 90°C). On incubation for several weeks at 20°C, only a small 

fiaction of the transformed oligopeptide reverted back to the B-fonn. The authors 

considered such a slow structural conversion analogous to the process of 

amyloidogenesis in vivo. However, the oligopeptides testd, unlike the naturally 

occumng amyloidogenic precursor proteins, consisteci of clusters of negatively 

and positively charged residues with altemating hydrophobic residues. 

Phenomenally these results are of some interest. Variable-temperature FTIR 

spectroscopy has been used to evaluate the stability of the secondary structure of 

diverse proteins and to assess the effects of binding of these proteins on the 



stability of the structure observed (Moeck et al., 1996; Heimburg and Marsh, 

1993). Using similar physico-chernical conditions as described above, we have 

analysed, with Fourier transform infnued spectroscopy (FTIR), structural changes 

in murine AA purified from amyloidotic tissues. The purpose was to understand 

the stability of intennolecular bonds that maintain the j3-conformation of native 

AA polypeptide. 

8.3.1 Purification of amyloid A (AA) 

The method for the purification of murine AA has been described 

elsewhere (Pras et al., 1969; Bell et al., 1996). Bnefly, amyloidotic murine 

spleens and livers were homogenised in PBS (0.0 1 M phosphate/O. 15 M NaCl, pH 

7.2; ratio 1:8 g/ml), centrifuged (28 000 g, 4'C, 60 min) and the supematant 

discarded. This process was repeated until absoibance of the supematant reached 

0.01 at 280nm. The resulting tissue sediment was suspended in distilleci water, 

rnixed end over end (30 min, 2S°C) and then centrifuged (28 000 g, 4'C, 60 min). 

The supernatants with increasing absorbance were collected, pooled and 

lyophilised to obtain crude AA. To dissociate proteins bound to the crude AA, 0.4 

g o f  the lyophilised material was suspended in 100 ml of  NA (0.1 M Na-acetate 

containhg 0.5 M NaCI, pH 4), stined for 2 h at 37°C and centrifiiged (15 000 g, 

4'C, 60 min) (Bell et al., 1996; Chan et al., 1993). The resulting sediment was 

dialysed against distilfed water, lyophilised and AA was purifieci by gel filtration 



on Sephracryl S-200 (Pharmacia) in SM guanidine-HC1, pH 3 (Heimburg and 

Marsh, 1993; Pras et al., 1969). The purified prior to FTIR analysis, was 

characterised by immunoblotting and N-terminal sequence anaiysis (Bell et al., 

1996). According to these criteria, no detectable contaminant was apparent in the 

purified AA. 

8.3.2 Fourier transform infiared (FTIR) spectroscopy 

Suspensions of of approximately 1 to 5% (10-50 rng/mL) were 

prepared in DzO-phosphate buffer (pH 4 and 7), in D20-NaOD (pH 12), or H20. 

For the VT-FTIR studies, infiared spectra were collected on a Nicolet 8210E 

spectrorneter equipped with a deuterated triglycine sulfate (DTGS) daeaor and 

operating under OMNIC 3.1 software (Nicolet Instrument Corporation, Madison, 

W). The spectrometer was purged with dry air from a Balston dryer (Balston, 

Lexington, MA). The IR ce11 used for variable temperature FTIR spectroscopie 

(VT-FTR) studies consisted of a temperature-controlled ceIl mount (Mode1 I 18- 

1, Wilmad) and 13 x 2 mm CaFt windows, sepanted by a 25 or 50-pm Teflon 

spacer. Sampies were loaded by demounting the ceIl and placing an -8-pl drop of 

the peptide solution ont0 one of the IR windows. The spectra were collecteci by 

coadding 256 scans at a resolution of 4 cm". The temperatun of the sample was 

increased in increments of 5°C using an Omega CN8500 temperature controller 

(Omega Engineein~ S tdord ,  CT) and allowed to equilibrate for 10 minutes at 

each temperature prior to spectral data collection. For variable pressure FTIR 

spectroscopie (VP-FTIR) studies, the spectn were collected on a Nicolet 510 
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spectromet er equipped wit h a l iquid-nitrogen-cooled mercury-cadmium-telluride 

(MCT) detector. The high-pressure diamond anvil ce11 consisted of two diamonds 

(0.9-mm diameter) sepanited by a 50-pm stainless steel spacer. Samples were 

loaded by demounting the ce11 and placing an -8-fl ddrp of peptide suspension 

ont0 one of the diamonds along with a small amount of a-quartz powder to serve 

as an interna1 calibration reference. A total of 5 12 scans were coadded at 4-cm-' 

resolution. Pressure at the sample was determined using the band at 695 mi' in 

the spectrum of a-quartz (Wong and Heremans, 1988; Wong et al., 1985). 

Resolution enhancement of the amide 1 band was carrieci out by Fourier self- 

deconvolution (Kauppinen et al., 1981) and by second-derivative spectroscopy 

using the OMNIC software. 

8.4 RESULTS 

The FTIR spectra of AA suspensions were recorded as a ftnction of 

temperature at pH 7 and 4; pH 7 was selected to mimic physiological conditions 

while pH 4 approximates the pH environment in the endosorne-lysosome where 

SAA is concentrated and AA is found (Chronopoulos et al., 1994; Shirahama and 

Cohen, 1975). The deconvolved amide 1 profile in the spectra of freshly prepared 

suspensions of AA at pH 4 and a temperature of 25°C showed a strong band 

centred at 161 5 cm-', a broad band centred around 1650 cm", and a weak band at 

1694 cm" (Figure 8.1). The amide 1 absorption at 1615 and 1694 cm-' were 

indicative of an aggregated peptide aligneâ in intertnolecular antiparallel 8-sheet 
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conformation. The broad contour around 1650 mi' represented unordered 

structure and some a-helices. These structures are very similar to those observed 

in AA and PA investigated with the same technique (Van Andel et al., 1987; 

Barrow et al., 1992). Detectable spectral changes were noted in the AA sarnple 

exposed to higher temperatures. At 4S°C, a rapid decrease and a corresponding 

increase was noted in the intensity of the band at 1694 mi1 and 1684 cm-', 

respectively, and a much less rapid decrease in the intensity of the band at 1615 

cm-'. At 60°C, the 1694 cm-' and 1615 cm-' bands, which arise nom 

intermolecular antiparallel P-sheet stretching vibrations manifested altered 

stability; the former disappeared whereas the latter remained unaffected. 

However, the band 1684 cm-' increased in intensity. This may be amibuteci to a 

shifl of the band originally located at 1694 cm" rather than an actual loss of 

antiparallel B-sheet content. At the higher temperatures, the band at 1684 cm-' 

loses intensity in synchronicity with the band at 16 1 5 cm-'. The aggregation band, 

however, reappears upon cooling of the sarnple, indicating reversibility of the 

process (Figure 8.1). At pH 7, the AA suspension yielded a similar conformation 

as that at pH 4 (data not shown). Similar results have been observed with 

Alzheimer's P-amyloid where the structure of the peptide is not significantly 

altered at pH 4 to 7 (Fraser et al., 1991; Barrow et al., 1992). Moreover, the 

aggregated structure was expected in both cases as the peptides are present at 

supersaturation levels. 

The wavenumber shift o f  the high ûequency band is imversible upon 



cooling. Based on these observations, the 1694 cm'' band can be assignexi to 

carbonyl groups that are hydrogen bonded to N-H groups but apparently had not 

undergone H/D exchange with D20. This was confirmeci following suspension of 

AA in DzO. The intensity of the 1694 cm*' band, but not that of the 16 15 cm' 

band, slowly decreased, indicating that the WD exchange of the hydrogen with 

deutenum proceeded even at room temperature but at a much slower rate in the 

peptide. This assignrnent of the band at 1694 cm-' was fùrther confirmed by 

completely dissociating the peptide at pH 12 in D20 then readjusting the pH to 7 

(Figure 8.2). At pH 12, the aggregate was dissolved, resulting in the 

disappearance of the two bands at 16 15 and 1694 cm-' in favour of a structure that 

is predominantly intramolecular P-sheet in nature. Upon readjusting the pH to 7, 

the band at 1694 c d  is completely absent, while the band at 1684 cm-' cm be 

clearly seen along with the band at 161 5 cm-' and a broad envelop centred at 1637 

cm". The decreaae in the degree of aggregate formation of amyloids under basic 

conditions (O. 1 M NaOH) was reported by Pras et al. (1 969). Thus, the 1684 cm- 

i band can be assigned to the high tiequency component of the which has 

undergone WD exchange. It should be noteâ that by taking AA though a pH cycle 

( pH 7 -> pH 12 -> pH 7) a significant decrease in the amount of 

intermolecular p-sheet structure takes place. 

These observations suggest that the AA peptides are either aggregated in a 

very loose p-sheet structure which dlows access to the protons, or that 

equilibrium exists ôetween the aggregated and the unordered stn~chires seen in 



Figure 8.2: Stacked FTIR spectra of the amide 1 band of a suspension of AA in D20- 
phosphate buffet at pH 7 and 40-NaOD at pH 12. Arrows indicatc the direction of the 
pH change. The spectra have b e n  deconvolved with a bandwidth of 13 cm-' and a 
narrowing factor of 2.2. 



the spectrum. The latter explanation appears valid since the proton exchange is 

favoured and accelerated by the gradual opening of the structure as temperature is 

increased. 

VP-FTIR spectroscopy was used to determine the effect of increasing 

hydrostatic pressure on the structure of AA and the results are show in Figure 

8.3. At pH 7 and with increasing pressure, we detected a gradual decrease in the 

amount of intermolecular 8-sheet structure. This was accompanied by an increase 

in the relative amount of unordered and a-helical structures. Release of the 

hydrostatic pressure resulted in reaggregation of the amyloid. lncreasing 

hydrostatic pressure is known to disnipt protein aggregation and dissociate 

oligomers to monomers (Weber, 1987; Isrnail et al., 1992; Ismail and Wong, 

1994). This process involves breaking of salt bridges, hydration of some of the 

side chahs, and a decrease in the volume of the protein or polypeptide due to 

water being forced through void volumes (Weber, 1987; Ismail et al., 1992). Thus 

increasing pressure appeared to cause a shift in the equilibrium between the 

aggregated and the dissociated forms in favour of the dissociated or rnonomenc 

species. The decrease in volume resulting fkom increasing hydrostatic pressure 

rnay cause a reorganisation of the ionic charges, sait-bridge rupture, or weakening 

of the h ydrogen bonding within the peptide, resulting in partial dissociation of the 

amyloid aggregates. 
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Figure 8.3: Stacked plot of the amide 1 band in the FTIR spectrum of amyloid A in 
D20-phosphate buffer at pH 7 at 25°C as a function of applied hydrostatic 
pressure. The spectra have been deconvolved with a bandwidth of 13 cm*' and a 
narrowing factor of 2.2. 



Our objectives were two fold. Fust, to obtain stnictural information on 

pucifiecl AA and second, to analyse its aggregation and disaggregation 

characteristics under various physico-chernical conditions. These quenes are 

relevant to the understanding of AA pathogenesis but more importantly in 

designing new potential therapeutic measures (Kelly, 1996; Zhang and Rich, 

1997). The spectral characteristics of peptides and proteins submitted to extreme 

conditions of temperature are indicative of their stability. 

in this study, the spectrum of AA at room temperature shows the 

antiparallel P-sheet structure as the major conformation. This conformation is a 

good indication of the extent of purification reached with the additional steps 

following water extraction using guanidine-HCl, confirmed by sequencing and 

SDS-PAGE in combination with immunoblotting. Moreover, the presence of 

high molecular weight material in extracted amyloid has been described to 

produce spectni showing the major conformation to be coils and helices (Van 

Andel et al., 1987), but the major conformation seen is a 8-structure. The 

dissociated form of AA was found to be favoured at elevated temperature. 

However, small arnounts of intermoleculor antiparallel P-sheet structure appeared 

to persist in the suspension. Dissociation of AA aggregates also occurred at 

ambient temperature but at high pH or with increasing hydrostatic pressure. The 

pressure-induced disaggregation appand to be due to a decrease in the volume of 

the solution. A partial or complete nvenibility of the process was observed when 
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the conditions, as modified in this study, were brought back close to physiological 

conditions. In short, the induced disruption of purified AA to a-helix promptly 

reverted back to B-sheet at the ambient temperature. Evidence shows that the 

prefonned amyloid fibrils act as a bioactive entity and thus a nidus for fiirthet 

propagation of amytoid peptides and that a critical concentration exists below 

which pre-existing fibrils or seeds are required for aggregation (Barrow et al., 

1992). Above this critical concentration, micelles would exist in rapid equilibrium 

with the protein monomers. The H-D exchange observed in the AA at room 

temperature as well as through the temperature cycle strongly indicates the 

existence of such equilibrium. The smail band at 1615 cm-' remaining at high 

temperature indicates the presence of AA fibrils during the aggregation- 

disaggregation that, as such, could have acted as the bioactive nidus for prompt 

reversai fkom a-helix to psheet. However, Our data indicate that the opening of 

the P-pleated sheet is favoureû when the temperature is increased. More 

explicitl y, the intennolecular antiparallel P-sheets appeared to separate to a certain 

extent, but under the conditions of temperature and AA concentration used, 

complete dissociation was not observed. A combination of factors dong with a 

more appropnate heat treatment regimen might produce a more complete 

dissociation and allow the elimination of the opened fonn before it reverts back to 

a p-sheet. Experiments of the same nature have shown that binding of anionic 

lipids to cytochrome c lowereâ the denaturation temperature of the complex by 

25-30°C relative to that of the protein frsc in solution (Heimburg and Marsh, 

1993), but that binding of femchrome to FhuA did not alter the 



stability of the protein (Moeck et al., 1996). Fuither investigation on the thermal 

stability of AA in the presence of physiologically relevant molecules, using 

in fiareci rnicroscopic techniques, could leaà to further understanding of the nature 

of AA in situ and its presumed disaggregation characteristics. 

Stnicturally diverse proteins such as a full length SAA or its 

amyloidogenic N-terminal segment, Alzheimer AB peptide and prion amyloid 

protein have been used extensively to understand the process of amyloidogenesis 

in vitro (Westertnark et al., 1992; Weber, 1987;Ismail et al., 1992; Ismail and 

Wong, 1994). In general, the ratio of a-helical structure to P-sheet decreases 

following conversion of the precursor fiom a soluble to a P-sheet matrix state. 

The secondary structure change, centrai to amyloid-related diseases, is apparently 

irreversible in vivo. Interestingly, the P-sheet stmchire of the synthetic peptide 

DAR 16-IV (Ac-MI-AD ADADAD--CONH2) consisting of 

"hydrophobic residues entireiy on one side of the P-sheet and both positively and 

negatively charged residues on the other side", was disnipted by heat to form a- 

helix. Upon cooling, only a small fiaction reverted back to b-sheet after a lag 

penod of several weeks (Zhang and Rich, 1997). The authors proposed this 

process to be analogous to arnyloid formation in viw. By contrast, high 

temperatun disrupted the p-sheet in the puritied AA but upon cooling, the 

reversion from a-helix to B-sheet was prompt. The apparent discrepancy in the 

reversion proces between DAR16-IV and purified AA may be due to the nature 

and distribution of amino acid residues in the peptide. Notaôly, the first twelve 



amino acid residues, the amyloidogenic core in murine SA& 

(GFFSFIGEAFQG), unlike DAR 16-N, consist of alternating groups of two 

hydrophobic residues separated by uncharged (G, S. G, Q G) or charged (E) 

amino acid residues (Westennark et al., 1992). Altematively, the residual amount 

of P-sheet structure in heat-disnipted AA may fundion as the bioactive entity for 

prompt reversion fiom a-helix to 0-sheet. In sum, the aggregation characteristics 

between DAR16-IV and AA appear to be distinct and may be a fiindon of the 

distribution of hydrophobic, charged and uncharged residues in the peptides. 



Chapter 9 

Thermal Denahiration of Bovine and Recombinant Human 

Ubiquitin 

9.0 CONNECTING STATEMENT 

übiquitin is a small globular protein which has been found CO-localised 

with amyloid A in tissues. Professor 2. Ali-Khan, in the Department of 

Microbiology and Irnmunology of McGill University, discovered that non-heat- 

denatured ubiquitin can accelerate amyloidogenesis in mice. His group isolated 

ubiquitin from a recombinant human gene expressecl in E. d i  AR 58. We have 

described the temperature dependance of the stnicture of amyloid A in Chapter 8. 

As part of our continuing investigation of the effect of varying physico-chernical 

parameters on the secondary structure of peptides and proteins implicated in 

amyloidosis diseases. we undertook a study of the thermal stability of ubiquitin 

under conditions similar to those used with AA. In Chapter 10, the eff- of 

temperature on the structure of a variety of amyloid-fonning peptides will be 

discussed, along with the possible interactions between AA and ubiquitin. 

The text of this chapter will be submitted for publication as follows: 

Dubois, I., Chan S.L., Ismiil, kk, Ali-Khan, 2. "Thermal denaturation 

of bovine and recombinant human ubiquitin." (1999). 



Contribution of CO-authors: 

A.A. Ismail (thesis supervisor), S.L. Chan (isolated and purified the 

recombinant ubiquitin), 2. Ali-Khan (provideci expertise on the immunological 

aspect of the work). 



Ubiquitin is a compact globular protein with a secondary structure 

consisting of a-helices, P-sheet and tums. CD and crystal structure studies have 

yielded contradictory results for the determination of the dominant secondary 

structure. Different NMR investigations also reported different thermal stability of 

the protein. The conformation-sensitive amide 1 band in the Fourier transform 

infrared spectra of bovine ubiquitin, and recombinant human ubiquitin purified 

h m  Escherichia coli strain AR 58, was studied in DzO at pH 4 and 7 as a 

funaion of temperature. Both proteins underwent complete denaturation and 

forrned aggregates, beginning at 70 and 75 O C  respectively. Moreover, the 

aggregation observed at high temperature was irreversible upon cooling. The 

effect of heating on the secondary structure of the two proteins was similar at the 

two pHs investigated, and both proteins wen slightly more resistant to 

denaturation at pH 4 than at pH 7. 



9.2 hITR0DUCHON 

Ubiquitin (üb) is an 8-kDa protein known to bind covalently and non- 

covalently to a number of substrate proteins (Finley and Chau, 1991; Chan et al., 

1995; Wenzel and Baumeister, 1993). Such interactions, particularly the non- 

covalent, are believed to produce a denaturation of the substrate protein and aiter 

its conformation, rendenng it susceptible to degradation via proteosomes or to 

endocytosis and degradation in the endosomes-lysosomes (Els) (Wenzel and 

Baumeister, 1993; Dean, 1987). The crystal structure of ubiquitin indicates an 

extremely compact structure with a hydrophobic core (Vijay-Kumar et al., 1987 

and 1985). Approximately 87% of the polypeptide chain is involved in H-bonded 

secondary structure, including three and one half tums of a-helix, five strands of 

P-sheet and seven reverse tums (Vijay-Kumar et al., 1987); 16% of the residues 

are involved in a-helix structure, 37% in Psheet and 37% in reverse tums (Vijay- 

Kumar et al., 1985). Two different circular dichroism studies of the protein have 

yielded somewhat conflicting results, where one study reported a structure 

consisting of 28% a-helix and 12% P-sheet (Cary et al., 1980), and a second 

sîudy found a very low content of organised secondary structure (6% a-helix and 

lm P-sheet) (Jenson et al., 1980). Finally, one NMR study of Ub has shown no 

apparent denaturation in the temperature range between 23 and 80°C, and a high 

degree of stability with respect to acid or base denaturation (Lenkinski, 1977). A 

second NMR study reported partial denaturation of Ub at approximately 60°C and 

totai denaturation above 225°C (Alonso and Daggett, 1995). 



Reactive systernic amyloidosis is characterised by the tissue deposition of 

insoluble AA fibrils derived generall y by proteolytic cleavage from the circulating 

acute phase senim amyloid A (SAA) (Glenner, 1980; Husby, 1994 (reviews)). 

The molecular mechanism by which soluble SAA or its fragments polymerise into 

AA is poorly understood. A number of host derived pathological chaperones such 

as glycosaminoglycans, serum amyloid P and Ub have been predicted to promote 

AA amyloidogenesis, although the precise mechanism remains unclear (Bell et 

al., 1996; Kisilevsky et al., 1995; Chronopoulos et al., 199 1). These compounds 

have been found associated with AA fibrils in tissues. Recent studies have show 

that Ub binds non covalently to mouse SAA and Alzheimer amyloid precursor 

protein as well as AA and AP fibrils (Chronopouios et al., 1995; Master et al., 

1998; Alves-Rodrigues et al., 1998). In addition, it has been show that non-heat 

denatured ü ô  on passive transfer accelerated AA deposition in recipient mice in 

72 h (Alizadeh-Khiavi et al., 1991; 1992; Chan et al., 1993). This biological 

activity is functionally analogous to arnyloid enhancing factor (AEF) (Axelrad et 

al., 1982). AEF is believed to be a pathogenic link between chemically different 

forms of amyloidosis (Ali-Khan et aï., 1988; Varga et al., 1986). Moreover, Ub 

purified fiom Alzheimer's brain and murine amyloidotic tissues, or after 

dissociation fiom amyloid A (AA) also induced accelerated AA fibril deposition 

in the recipient mice (Alizadeh-Khiavi et al., 1991; Chronopoulos et d., 

1991).Fu~her studies also revealed the colocalisation of SAA and Ub in 

endosomes-lysosomes (Els) of activated monacytoid cells of mice undergoing AA 

amyloidosis, and Ub-bound AA in the Els as well as in the tissue interstitium 



(Chronopoulos et al., 1995; Finley and Chau, 1991). These findings may suggest 

a functional role of Ub in the conversion of SAA or APP into arnyloid. 

in a attempt to elucidate possible mecha~sms involved in the association 

of AA to form fibrils of pathological significance, we used Fourier transform 

infhred (FTIR) spectroscopy to elucidate the disaggregation of AA under a 

variety of temperature and pressure treatments (Dubois et al., 1999d). In this 

work. we use FTXR spectroscopy to investigate the effect of temperature on the 

secondary structure of Ub at pH 4 and 7. The thermal stability of proteins 

provides a good indication of the strength of the bonds involved in holding the 

secondary structure toget her. 

9.3.1 Purification of ubiquitin 

Two ubiquitin preparations were used in this study. Bovine Ub (bov-Wb) 

was purchased fiom Sigma Biochemical (USA) and recombinant human Ub (rec- 

0) was purified kom Escherichia coli strain AR 58 (a gift ûom T. Butt, 

SrnithKline Beecham, PA, USA). The methods for the construction of the Ub 

gene and the purification and characterisation of the expressed protein have been 

described previously (Ecker et ai., 1987 a and b). The recombinant üb was 

expressed and purified according to Eytan et al. (1993) with minor modifications. 

Briefly, a bacterial culture was grown at 30°C, the temperatun of the culture 

medium was increased tapidly to 42OC followed by incubation for another 3 h at 
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this temperature. Bacteria were harvested by centnîugation and disrupted by 

sonication. DNA was precipitated from the soluble extract by the addition of 

polyethyleneimine and KCl to final concentrations of 1% and O.SM respectively. 

The cleared supernatant was dialysed against 10 nM potassium phosphate (pH 

7.0) and applied to an FPLC Mono Q column equilibrated with the same buffer. 

The unadsorbed Fraaion containing Ub was coiiected and lyophilised. The 

lyophilised material was fiactioned in an FPLC HiLoad 16/60 Superdex 200 

column equilibrated with 5OmM Tris-HCl (pH 7.2), 1 m M  EDTA, and 200 mM 

NaCl. Ub positive fraaions were pooled together, dyalised against 50 nM sodium 

acetate (pH 4.8) and this material was then applied to an FPLC Mono S column 

equilibrated with the same buffer. Bound Ub was eluted at 300-400 mM NaCl 

linear gradient. Finally, the protein was redialysed against distilled water and 

1 yophilized. Rec-Ub was characteriseci by SDS-PAGE and immunoblotting. 

9.3.2 Fourier transfonn irifiared spectroscopy 

Solutions of Ub (13%) were prepared in &O-phosphate buffer (pH 4 and 

7). For the variable-temperature FTIR (VT-FTIR) studies, spectra were recorded 

on a Nicolet 8210 spectrometer equipped with a deutetated triglycine sulfate 

(DTGS) detector and operating under OMNIC 1.2 software (Nicolet Corp., 

Madison, WI). The spectrometer was purged with dry air. The inErared cell 

consisted of a temperature wntrolled ce11 mount (Mode1 1 18- 1, Wilmad), and two 

Cab windows of dimensions of 13 x 2 mm separateci by a 50-pm Teflon spacer. 

Samples were loaded by demounting the al1 and placiag a dmp ofapproximately 
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8 pL of the protein solution ont0 the IR window. The temperature of the sample 

was increased by inaements of 5OC using an Omega CNSSOO temperature 

controller (Omega Engineering, Starnford, CT) and allowed to equilibrate for 10 

minutes pnor to recordmg the IR spectra. Resolution enhancement of the amide I 

band was carried out by Fourier self-deconvoiution (Kauppinen et al., 1981), 

employing a HWHH of 13 cm" and a K factor of 2, and by calculation of the 

second derivative speamm. 

As mentioned previously, X-ray studies have dernonstrated that Ub has a 

compact structure containhg a-helix, P-sheet and tuni structures (Vijay-Kumar, 

1985). Figure 9.1 shows the amide I band in the FTIR spectnim of rec-üb and 

bov-Ub in D20 at pH 7, &er Fourier self-deconvolution. The main components 

of the amide 1 profile may be assigned to unordered structure (1641 cm")), p-sheet 

(1634 cm"), and tums (1663-1674 cm-') on the basis of well-established amide 1 

band assignments for the different conformations of polypeptides (Surewicz and 

Mantsch, 1988). in the infiarecl speanim of the solution of bov-Ub, an additional 

band is seen in the amide I contour at 1685 cm", while the band at 1674 cm-' 

appears oniy as a shoulder. When the bov-Ub was warmed to 4S°C, 1685-cm" 

band disappeared (Figure 9.2), while rec-üb was unchanged. The band at 1685 

cm-' has been attributed to intermolecular p-sheet structures, or aggregated 

structures, when it is wupled to a band around 16 15-20 cm? However, since the 

lower fiequency band is absent fiorn the spectra of Ub a these temperatures, the 
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Figure 9.1 : Deconvolved spectra of bov-Ub and rec-Ub recorded at 2S°C in 40 
at pH 7 @andwidth= 13 cm-', narrowing factor = 2.2). 



band at 1685 cm-' is probably attributable to tum structures that remain hydrogen- 

bonded to &O and are inaccessible to the 40 solvent at room temperature. Ub is 

a compact globular protein with a hydrophobic core compnsing 16 of the 21 

residues of valine, leucine, isoleucine and methionine (Vijay-Kumar et d., 1985). 

At ambient temperature, this hydrophobic core is not in contact with the 90 

solvent, the residues it contains stili possess hydrogen atoms and &O, and 

consequently the absorbante of the tum structure appears at a higher fiequency. 

Upon application of heat to the solution, the protein solution becomes more 

fluxional and 40 cm access the hydrophobic core of the molecules where H-D 

exchange can take place, resulting in a band shift down to 1674 cm-'. Human and 

bovine Ub are known to possess identical amino acid sequences and x-ray 

structures (Ramage et ai., 1994; Alexeev et ai., 1994), suggesting that the slight 

differences seen in the infiared spectra of rec-üb and bov-Ub, acquired at room 

temperature, may be attributed to differences in the methods of preparation which 

impacts on the compactness of the globular protein. 

When a heating cycle ranging Rom 25 to 95°C is applied to both these 

proteins, aggregate formation takes place at high temperatures (Figure 9.2). Upon 

heating, aggregate formation starts at 70°C, as evidenced by the appearance of a 

bond at 162 1 cm" attributed to intermolecular p-sheet structure (Surewicz and 

Mantsch, 1988). The intensity of the band assigneci to unordered structure 

decreases with increasing temperature. Al1 the secondary structure of the protein 

is lost at 80°C. This observation is in disagreement with a previous NMR study of 



Figure 9.2: Stacked deconvolved spectra of solutions of rec-Ub and bov-üb 
in D,O at pH 7 as a fùnction pf temperature in a herting cycle fiom 25 to 
WC. (bandwidth= 13 cm-', nmowing factor= 2.2). 



Ub, which reported only slight changes in the protein structure at approximately 

80 OC (Lenkinski et al., 1977). In the case of bov-Ub, the onset of aggregate 

formation appears to be at a temperature 5OC higher (7S°C) than rec-Ub, 

indicating some slight differences in the secondary structure between the 

commercial and the recombinant forms. This difference may arise from the 

prepation process of bov-üb, which inciudes a heating step that may precipitate a 

fraaion of the protein prier to the purification step. When the proteins were 

cooled to room temperature, the band at 1621 cm*' remained unchanged in both 

cases (data not shown), indicating the irreversibility of the aggregation 

phenornenon. 

At pH 4, protein aggregation occuned at a temperature 5°C higher than 

that observed at pH 7. This change in the denaturation temperature has interesting 

implications because the pH in cells where Ub is found is approximately 6 and in 

the endosomes-lysosomes, it is between 3 and 5. Unlike results obtained by 

Lenkinski and CO-workers (1977), we find that some denaturation and aggregate 

formation occun between 70 and 7S°C, somewhat in agreement with the results 

from the VT-NMR studies of üô canied out by Alonso and Daggett's (1995) that 

repoited that Ub undergoes partial unfolding at -62°C. 

9.6 CONCLUSION 

Generolly, denaturation of a protein results in reduced solubility compareâ 

to the native protein (Chefiel et al., 1985). Examination of the thermai stability of 



proteins under phyaiological pH conditions can provide information about the 

strenght of the bonds that maintain the structure and prevent solubility. The 

results reported here show that Ub undergoes irreversible aggregate formation 

upon heating at temperatures above 70 O C .  In contrast, we reported that the 

aggregated peptide AA slowly opens at temperatures higher than 60 OC (Dubois et 

al., 1999d). Future work will be directed at the investigation of the effects of the 

same parameten on a variety of amyloid-fonning peptides, and on probing the 

extent of interactions between Ub and AA. 



Cbapter 10 

Comparative Analysis of Aggregate-Form ing peptides 

10.0 CONNEC~ING SîATEMEiW 

In Chapters 8 and 9, disaggregation of amyloid A and ubiquitin were 

studied under a variety of physico-chernical conditions on the. A number of other 

peptides exhibit amyloid-like behaviour, such as short ionic self-cornplementary 

oligopeptides and small peptides representing portions of the P-arnyloid and 

amyloid A sequence. In this chapter, we investigate the stability of the secondary 

stnicture of a number of aggregate-forming peptides under a variety of physico- 

chernical conditions. In addition, we examined the influence of the presence of 

ubiquitin on the thermal stability of amyloid A. The work descnbed in this 

chapter addresses the examination of the effects of a variety of physico-chernical 

conditions on the aggregate stability of amy loid peptides, the third objective of 

this thesis. 



Peptide aggregation is an important concept in amyloidosis, a peptide- 

related disorder ultimately responsible for organ dysfunction. The thermal 

stability of a variety of peptides related to amyloidosis is investigated using 

Fourier transform infrared spectroscopy. Five synthetic peptides, representing 

segments of f3-amyloid (P(30-43), P(34-43) and j3(39-43)) and the N-terminal 

region of amyloid A (Pl MI) or showing aggregate-forming properties similar to 

natural amyloids (P16Ai), have shown very stable aggregated structures in the 

presence of trifluoroacetic acid. Removing the acid fkom P16AI reduced the 

stability to heat treatment of the intennolecular interaction between the peptides, 

allowing opening of the aggregated structure at approximately 55 O C .  The effect 

of temperature on the aggregation of Amyloid A in the presence of magnesium 

ions was investigated. The presence of ubiquitin resulted in disturbing the 

reaggregation of amyloid A upon cooling. The results of this work mnfirm the 

importance of removing any trace of trifluoroacetic acid after peptides synthetic, 

and strengthen the hypoihesis that ubiquitin may play an important role in the 

process of amyloidogenesis. 



10.2 LNTRODUC~ON 

The structurai characteristics of specific biological components have been 

shown to play an important role in a number of disease states including 

amyloidosis-related disorders such as Alzheimer's disease (Glenner, 1980) and 

scrapie prion disorders (mad cow disease) (Nguyen et al., 1995; Pan et al., 1993). 

Amyloidosis is a rare clinicd disorder of protein metabolism in which 

nonnally soluble proteins are deposited extracellularly in a particular fibrillar 

form (Gîe~er ,  i980; Kisilevsky, 1987). A common link arnong ail amyloids, 

regardless of the chemical nature of the precurson. is the conformational 

transition of the precursor fiom a-helix to P-sheet (Kisilevsky, 1987), possibly 

indicating a common pathogenic process common to al1 amyloids. Amyloid 

deposits exert their pathological effect through their physical presence. Distortion 

of tissue architecture may lead to death through organ dysfùnction (Glenner, 

1980; Benson, 1996). 

Reactive amyloidosis, characterised by the tissue deposition of amyloid A 

(AA), is  a serious complication of inflammation-associated disease (Benson, 

1996; Glenner, 1980). AA is denved fiom acute phase protein senim amyloid A 

(SAA) (Husebekk et al., 1985; Husby et al., 1994). Alzheimer's disease is a 

neurodegenerative disease characterised by the deposition of amyloid plaques (P- 

A), derived from the B-amyloid precursor protein (PPP) (Selkoe et al., 1986). The 

molmlar mechanism by whic h soluble precursor proteins or theù ûagments 



polymerise into aggregating amyloid is poorly understood. 

In infiammatory amyloidosis, a number of host derived pathological 

chaperones such as glycoaminoglycans, serum amyloid P and ubiquitin (Wb), 

which are found associated with AA fibrils in tissues, have b e n  predicted to 

promote AA amyloidogenesis, although the precise mechanism remains unclear 

(Bell et al., 1996; Kisilevsky et al., 1995; Chronopoulos et al., 1991). Non-heat- 

denatureâ Ub, purifid fkom Alzheimer's brain and murine amyloidotic tissues or 

afler dissociation fiom AA amyloid, on passive transfer has been shown to induce 

accelerated AA deposition in recipient mice within 72 h (Alizadeh-Khiavi et al., 

199 1 ; 1992; Chan et al., 1993). This biological activity is functionally analogous 

to arnyloid enhancing factor (MF) (Axelrad et al., 1982). AEF is believed to be a 

pathogenic link between chernically different fonns of amyloidosis (Ali-Khan et 

al., 1988; Varga et al.. 1988). Further investigations demonstrated (a) non- 

covalent interaction between Ub and SAA (Chronopoulos et al., 1995), üô and 

APP (Master et al., 1998) (b) colocalization of SAA and Ub in endosomes- 

lysosomes (ELs) of activated monocytoid cells of mice undergoing AA 

amyloidosis (Chronopoulos et al., 1995) and AB and Ub in neurofibrillary tangles 

(Shin et al., 1993) (c) Ub-bound AA in the ELs as well as in the tissue interstitium 

(Fidey and C hau, 199 1). These observations may suggest a potentid role for Ub 

in SAA or APP processing and possibly in amyloidogenesis. However, the precise 

mechanism by which Ub might work in these proases remains unclear. 

Recently, the process of amyloidogenesis was investigated through studies 



on the aggregation and stability of synthaic ionic self-complementary 

oligopeptides consisting of P-sheet and a/p form to various physico-chernical 

conditions (variable pH and ionic strength of buffer and high temperature) (Zhang 

and Rich, 1997). The a/p oligopeptide underwent codonnational changes to a 

relatively stable a-helical fom at low pH and high temperature (75-90 OC). only 

partially reverting back to the P-form upon incubation for several weeks at 20 O C .  

The authors wnsidered such a low structural conversion analogous to the process 

of amyloidogenesis in vivo, despite the fundamental difference in composition of 

this peptide compared to natural amyloidogenic precursor proteins, the former 

consisting of altemating hydrophobic residues and clusters of negatively and 

positively charged residues. Nonetheless, phenomenally these results are of 

interest. 

Under similar physico-chernical conditions as described above, we have 

employed Fourier transform infiared (FTIR) spectroscopy to study the structural 

changes in murine AA purified fiom amyloidotic tissues @bois et al., 1999d). 

Our results showed a stable B-sheet structure at 25 O C  and pH 4 and 7, and 

disaggregation at high temperature, high pressure or alkaline pH. However, upon 

return to phy siological conditions, we also demonstrated that the dissolved AA 

reverted back to a structure dominated by intermolecular B-sheet structures. We 

aiso examineci the spectral behaviour of a protein aiso found in the endosorne- 

lysosome of monocytoid cells, ubiquitin, which was characteriseci by a structure 

dominated by a-helix and fl-turns @ubois et of., 1999e). We found that Ub 



irreversibly collapsed into an aggregated structure upon heating . Aggregation has 

also been observeci in whey proteins concentrates, P-lactoglobulin (Boye et al., 

1995) and the acethylcholine receptor (Naumann et al., 1993) subjected to heat 

treatments. 

in this work, we investigate the thermal stability of a variety of 

amyloidogenic peptides by FTIR spectroscopy. The structure of the peptides is 

examined under various physico-chemical conditions. The peptides include 

murine amyloid A (AA) purified fiom amyloidotic tissues, a short peptide 

corresponding to the N-terminal portion of a synthetic modei system (Zhang 

and Rich, 1996) and three short peptides, representing the portion of P-A 

suspected to direct its folding in Alzheimer's disease. The effect of the presence 

of magnesium ions or ubiquitin is also studied for AA. The results of this work 

may help us to understand the factors that aid the stability of the intennolecular 

bonds that maintain the p-conformation of amyloids. 

10.3 MATERIALS AND ~ O D S  

10.3.1 Purification of amyloid A (AA) 

The method for the purification of murine AA ha9 been describeci 

elsewhere (Pras et al., 1969; Bell et al., 1996). Briefly, amyloidotic murine 

spleens and livers were homogenised in PBS (0.0 1 M phosphate/O. 15 M NaCI, pH 

7.2; ratio 1:s g/ml), centrifbged (28 000 g, 4OC. 60 min) and the supernatant 

discarded. This process was repeated until absorbante of the supernatant reached 
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0.01 at 280nm. The resulting tissue sediment was suspended in distilled water, 

mixed end over end (30 min, 25'C) and then centrifuged (28 000 g, 4"C, 60 Mn). 

The supernatants with increasing absotbance were collected, pooled and 

lyophilised to obtain crude AA. To dissociate proteins bound to the crude AA, 

0.4 g of the lyophilised material was suspended in 100 ml of NA (0.1 M Na- 

acetate containing 0.5 M NaCl, pH 4), stirred for 2 h at 37°C and centrifuged (15 

000 g, 4'C, 60 min) (Heimburg and Marsh., 1993; Pras et al., 1969). The 

resulting sediment was dialysed against distilled water, lyophilised and AA was 

purified by gel filtration on Sephracryl S-200 (Phannacia) in 5M guanidine-HC1, 

pH 3 (Heimburg and Marsh, 1993; Pras et al., 1969). The resulting AA has been 

charactensed by immunoblotting and N-terminal sequence analysis (Chan et al., 

1995). Bovine Llb @ov-Ub) and MgCl* salt were purchased 6om Sigma 

Biochemical (USA) and used without further treatmment. 

10.3.2 Synthetic peptides 

The peptide corresponding to the fiagrnent of AA (Pl IAI) and the ionic 

sel'complementary oligopeptide (P16AI) peptides were assembleci on a 

Symphony Multiplex (Rainin Instruments, MA) automated synthesiser using a 

standard Fmoc protocol at the Sheldon Biotechnology Centre (McGill University, 

Montreal, Canada). Mer cleavage, the peptides were purified by reversephase 

HPLC using an RP-Cl8 column and a linear gradient of acetonitrile in 0.1% 

aqueous TFA. Ruity of the peptides w u  assessed by mass spectrometry. Pnor to 

FTIR work, the TFA waa removed by a secondary HPLC extraction employing 



acetic acid instead of TFA. The sequences are as follows: 

P 1 1 Ai: GFFSFIGEAFQ 

The short peptides representing the portion of p-A suspected to direct its 

folding in Alzheimer's disease, P(30-43), P(34-43) and P(39-43) were a gifl of Dr. 

A. Basak (Institut de Recherche Clinique de Montréal, Canada) and synthesised in 

the manner described above. The sequence of the longest peptide is 

A~oiIGL&WGGV~$A.AT43 and P(34-43) and P(39-43) are made up of the 

corresponding segments of the sequence. 

10.4.1 Examination of the effect of temperature on the AP fragments 

The irûkared spectrum in the amide 1 region of the peptide P(30-43), at pH 

7 suspendeci in D20 at 25 O C ,  shows a sharp band at 1624 mf' that is attributed to 

intermolacular P-sheet conformation along with the high fiequency band at 1697 

cm" (Fabian et al., 1993; Fraser et al., 1992). The sharp band observed at 1674 

cm-' is due to the presence of residual TFA in the solution (Fabian et al., 1993) 

(Figure 10.1). A very wealr band at 1655 cm-' is indicative of some a-helical and 

unordered conformations. The band assignemems are in agreement with the 

structures observed by circular dichroism for a fairly similar peptide (p(29-42)) 
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Figure 10.1 : Ovedaid spectra of a suspension of ~(30-43) recorded in A) a heating cycle from 25 to 9S°C and B) cooling cycle 
from 95 to 25OC. The arrows indicate the direction of the changes in the cycle. 



(Barrow et al., 1992) and by FTIR for P(1-42) (Barrow and Zagorski, 1991) and 

P(1-40) (Fraser et ai, 1992). When a heating cycle is applied to the peptide 

suspension, decrease in the band at 1638 cm", atûibuteâ to intnunolecular B- 

sheet, loops, tums or 3i0 helices (Fabian et al., 1993), is observed, dong with a 

slight increase in the band at 1624 cm". However, as the temperature was 

brought back fiom 95°C to 2S°C, both bands regained their original intensties. 

When the peptide P(30-43). in suspension in D20 at pH 4, was submitted 

to the same time and temperature cycles, the band at 1697 c l '  was reduced in 

intensity as the temperature increased, and the intensity of both bands at 1638 and 

1624 cm" slightly increased. This process is completely reversible upon cooling. 

These results are in agreement with CD and NMR results reported for P(29-42), 

which suggested that the peptide aggregation is independent of pH and 

temperature (Barrow and Zagorski, 1 99 1). 

Similarly, the infiared spectni of the amide 1 band of P(34-43) suspended 

in &O at pH 7 shows very little dependena to temperature as the spectra show 

only a very slight reduction in the intensity of the bands at 1622 and 1690 cm-', 

both bands representing intermolecular p-sheet arrangement. This effect is 

reversible upon cooling (data not shown). 

The P(39-43) peptide at pH 7 in behaves differently fiom the above 

two peptides (Figure 10.2A and B). At m m  temperature, the intheci spectmm in 

the amide 1 region shows bands at 1692 and 1619 cm1, due to intemoleailar 
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Figure 10.2:Overlaid spectre of a suspension of P(39-43) rewrded in A) a heating cycle from 25 to 95OC and B) cooling cycle 
from 95 to 25°C. The mows indicate the direction of the changes in the cycle. 



P-sheet structure, at 1668 cm-', previously assigned to tunis (Surewicz and 

Mantsch, 1988) and at 1639 cm-'. The assignment of the latter band remains 

uncertain, since it may be attributed to 3 10 heliceq P-tums, p-sheets or open loops 

structures (Fabian et al., 1993). The gradua1 temperature increase from 25 to 

95°C resulted in decrease in the intensity of the bands originally centred at 1639 

and 16 19 cm" as well as the band at 1668 cm". A strong band at 1644 cm" is 

apparent at high temperature, due to random conformation. As the temperature is 

graduaily brought back to 25°C during cooling, only the bands at 1639 and 1619 

cm-' regain some of their original intensity. The band at 1668 cm-' is slightly 

shifted towards lower fiequency upon cooling. It appears that this very compact 

peptide is free of any TFA contamination, as shown by the absence of the 

characteristic band at 1 674 cm". 

10.4.2 Examination of the secondary stmcture of peptides P16Ai and 

Pl 1A.I 

The eleven-amino-acid fragment (Pl IAI) shows a very clear p-sheet 

arrangement, as indicated by the dominant band et 1618 cm-' seen in Figure 

10.3A. Some intramolecular P-sheet is also present, evidenced by a shoulder at 

1632 cm-'. The band at 1674 cm" is due to the presence of T'FA used as a solvent 

in the synthesis of the peptides. The high frrquency band at 1697 cm-', indicative 

of P - s h ~ s ,  is graduaily shifted to 1687 cmo' with increasing temperature. This 

fiequency shift is attributed to H-D exchange of the N-H groups in the peptide. 



However, since no opening of the P-sheet structure is observed throughout the 

heating cycle, this exchange could not result fiom disaggregation of the peptide, 

but may result fiom continuous reanangement of intermolecular P-sheets 

providing access to the N-H groups hidden within the aggregate. The absence of 

other secondary structures on the infiared spectra indicate that there is no open 

forrn and thus that unlike AA (Dubois et al., 19990, the peptides are not in 

equilibrium between rnonomer form and oligomer aggregates. No furt her changes 

are seen upon cooling the ample. The peptide P16AI behaves similarly under the 

same conditions and temperature treatment (Figure 10.38). The stability observed 

for the peptide p16A.i was not expected on the basis of published results (Zhang 

and Rich, 1997). Suspecting an effect due to the counter ion used in the 

chromatographic purification, we purified the peptide once more using Cr as 

counter ion in place of TFA. Figure 10.3C shows the infrared spectra of the 

peptide as a fbnction of increasing temperature. At 2S°C, an intense band at 1620 

cm", characteristic of aggregate, is observed, along with a broad band at 1645 cm* 

1 , indicative of random structure. The absence of the band at 1674 cm-' confirms 

the successtiil removal of the T'FA. As the temperature increases, a dramatic 

decrease in the intensity of the aggregation band is observed, accompanied by a 

comparable increase of the band at 1652 cm'' (Figure 10.3C). Between 85 and 

9S°C, complete disappearance of the aggregation band is observed, and the 

peptide adopts an a-helical structure. The disaggregation observeci shows no 

reversibility upon cooling to room temperature, but cooling at -28OC for 48 hours 
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Figure 10.3: Infrared spectra of suspensions, in D,O at pH 7, of A) Pl 1 AI, B) PI 6AI with TFA submitted to increasing 
temperature from 25 to 95OC. C) Stacked spectra of  a suspension of Pl6Ai without TFA in the same conditions as A and 
The dashed line indicates the spectrum acquired at 9S°C. 



resulted in reaggregation, in accordance to the slow process reported by Zhang 

and Rich (1997). 

10.4.4 Examination of Amyloid A (AA) 

Figure 10.4A shows the differential spectra of AA at pH 7 in &O 

obtained by subtracting the infiared spectnim of AA at ambient temperature from 

the inftared spectra recorded as a fùnction of increasing temperature. The 

intensity of the band at 1694 cm" decreases, and the intensity of the band at 1684 

cm-' increases upon increasing the temperature. A plot of the integrated intensity 

of the high fiequency band indicative of aggregated structure, prior to and 

following H-D exchange, evidences the process, and the transition point around 

55 OC (Figure 10.4B). Simultaneously to the H-D exchange, the intensities of the 

bands at 1620 and 1650 cm" respectively decrease and increase. However, even 

at 9S°C, the bands at 1684 and 1620 cm-' still persist, indicating the presence of 

some remaining intermoleculsr p-structure. Upon cooling, the band arising fkom 

unordered conformation is gradually reduced and a retum to P-sheet structure is 

observed (Dubois et al., 199%. The effect of MgC12 on the stability of the 

aggregate at pH 7 was also investigated. A similar disaggregation and 

reaggregation profile is observed as a function of heating (Figure 10.4C). It 

should be noted that the suspension of AA was used a few hours following 

prepamtion, resulting in spectra that do not dernonstrate the same H-D exchange 

as the AA shown in Figure 10.4A in the high frrquency aggregation band. 



Finally, the peptide AA was subrnitted to the same temperature treatment 

in the presence of ubiquitin. Ubiquitin was show in previous studies to wnvert 

from an organised secondary structure into an irreversible aggregated structure 

upon heating (Dubois et al., 1999g). Figure 10.5 shows the infiareci spectra of 

suspensions of AA, Ub and a mixture of the two as a fundion of temperature. A 

difference in the spectrum of the mixture is seen o d y  at 80°C, where the 

aggregation bands increase in intensity. The relative stability of the spectra of the 

mixture arises from the opposite effects of temperature on the secondary structure 

of the two peptides, namely the aggregation of Ub and the opening of AA. A 

slight difference in the broad contour centred around 1645 cm*' is seen at 4S°C, 

where a shoulder starts to appear, simultaneously with the appearance of the sarne 

shoulder in the spectnirn of Ub alone. Although the aggregation band raises at a 

temperature 5°C higher in the mixture AA-Ub than in Ub alone, we cannot 

conclude that this effect is due to the presence of AA on the folding since the loss 

of the aggregation band in the spectra of AA can account for that retardation in 

the increase of the intensity of the band. However, the constant intensity of the 

small aggregation band seen in the spectnim of the mixture could indicate an 

increased thermal stability of the aggregated structure of M in the presence of 

Ub, since AA alone shows a loss of that band at temperatures as low as 45OC. 

Upon cooling, rather surprisingly, the intensity of the aggregation band does not 

increase as would be expected as a result of the reaggregation of AA 
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Figgure 10.4: A) Differential spectra of AA recorded in a heating cycle from 25 to 95°C. obtained by subtracting the 
specmim recorded at 25°C from al1 spectra. B) Plot of the integrated intensity of the bands at 1694 cm-' and 1684 
cm-' identi fied on Figure A. C) Differential spectre of AA in the presence of MgCl,, recorded in same conditions as A. 





As a general nile, the solubility of proteins is increased with increasing 

temperature up to 40-SOT, but above these temperatures, the molecular motions 

can be suscient to disrupt bonds implicated in the stabilisation of the secondary 

and teitiary structures (Cheftel et al., 1985), resulting in the denaturation of the 

protein. Upon denaturation, most proteins irreversibly aggregate (Cheftel et al., 

1985), forming anti-parallei B-sheet structure. Interestingly, the structure of 

amyloids at ambiant temperature corresponds to that of a denatured protein. More 

interestingly, increasing the temperature results in the dissolution of the amyloid, 

resulting in the formation of unordered and a-helical structures, commonly 

characteristic of a native protein. 

Amyloid aggregation appears to be stabilised by both hydrophobic and 

ionic interactions. When MgC12 is added to the peptide suspension, it should 

favour its dissolution if the interaction between the peptides is ionic in nature. 

Addition of Mg and Ca to charged homopeptide suspensions resulted in 

immediate aggregate dissolution (Ismail and Mantsch, 1992). in contrast with the 

phenornenon observed in AA. Furthemore, the presence of salt did not slow in 

any way the reaggregation observed upon cooling, demonstrating that forces other 

than ionic interactions are dominant. 

In PI 1AI, it h a  been obsewed that the aggregate is not dissolveci upon 

heating, but that some dynamic exchange of hydrogen and deuterium takes place, 



indicating a loose structure or a dynamic exchange of peptides involved in 

antiparallel B-sheet. In both cases, it allows access to the imer segments of the 

aggregate. However, unlike the p henomenon observed in AA, the segment P 1 1 AI 

does not unfold upon heating. The small length of the peptide or the absence of 

other components such as those observed in naturally occumng AA aggregates in 

silu (heparan sulfate proteoglycan, amyloid P, condroitin suifate proteoglycan) 

could account for this stronger packing (houe and Kisilevsky, 1996). Moreover, 

the presence of T'FA could play a role in strengthening the aggregation. Indeed, a 

similar effect has been observed when extracting bovine AA with water (in coil- 

a-helix conformation) and subsequently with Tris-HCI buffer which resulted in a 

P-sheet conformation (van Andel et al., 1987). This hypothesis that TFA stabilises 

or promotes peptide aggregation was investigated with the 16-amino acid ionic 

self-complementary segment (P16AI). This segment has been considered a 

possible model for amyloid aggregation due to its slow conversion from a-helix 

to P-sheet confonnation following its solubi lisation at high temperature (Zhang 

and Rich, 1997). When TFA was employed in the chrornatographic purification of 

the peptide, the i&ared spectra of the peptide show a stable P-sheet conformation 

unaffeaed by temperature. However, when TFA was washed out, a gradua1 

conversion similar to the opening of the AA aggregate is observed. The influence 

of TFA on the aggregation properties of the model peptides introduces an 

interesting aspect in the study of the behaviour of aggregated peptides because the 

synthetic peptides are fiee of al1 wmponents identified as possible stabilising 

agents in the tissue amyloids. The effect of TFA obsaved h m  wdd  



indicate that the aggregate is stabilised by salt bridges and that absence of these 

reinforcements allows an opening of the structure. The slow reaggregation, 

mentioned by Zhang and Rich (1997) was accelerated by fieezing the peptide. 

The reaggregation itself is not surprising considering the self-complementarity of 

the charges on the amino acids in the sequence. 

Finally, addition of Ub to AA contributes mininally to changes in the 

effect of increasing temperature. uideed, only a srnaIl retardation in the opening of 

the aggregated AA is observed. However, the stability of the structure acquired 

upon heating rnight indicate some protecting effect of the open form of AA 

brought about by Ub. Whether this effm is purely a result of steric hindrance or a 

true contribution fiom Ub cannot be assessed at this stage. However, this result 

could have interesting implications in the treatment of amyloid disorders. hdeed, 

if the presence of Ub in the ELs could contribute to maintaining the amyloid in 

open, soluble forni, following its disaggregation with a chemical or physical 

treatment, it rnight be more easily removed fiom the tissues. Althougb only 

speculative, this hypothesis warrants funher investigation of the effects of the 

presence of Ub on the structure of A 4  and on the precursor SAA. 

In this work, it has bien 'shown that a variety of peptides possess 

aggregated structures at ambient temperature. However, increasing the 

temperature nsulted in structural changes in some cases, but not ail. The rewilts 



obtained in this work illustrate the importance of the counter ion employed in the 

synthesis and purification of the synthetic peptides. The stability of the aggregated 

stmctures appears to be greatly affected by the presence of temaining TFA in the 

solution, as evidenced by the total stability of the peptide P16Ai in the presence 

of T'FA, and its disaggregation following removal of the solvent at elevated 

temperature. Finally, the most interesting conclusion of this work is that the 

presence of Ub confen a certain stability to the open form of AA. Additional 

work should be carried out to investigate this effect in more details on the 

precursor SAA and on the arnyloid itself to determine if it could be of help to 

understand the rnachanism of amyloid fornation. 



General Conclusion 

Interest in applying FTIR spectroscopy to the study of biomolecules for 

the development of diagnostic tools or to gain insight into pathological processes 

has increased at an accelerated pace with the advent of sophisticated new 

instrumentation. In this thesis. three specific fields of application of biomolecular 

FTIR spectroscopy have been investigated. The fesisibility of building an FTIR- 

based system for the identification of bacteria has been clearly established. The 

limitations of conventional FTIR spectroscopy as a tool for the screening of 

cervical smears have been investigated, and the potential utility of recently 

developed itifrared imaging systems for this application has been demonstrated. 

Finally, FTIR spectroswpic techniques for the study of protein structure have 

been shown to provide valuable information for the understanding of amyloidosis 

and amy Io i dogenesi S. 

In accordance with the specific objectives of this work, the FTIR method 

for bacteria identification has been developed in this work has been designed to 

the requirements of clinical laboratories, namely, by utilising disposable sample 

supports that can be autoclaved and discardesi, minimal sample preparation, and 

built-in data treatrnent procedures compatible with automation. It was established 

that among the data analysis techniques evaluated, supe~sed  pattern recognition 

techniques were more powerful than their unsuperviscd counterparts and that 

dedicated artificial neural networks provided the most efficient method for 

bacteria identification. The enlargement of the spectnl dataôases treated with 
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these mathemat ical met hods resulted unavoidabl y in a reduced capability for 

accurate identification. However, it was demonstrated that subdivision of the 

database on the bais of characteristics of the sample other than the spectral 

information alone reduced the impact of this problem on the identification 

capacity of the FTIR-based systern. 

The results obtained in research on the development of an FTIR-based 

method to replace or complement cytopathological screening of cervical srnears 

demonstrated that the use of conventionai instrumentation, which implies the 

acquisition of the spectrurn of the sample as a whole, did not permit classification 

according to the recognised diagnostic categories. Upon examination of the 

samples employing infiared imaging with a high degree of spatial resolution, it 

was concluded that localised areas of the sarnple possess spectral features that are 

not seen in the spectrurn of the sample as a whole and, therefore, that some 

spectral feanires associated with pathological changes in the cells are not detecteû 

in the analysis of the spectra because the a b n o d  cells are, in effect, too dilute. 

This method, at the current stage of development, cmot  be considered for 

clinical application because too many variables are still unknown. However, this 

work has succeeded in dernonstrating the possibility of presming the ceMcal 

sarnples prepared for FTIR analyeii for four years. This important achievement 

will be an invaluable asset as this tcduiology approaches implementation in the 

clinical laboratory because it has shown that the legal requirements for long-term 

storage of the samples can be met. 



In the third application discussed in this work, new insight into the 

stability of a number of synthetic peptides and tissue-extracted peptides related to 

amyloidosis was gaineâ. It was shown that FTIR spectroscopy could be used to 

monitor the structural changes in the tissue-extracted peptides as a function of 

tempeniture, pressure, and changes in pH. Such application of FTIR spectroscopy 

is not novel, but the information acquired provides new insights into 

amyloidogenesis. Aikaline pH conditions, high pressure and high temperature 

have been show to promote disaggregation of the longer amyloid peptides 

investigated, while the strong hydrophobicity of the shorter peptides maintained 

the aggregated structure intact even under extreme conditions. The presence of an 

acid commonly used in peptide synthesis has been demonstrated to have a major 

effm on the stability of the peptides, and some inhibition of disaggregation was 

observed in mixtures of amyloid A and ubiquitin, two components found in the 

amyloid plaques characteristic of amyloidosis. Clearly, these results warrant the 

utilisation of FTIR spectroscopy in amyloidosis research. 

The results obtained in this study c o d m  the value of FTIR spectroscopy 

as a biomedical tool. Additional research is necessary prior to the implementation 

of a diagnostic method for screening of ceMcal smears. However, the results 

obtained in the identification of bacteria 6om theu FTIR spectra indicate that the 

variables are well-identifid and can be controlled and that marketing of such an 

FTIR-based system could be possible in the near f ime .  
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Commcats: 
Th~s routine nuis unch Visual Basic 3.0 in combination with b c  3.1 and Excel5.0. Al1 soflwares neeà 
to be ninning pnor to opeatiag îhis program. The exœl sheets to be tilleci & to be created and saved 
before runxung îhe pogram Specûa need to have a commun bese file name and quential nwnberuig. 

Private Sut, Cornniandl -Click() 
Dim Heigh! .4s Single 
ReDim itemx(J000) 
ReDim iiemy(J000) 
IvsNewLineS = Cm( 13) + ChrS( 10) 
Smen.Mous&inter = 11 
Fom 1 .Hi& 

1vsHe;idingS = "SPECTRUM DiRECTORYn '' 
1vsMsgS = "input name ofdirectory in which raw spectra are siweû." 
&fial = "c:\baaeriabîaphyl\" 
DireaoryS = inputBox(lvsMsgS, IvsHeadingS, &ai) 

IvsHerrduigS = "SPECTRUM BASE FILENAME" 
lvsMsgS = "Input b s e  fdename under which spectra are saved" 
mal = "sau" 
Baseniund = inpitBox(lvsMsgS, lvsHeadingS, d e M )  

IvsHeadingS = "SPECTRUM EXTENSION" 
IvsMsgS = "Input extaision of spectral filename." 
& h l  = ".SpaW 
Extensions = InpnSox(1vsMsgS. 1vsHcadingS. defi.al) 

1vsHeadingS = "SPREADSHEET NAME" 
IvsMsgS = "Inpa name of sprea&heet in which data dl be saval (mm. 8 characters)." 
&hl = "exœl" 
SpeadshcetS = InpitBox(lvsMsgS. ivsHe;rdingS. &fial) 

IvsHeadingS = "SPECïRUM DIRECTORY" 
IvsMsgS = "ïnpil mme of directory in which specira will be txponed" 
dchial = "c:\bgcicria\staphyl\"cfia~yl\" 
DirectoryZS = InpdSox(lvsMsg$, IvsHeadingS, &fiai) 



1vsHeadingS = "FRST SAMPLE NUMBER" 
1vsMsgS = "hpt first sample mimber." 
&fial = 1 
SamF'i  = inpu~x(lvsMsgS, IvsHeadingS, &hl) 

IvsHcadingS = "LAST SAMPLE NUMBER" 
IvsMsgS = "input last saniple rmmbtr. N e :  Total n u m k  of samplcs o ~ n o t  e~ceed 230.1" 
m a l  = 6 
SamLast = InpilBox(lvsMsgS, IvsHeadingS, defval) 

ExecutcOMNIC "Maxtmize W uidow " 
i = Sheli("Exce1 " & DirectoryS & SpreadshettS & ".-Asn. 3) 
Forj = 1 To 1000 
DoEvenis 
N e x ~  j 
Text 1. LinkModc = O 
Textl.LinkTopic = "Excelln & DirectoryS & SpreadsheetS & ".?dsn 
Text 1. LinkMode = 2 

'uiitialize spreadshect row cwnter. 
lviRow = O 
For i = SamFust To SamLast 

ExecuteOMMC "Maxunize Winâoww 
ExecuieOMMC "Import " & DmxtoryS & "pe" & ExtensionS 
ExecutteOMNIC "import " & DuectoryS & BaseaamcS & FoniiaiS(i) & ExiensionS 
TitieS = getomnic("Spectnm title") 
title I $ = "unnonnalVIed " + TitleS 
SetOMMC "spectrum title", titiel$ 
'repocess 
ExecuteOMNIC "invoke Reprocess" 

'truncate 
SeloMNIC "Dlsplay ~ o n s t a r t " ,  UWW) 

SetOMMC "Display Regiomndw , 1 25 1 
E~ecuteoMNIC " B W  
WOMMC "Display Regionstarte, 899 
SetOMMC "Display Regronend". JO0 
ExecuteOMMC "Blank" 
'baseline correct 
' E x c c u t ~ C  "Badine" 

'ExecutcOMNIC "Export " & DitcroryZS & BasenamtS & FormatS(i) & ExtcnsionS 
'transfer to Exœf 

SetOMMC "Display RegionSm", 1250 
S e t W C  "Display Rcglollcnda, 900 
E x o c u ~ C  "daesohe 4" 
GciSpccDaia 1250,900 
For &O = 1 I o  GclSpccNum 

item(&) = (SpcDaqz%)) 
SpccData(z%) = ltcmx(z%) 

Next 2% 
Textl.hnkExecute "[WùsQw-nmximizej" 

'Uraement niw counter. 
t m w  = IviRow + 1 
For hiColuma = 1 To GdSpecNum 
Textl .Linkitan = "Ra & FormatS(1MRow) & "Ca & FormaiS(1viColw) 



Text 1 .Teut = itemx(1viColumn) 
Text 1 .LinkPoke 

Next lvicolumn 
Textl.Luildtem = "Rn & Formai$(iviRow) & "Cm & FormarS(GetSpecNwn + 1) 
Text l . T m  = Titles 
Teutl .LinkPoke 
ExecuteoMNIC "Select All" 
ExecuteOMNIC "DeteteSpectnimW 

Next i 
Te.- 1. LinkExecute "[SAVE()]" 
Fotj = 1 TO SOOO 
DoEvents 

Nexî j 
On Enor Resume New 
Text 1 .LmkExinite "[QWT()1' 
On Errer GoTo O 
Form 1. Shaw 
Screen.MousePointer = O 
MsgBox "End of pgram - press Exit button to close." 
End Sub 




