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Résumeé

Le sepsis est une d®r ®gul ation de | a r ®p
un dysfonctionnement des organesgageante pronostic vitaldu patient. Chaque

année, plus de 30 millions de cas de sepsis et 5 millions de déces sont estimés a travers

le monde. Le diagnostic du sepsis est basé sur des signes cliniques non spécifiques et

l a Il ongue proc®dure doidsabl éscdei ¢didée
détectionrapide et prs y mpt omat i que doéun sepsi S per me
stade pr®coce doéun traitement adapt ®, ma

les frais de santéssociés

La spectroscopie vibrationnell per met doobtenir une 606em
matériaux biologiques et présente de nombreux aspects avantageux. En effet, cette
technique est sans marquage, non invasive, sans contact, rapide, peu colteuse, simple

doutilisation uertd e ahés® cphr a®mptairlaltamsn. | o

L6objectifesttlee de®tvted o®Ptplede et doé6®val uer | e
vibrationnelle appliquée au sérum humaim v améliordr §e diagnostic de patients

atteintsd 6 weapsis. Les défis de la spectroscopie appliquée au sérum inhérents a la
nature de | 6®chantillon et ) |l a techni gt
spectroscopies infrarouge et Ramate méme que différentes préparations
do®chantill am®esnpoR@Rr®d®®mpPp mi ner | dappro

adaptéé | 6 anal yasvee cd uuns @rbuymect i f gl obal doapr

Ensuite, certains aspects de la phaseapadytique ont étéontrélésdans le but de
standardiser les protocoles dans Enipulation et la préparation des échantillafis

d d@ssurer la qualité et la reproductibilité des données spectrales collectées.

Finalement, a partir de la méthodologie développdes sérums de patients
septicémiques (n=380) collectés avant chirurgg @es qudé”™ 3 jours ava
diagnosticainsi qude jour du diagnostic ont été analysés. Les échantillons du groupe
contréle comprenaient des sérums (n=353) de patients ayant un profil similaire en

termes d6©ge, de sexejedmapson@®dyart cpas:



sepsis Les échantillons ont également été obteswisantla méme cinétique de
collecte. De méme, des échantillons (n=180) de pat@tentantin syndrome de
réponse inflammatoire systémique (SRIS)llectés avant chirgie et le jour du
diagnostic ont été analysés. Les données acquises oexpmtitéespar méthodes
chimiométriquesdans le but dediscriminer des zones spectrales reflétant des

différences de composition moléculaire.



Abstract

Sepsis is a dysreguéat host response to an infectibat causebfe-threatening organ
dysfunction. Each year, over 30 million cases and 5 million deaths are estimated
worldwide. Diagnosis of sepsis is based on -gpecific clinical signs and time
consuming positive identification of the causative pathogenRgpid pe-
symptomatic detection of sepsis would enable the early administration of therapeutics,

maximising their effects, reducing mortality and healthcare costs.

Vi brational spectroscopy can provide a 0fr
and presest manyadvantageouaspectsindeed, this technique is labeée, non
destructive, noitontact, rapid, costffective, simple to operate, and requires only

simple sample preparation.

The objective of this study was to develop and evaluate the potentiddrafional
spectroscopy applied on human semvith the aim to improve diagnosis of patients

with sepsisChallenges of serum spectroscopy inherent to the sample nature and to the
techniquehavebeenassessedifferentinfraredand Ramarspectroscopynodalities

as well as different serum sample preparations have been compared to determine the

most suitable methodology approach with an overall clinical application purpose.

Then, ®me aspects of the pemalytical phase have been addressed in order to
stardardise protocols in sample handling and preparation for spectral acquigitions

ensure quality andeproducibility of spectral dateollected.

Finally, based upon the developed methodology, patient serum samples (n=380)
collected before surgery, up taldys before sepsis diagnosis, and on the day of sepsis
diagnosishave been analysedControl serum samples (n=353) from age/ sex/
procedurematched patients who did not go on to develop sdpmi® beeralso
analysed over similar timeframes pgsirgery aswell as samples (n=19Gyom
patiens with systemic inflammatory response syndror8@ectral data acquirdthve
beeninterrogated by chemometric methadsdiscriminate spectral zones reflecting

differences in molecular composition.
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Figure 21Assessing the 0606coffee ringm@eansef f ecH
clustering White light images €tcolumn), total absorbance spectral imagé$ (2
column) and Kmeans cluster images'{2olumn) of pure, 1/2, 1/3, 1/4 diluted
0.5 pL serum drops respectivelg-d). Color bars represent the 5 classes of the
K-mean clustering and their associated percentégesys indicate edges of the

Figure 2.2 Centroids of the Kmeans clustering results in 5 classes of Figures 2.1 and

Figure 23Assessing the 0606coffee ringm@eansef f ecH
clustering. White light image (left), total absorbance spectral image (middle) and
K-means cluster image (right) of a pure 0.5 nL sedwop.Color bars represent
the 5 classes of the-Kean clustering and their associated percentage....79

Figure 2.4 (a) Spectral image of total absorbance of a BSA drop section at a
concentration of 5 mg/mL. Numbers represeffedent zones of interesfones
1 and 2 correspond to the centaed 3 to 7 to the ring of the drop. Zone 8 is the
Cak substrate. The white scale bar represents 10qrRCA plot of IR spectra
from the different regions (1 to 7) ¢fie BSA drop (8)........eveeeveeeiiiieeerienne. 80

Figure 2.5(a) Spectral map total absorbance of a 0.5 nL drop acquired by Synchrotron
FTIR microspectroscopyb) PCA plot of IR spectra from the periphery (blue)
and centre (red) of a NL SErum drap........ccoeveeeeieiiiiiiccceeeeeeeee e 81

Figure 2.6 (a) PC 1 loading from the PCA Figure 2.5b) Mean preprocessed IR
spectra from periphery (blue) and centre (red) of a nL pooled serum. drdfil

Figure 2.7 PCA plot of Raman spectra collected in the periphery (blue) and centre
(red) ofpooled serum drops (0.5 PL)..eueeiiiiiiiiiiiiiiiiieieeeee e 82

Figure 2.8 (a)PC 3 loading from the PCA Figure 2(B) Mean pe-processed Raman
spectra collected in the periphery (blue) and centre (red) of pooled serum drops

Figure 2.9 (a) White light image of a BSA drop section at a concentration of 100
mg/mL. (b) PCA plot of Raman spectra from the ring (blue dots) and the centre
(red dotS) Of BSA ArOPS......uuueeiiiei ettt eeee e 33

Figure 2.10Liquid serum Raman spectroscopy. Raw spectra collected from 30 pL
pipetted in a well of an aluminium plate, on the surface of the liquid serum (blue)
and 2 pm under the surface (red)-........ooooeeiiiiiiiieren e 84

Figure 2.11Liquid serum Raman spectroscopy. Raw spectra collected from 130 pL
in a quartz cuvette at different depths 0.8 (green), 1 (red) or 2 mm (blued5
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Figure 3.1 Schematic methodology representatibreD)i | ut i on test stud
on human pooled serFuourbyrhitghhnsfioowmgh
FTI R) spectroscopyl bBRATI RT laRh di naogtianlg . a |
reflect-FOhR(APRBRErtrioscopyt compp@em+£n0 med
and -posB85) surgery patient .s.er.u.n6sampl e

Figure 3.2HT-FTIR raw spectra of nediluted human pooled serum (blue), diluted
samples (Zold: green; 3fold: red; 4fold: cyan; 5fold: black) and physiological
water as negative control (i)............ooovviiiiiiiiiiie e 98

Figure 3.3Variance study performed on FHTIR raw(a; b; c; d) and preprocessed
(e; f; g; h) mean spectra (black) of diluted human pooled serum. Standard
deviation iS repreSented iN QreY...........uuuuueeeeieeeeieeeirreieeeeeereeee e e e e e e e e eeeees 100

Figure 3.4 Serum dilution study by FTIR imaging of dried drops. @& spectral
Images were atmospheric corrected. Other spectral images were reconstructed on
a single wavenumbeAbs: absorbance...............cccoiiiiieeen 102

Figure 3.5ATR-FTIR and HFFTIR comparison study on pre and pestgery serum
samples. ATRFTIR (a) and HFFTIR (d) pre-processed mean spectra of patient
serumprior to surgery in red and after surgery in blue. AHRR (b) and HT
FTIR (e) PG-DFA scatter plot, prgprocessed serum spectra of patients prior to
surgery are represented by red triangles and after surgery by blue triangles over
the spectral range o200-950 cm'! with their respective 90% confidence ellipses.
ATR-FTIR (c) and HT-FTIR (f) correspondindF1 loading from whole patient
serum.(g) HT-FTIR and ATRFTIR spectra (from a and d) in red and green
FESPECTIVEIY....ceiieiiiiii e e 105

Figure 4.1 Experimental protocol fostudying the impact of dilution and volume on
spectral quality test. S: spread dried drop, NS:sfnead dried drop, QT: quality
LESTS ] SR TSP PTUPTPTRPPUPPPRTR 116

Figure 4.2 Scatter plots based on the amide | absorbance value of $ajuand
plasma(b) replicate FTIR spectra from spread and-spread dried drops (5 pL
deposits onto 3 mm diameter well) at various dilutions. Validated and discarded
spectra after the quality test are represented by green and red dots respectively.
The median absorbance value is represented by the black bar. 8 dsprealrop,

NISH o] e 5] o] == To Mo [1T=To o [ £0] o JS 122

Figure 4.3Photographs of different volumes of dried serum drops on 7 mm diameter
wells (a) and 3 mm diameter wel(b). S: spread drop, NS: na@pread drod23
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Figure 4.4(a) Hierarchical cluster analysis of FTIR ppeocessed spectra frorff@d
diluted serum (5 pL) spread (light blue) or repread (red) over the surface of 7
mm diameter wells(b) PCA scatter plot of the spectral dataset from(@)PC1
and PC2 10adingIdm (D) ......cccooveiiiiiiiiiieeeee e 124

Figure 4.5(a) Hierarchicacluster analysis of FTIR pyprocessed spectra frorff@d
diluted serum (5 pL) spread (light blue) or repread (red) over the surface of 3
mm diameter wells(b) PCA scatter plot of the spectral dataset from(@)PC1
and PC2 loadings from (D)........coooeeiiiiiiiieeeee e 125

Figure 4.6(a) Hierarchical cluster analysis of FTIR goeocessed spectra from dried
spread serum dropsf8ld diluted using either physiological or distilled water
(deposits of 5 uL onto 3 mm diameter welld)) Photograph of serum diluted
with physiological water @ft) and distilled water (right).............ccoevvvnnnnnes 127

Figure 4.7 Comparison of FTIR prprocessed mean spectra of plasma collected in
tubes containing lithium heparin (red) or EDTA (blue) as anticoagulants without
dialysis(a) or after dialysis with a 10 kDa membraffm. ..............cccccceeennn. 128

Figure 4.8(a) Hierarchical cluster analysis of FTIR ppeocessed spectra from fresh
serum and after up to 5 freetteaw cycles (deposits of 5 pL;f8ld diluted onto
3 mm diameter wellsYb) PCA scatter plot of the spectral dataset from (@),
PC1 and PC2 loadingsom (b). Fresh serum (dark blue), freghaw cycle 1
(pink), 2 (light blue), 3 (orange), 4 (green), 5 (red).......ccccvveeeerreeiieenennee. 129

Figure 4.9Hierarchical cluster analysis of FTIR ppeocessed spectra from serum of
three patient samples deposited on a same silicon plate on three different days
(deposits of JuL, 3-fold diluted onto 3 mm diameter wells)..................... 131

Figure 4.10(a) HCA of FTIR spectra from-2old diluted serum (5 pL) deposited onto
3 mm diameter wells and left dried at room temperature 1h (blue), 2h (green) or
24h (orange).(b) PCA scatter plot of the spectra of serum dried at room
temperatee 1h(blue) and 2h (green)c) PC1 and PC2 loadings from (i) PCA
scatter plot of the spectra of serum dried at room temperature 2h (green) and 24h
(orange)(e) PC1 and PC2 loadings from (d).............ccoeeviiiiiiieeeneeeeeennn, 133

Figure 5.1 Schematic of the experimih study design, instrumental serum replicates
are deposited onto a silicon plate (384 wells). S: serum, P: plasma......142

Figure 5.2Normal saline normalised absorbance spectrum......................... 143

Figure 5.3Example of the intealiquot reproducibility assessment by HCA of 50 uL
of serum 1(a), 2 (b) and 3(c) into 0.2 mL capacity plastic tube. Second derivative
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instrumental replicate spectra of the aliquot 1 and 2 are represented in red and
green respectively over the spectral range BBDCM. ............ccoeevveevennen. 144

Figure 5.4Example of the volume and tube impact assessment by PCA of s¢a,m 1
d), 2(b, e), 3(c, f) on the first (ac) and last experiment-{ performed. Spectra
of 50 uL of serum stored in 0.2 mL capacity tubes are represented by green dots.
Spectra of 50 pL or 100 pL of serum stored in 1.5 mL capacity tubes are
represented by red dots and [@ecrespectively........cccooeevveeieiiiiiiieeenee. 145

Figure 5.5 PCA peformed on 3 subject serum specti@l( S2, S3) in the spectral
range 4006800 cm'* over a 9 month experiment&1-E9) to assess the impact of
a longterm storage. PCA on E8 data was not performed as the majority of the
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control preprocessed spectra without water correc{@yor corrected for water
content by PC1({b), EMSGis + PC1r(c) and PCl¢ (d) methods. The mean
spectrum of sepsis (red) and control (green) group are presented for comparative
01U 010 E] = PP 175

Figure 6.12Influence of the different water corrections on the discrimination of sepsis
(S0, S1) against control (CO, ) serum spdra assessed by RF. Feature
importance (blue) responsible for the discrimination of sepsis and control pre
processed spectra without water correc{@nor corrected for water content by
PC1r(b), EMSGis+ PC1r(c) and PClg (d) methods. The mean spectrum of
sepsis (red) and control (green) group are presented for comparative purposes.
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|.1 Résumé du bapitre I. Introduction

l.1.1 Le sepsis
.1.1.1 Incidence

Le sepsis est une d®r®gul ation de | a r ®p
un dysfonctionnement des organesgageante pronostic vitaldu patient. Le choc

septique est défini comme un seerssemble du sepsis dans legsetviennentde

profondes anomalies circulatoires, cellulaieé métaboliqgugqui sont associées a un

plus grand risque de mortafit¢ Le sepsisst une cause majeure de déces dans les
hopitaux,notammentians les services de soins interfsifs Mal gr ® | e manqu e
®pi d®mi ol ogi ques robustes, en particulierl
du sepsis est estimée a plus de 30 millions dé desvers le monde par ansetrait
responsable de plus de 5 millionsde dédé$ i nci dence du sepsi s
dans un futur prochen conséquenceudvieillissement des populations des pays
d®vel opp®s et de | 6augmentation?® des cas
RoyaumeUni, environ 147000 cas sont estimés chaque année dans les hépitaux,
causant le décede 44 000 personnes et des codlts directs de 830 millions de livres
sterling au systéme de santé britanniqudlH& (National Health Servicé)De plus,

les patients ayd survécu a un sepsis peuvent souffrir de séquelles physiques et
cognitives ou @ ustress postraumatique nécessitant des soins a long terme et des

frais de santé supplémentaifes.

[.1.1.2 Diagnostic

Bien que le sepsis est une incidemte m° me qubdune morbidit®
aucune technique 66gold standarddéd nbdexi
sepsis et sa définition estujoursen évolutiod2 L a di fficul t® du di
sepsis est due sa nature compléeesepsis peut étraasépar différents pathogenes,

le plus communément par démctéries mais aussi desrus, champignons ou
parasites’. De pl us, l e d®vel oppement doéun sepsi

d 6 u n ntppartexemple la coexistence de maladies (chroniques), une déficience du
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systéme immunitaire, la génétique, la prise traitement médicamenlieest aussi
connu que le sepsis a une plus forte incidence lelsdgzommes que chez les femmes,

ainsi quechez les enfants et populations adgées

Un autre point cruci al danscdtei odni adgen ols & &
pathogene e sponsabl e de | 6infection. Mal gr ® d
principale m®t hode doidentification reste
procédurdongue(généralement de 24 a 48h) et est positive dans seulement 30 a 40%

des casCela est di au fait que certains microorganismese réveloppernas dans

ce type de cultussou le fait que certains patiengsuventecevoirun traitement avant

lepr ® 1 “vement doé®FHRanAiinsionsj uws gudsgiucces g u
identi fi®, | es patients sont trait®s par
pour couvrir les pathogenes les plus cams (bactéries, champignons, virus) avant

de cibler le traitement pour réduire les dépenses de santé et prévenir la résistance aux
antibiotique$*. Prodiguer un traitement dans | 0
hypotension chez un patiesh chocseptique est associé a taux de survie de 80%, ce

taux décroissant & chaque heure de rétdfdL 6 admi ni strati on do
traitement initial r ®dui t?2 pissitlddéntificaticn c hanc

rapided omas de suenpes iismpeosrtt adnbc e maj eur e pour |

De par la complexité de la pathogénése et la nayistémique du sepsis, il est certain

gue de nouvelles stratégies impliguant une combinaison de biomarqueurs devraient
°tre consi d®r ®es pour |l e diagnosti c, | €
traitements pour le sep¥tsAinsi, le concept de recherche de signatures spectrales
dans | es ®chantil | omgnptdneatignement dpparailcersmed e |
une approche prometteuse pour un diagnostic rapide et afin de permettre une

intervention thérapeutique précéte

|.1.2 La spectroscopie vibrationnelle

La spectroscopie vibrationnelle concerne les techniques optiques spécifiques

que sont la spectroscopie infrarouge (IR) et Raman. Ces techsonaeEst les
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rotati ons et vi brati ons i ntr acnest ®c ul a
irradié avec une source luminetfsé.a relation lumiéranatiére est décrite par

la théorie électromagnétiqde Maxwell*®. La spectroscopie vibrationnelle a été
utili s®e pour anal yser un vast e rang
chimiques, physiques et biologiques. Les liaisons moléculaires gumesi
constitutives présentent de nombreuses formes de vibrations qui interviennent a
différentes énergies correspondant a différents niveaux de transitions. Les
spectroscopies IR et Raman sont des techniques complémentaires qui permettent
déoobtenmpr eeinet &®& ou O06signaturedd de:
échantillon selon que leurs liaisons possédent une activité IR ou Raman.
Certaines vibrations permises en Raman, peuvent ne pas se produire en IR et

inversement.

[.1.2.1 La spectroscopie infrarouge

La spectroscopie IR &est d®f i nie comme |
découlat du mouvement moléculaire detériaux di au déplacement atomitjuers

d 6 uinteractionintime avec une source infrarod§eEn fonction du choix de

modalité utilisée,d rayonnemenpeut éte soit transmis, réfléchi en interne, réfléchi,

ou transflecté (une combinaison de transmission et de transfledtian). sine d 6
interaction lumierematiere, | a l umi r e infrarouge provo
vibrationnel supérieur due aur ansf erntt adé® od6aquébabpaquet sod
certaines |l ongueurs doéondes en fonction ¢
transitions permettent | dobtention dbédun
étre interprétés qualitativement (position daspet quantitativement (intensité des
pics/aires, intensité relativeDans le casde la spectroscopie IR, les bandes
proviennent d'un changement du moment dipolaire électrique des molécules.
Léabsorbance des bandes est proportiont

moléculaires du matériel étudié comme énoncé par loi delBeabert.
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[.1.22 La spectroscopie Raman

Léeffet Raman const dddiffesior de la umiereittique s s p o
de phot ons Tinteraationentre une radibtion m@nochromatique (ex:

source laser) et un échantillon. Lors de deteractionles deux processus de diffusion
élastique et inélastique prennent place. Une grande proportion de phstons e

®l astiquement diffus®e sans changement d
moléculaire). Ce phénomeéne est connu sous le nom de diffusion R&Y/Iemisque

les photons transferent de I'énergie aux molécules sous forme d'énergie vibratoire, la
perte d'énergie des photons diffusés correspond aux niveaux d'énergie vibratoires des
moléculesCe processus est la diffusion Rar&tokes. Les photons incidepeuvent

en retour recevoir de 6 ®ner gi e des mol ®cul es en Vvi b
augnentent, décrivante principe dela diffusion Raman antstokes. En Raman
spontané, la diffusion Stokes est généralement utilisée en raison de sa plus grande

sensibilité.

.1.30bj ecti f de | 60®t ude

Le principal objectif de cette ®tude est
spectroscopie vibrationnelle appliguée au sérum humain paisdeosticrapideet

présymptomatique du sepsis.
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|.2 Sepsis

|.2.1 Incidence

Sepsis is defined as6 6 Hhrehtening organ dysfunction caused hyyaregulated
host responandsdamtianfxeitddlonadsd ia subset of
profound circulatory, cellular, and metabolic abnormalities are associated with a
greater risk of moafity than with sepsis alodk? Sepsis is a leading cause of death

in hospitals, especially in the Intensive Care W@tU)3. Despite a lack of robust
epidemiological studieparticularlyin developing countrieghe incidence of sepsis

is estimated to be over 30 million cases worldwide per year and is responsible for more
than 5 million deatts The incidence of sepsis is believedrterease in the future due

to agingpopulatiors in developed countries and the increase of multidrug resistance

In the Lhited Kingdom(UK) up to 147000 sepsiscasesare estimategber yearin
hospitals, causing4,000 deaths, andirect costs of &0 million to the National

Health Service(NHS)®. Patientsurviving sepsiscan also suffer from physical,
cognitive impairmets or Posttraumatic Stress Disord@®TSD)requiringlong-term

treatment anddditional healthcare co$t¥.

|.2.2 Diagnosis

Although sepsis has a high incidence as well as a high morbidity and mortality, there
is no gold standartechniqueo diagnose sepsisd its definition is still evolvingt12

The difficulty occurring in the diagnosis of sep@slue to its complex nature. Sepsis
can be caused by different pathogens, more commonly by bdmie&kso virus, fungi

or parasites. Among Qampositive bacteria Staphylococcus aureusand
Streptococcus pneumoniaae the most commosource of sepsis as well as
Escherichia coli klebsiella species, andPseudomonas aeruginosamong Gam-
negative bacteridneumonia is gnmain causewith intraabdomiral and urinary tract
infections. Another difficulty to establish a diagnosis is the fact that sepsis i
depemlent upon thepatiens geneal health conditions such as the presence ef co

existing (chronic) diseases, immune system deficieg@yetics medications Sepsis
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is also known to &ve a higher incidence in males than femateshildrenand elderly

populatiort*.

It is establishedhat sepsistriggersboth pre and antinflammatory responses also
leads to profound modifications of ndmmunologic parameters. Therefore, following
the recent update of the sepsis definftjdhe use of th&equential Organ Failure
Assessment (SOBAscore is recommended to identify potential cases ciseghen
infection is suspected among patiemtsthe ICU. Criteria ofthe SOFA score are
presentedn Table 1.1land to summarise, respiratoffyaction of inspired oxygen,
partial pressure of oxygengoagulation (platelets), liver (bilirubingardiovascular
(hypotension), central nervous system (Glasgow Coma ScorelZpcatel renal
(serum creatinine or urine output) factors are assessed during a patient stay in the ICU
to evaluatehe degree and evolution of organ dysfunction on a score from 0 to 4 for
each orgalf. A high SOFA score is correlated with a high mortalityrat diagnosis
based on at least 2 of th&ygstemidnflammatory Responsey8drome(SIRS) criteria
basedon body temperature, heasdte, respiratory rateand white blood cell count
(Tablel.2) hasbeen declared not enough specific to diagnospsisbut may still be

of usé?®. Indeed, SIRS criteria are common toigats with differentnon-infectious
conditions such as trauma, pancreatitis, isch&r@ptic shock can be recognised
when a patient requires a vasopressor administration to mamnteiean arterial
pressure at a minimum levafl 70 mmHg. Although the utility of Eate measurement

to characteris a septic shock is still debated, a lactate level greater than 2 mmol/L
associated with hypotension represeartiigher mortality risk population and therefore
both criteria can be héigl to identify septic shock patiest¥.

A simpler version of the SOFA score, the quick SOBSQFA score, has been
adapted to rapidly identify patients with suspected infection, and therefore potential
sepsis cases, outside of the ICU. Criteria of the qSOFA score are a minimum
respiratory rate fo22/min, an altered mental status angnaximumsystolic blood
pressure of 100 mHy. Further investigations should be considered for patients with
at least 2 of the criteria described to confirsemsié. An overview of the criteria

allowing the identification of sepsis asdptic shock cases is presente&igure 11.
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Table 11 Sequential Organ Failure Assessment (SOFA) score, adapteddfdat
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Table1.2 Systemic Inflammatory Response Syndrome (SIRS) cfitemaef 1

Variables SIRS criteria
Temperature >38°C or < 36°C
Heart rate >90/min
Respiratory rate >20/min or PaCg<32 mmHg

>12 000/puL or <4000/pL or

White blood cell count oo = - ture neutrophils

Patient with suspected infection

QSOFA >2? No Sepsis still No Monitor clinical condltlon, .
- » reevaluate for possible sepsis
(see(A) suspected? S Sl
- if clinically indicated

Yes Yes

Y

Assess for evidence
of organ dysfunction

Y

SOFA >2? No Monitor clinical condition;
(see(B) » reevaluate for possible sepsis
= if clinically indicated
Yes
) 4
Sepsis - (A) qSOFA Variables

Respiratory rate
Mental status

\ 4

Despite adequate fluid resuscitation,

1. vasopressors required to maintain No Systolic blood pressure
MAP 265 mm Hg
AND
2. serum lactate level >2 mmol/L? (B) SOFA Variables
Pa0,/Fio, ratio
v Yo Glasgow Coma Scale score
Septic shock Mean arterial pressure

Administration of vasopressors
with type and dose rate of infusion

Serum creatinine or urine output
Bilirubin
Platelet count

Figure 1.1 Clinical criteria identifying patients with sepsis and septic s
reproduced fronref 1. SOFA: Sequential Organ Failure Assessment, gS

guick SOFA, MAP: mean arterial pressure.
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A crucial point in the diagnosis of sepsis is the identification of dhesative
pathogenic agent(s). Despite recent technological advances, the principal method of
identification is by culture of clinical sampl#sat are time consumir(@sually within

24 to 48hjandare positiven only 30 to 40% oftasesThis is due totte fact thatsome
microorganisms do rigoropagatan culturesor patientshavereceived medication
before obtairing clinical sample&® 2. Therefore until the pathogen is ideiaif,
patients are treated via breagectrum antimicrobial administration to cover the most
common pathogens (bacteria, fungi, virbejore narrouwng the treatmentThis isto
reduce cost and prevent drug resistéhd@roviding a teatmentwithin an hour after
observation of hypotension in septic shock patients is associate@@itlsurvival
this decreasewith every houof delay® 2’. Administering thavrong therapynitially
decrease by 5fold the chance of survivdl Hence, the successful and rapid

identification of sepsis is of paramount importance for successful treatment.

|.2.3 Pathogenesis

During sepsispathogerassociated molecular patterns (PAMR®nserved microbial
structures such as estdxins (lipopolysaccharig), peptidoglycan, lipoteichoic agid
flagellin, mannan or viraibonucleic acidRNA), are recognised by the host immune
cells trough patterarecognition receptors (PRR$ Pathogens of different
natures are detected by 4 main PRR familieglj-like receptors(TLRs), C-type
lectin receptorCLRS9), retinoic acid inducible geng-like receptors(RLRs) and
nucleotidebinding oligomerisatiomlomainlike receptor§NLRs)®. The activation of
immune cells triggerd) the overproductionof pro-inflammatory mediators, in
particular cytokines, this phenomenoris termedi c yt o ki n e 2)sthieor mo
systemic activation of theomplementsystem part of thehostinnate defencs
against pathogensvhich also promoteshe inflammatory respon&€®. Another
consequence ahis pro-inflammatory response is the activation of the coagulation
pathways resulting idisseminated intravascular coagulatioAll thesecombined
effects result in necrotic cell death and host tissue damage that réteaage

associated molecular patterns (DA8|Recognised by the same PRHE$AMPS,
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accentuatinghe inflammatory process. Moreover, a parallel -axftammatory

response leading to leukocyte apoptosis (programmed cell death) contabute

immunosuppression and increased patsrsiceptibility to second infectiohsA

schematic representation of a h@stpone during sepsis is presented-igurel.2.

Proinflammatory response Excessive inflammation causing collateral damage (tissue injury)

Damage-associated
. Perpetuation of inflammation molecular patterns

5 %
Pathogen factors i

Load

Virulence
Pathogen-associated §)
molecular patterns

Proteases
Reactive oxygen species Complement products Coagulation proteases

! f f 1 f
.2 B
© B Leukocyte activation Complement activation Coagulation activation Necrotic cell death
« \
3 y z T g z
£ Yy Neuroendocrine regulation Imp.mred function Inhibition of promt.lar:nmatory
= of immune cells gene transcription
& Brain l J_
)
-g : l fT, B,
/ 2 Apoptosis of T, B, X\ :
o Vagus 3
g'; | RLRs negrve > Celiac and dendritic cells \ \
4 Endosome ganglion . %
I 0 ‘ _:33‘ 2 Antiinflammatory cytokines
Host cell intlevse:ir;\e Spleen 2 ) Soluble cytokine receptors
‘ ; Negative regulators
Narenineohine Expansion of regulatory of TLR signaling
s Tand myeloid /2R Epigenetic regulation

Host factors Hypothalamic— / suppressor cells O

Environment pituitary—  — Acetylcholine -

Genetics adrenal axis o l ; . . . ‘

Age Inhibition of proinflammatory -

Other illnesses cytokine production Impaired

Medications / phagocytosis

Adrenal — Catecholamines
gland Cortisol

Antiinflammatory response Immunosuppression with enhanced susceptibility to secondary infections

Figure 1.2 Host response during sepsis, reproduced frefi3.

|.2.4 Biomarkers

Biomarkers for the diagnosis of infectious disease may include, genetic, protein and

metabolomic materials derived from either the host or the pathogen. From the initial

interaction onwardghe majority of biomarkers available to measure are derived from

the host since pathogen numbers are very low and the host is able to utilise components

of both the innate and adaptive host response to drive an appropriate response. In

serious infectiomwhen pathogens are able to overcome the early host response to their

presence, their numbers increase at an exponential rate resulting in significant
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mortality rates. In such cases, the relative concentration of microbial biomarkers
increase over time whist biomarkers associated with the ongoing, yet ineffective,
host response are still readdgtectabléFigure1.3)33,

Pathogen

Host Biomarkers

Time from exposure

Figure 1.3 The relative contribution of hc
and microbial derived biomarkers to ena
diagnosis of infection, reproduced fraaf 33

A review has reported investigations of over 170 potentiatthested biomarkers
for sepsis diagnosis. However, not a single biomarker has been rigiatde to
diagnose sepsis with enough sensitivity and spégifand no clear biomarker has
been identified to differentiate sepsis from sterile SIRS or local inféétion
Procalcitonin (PCT and Greactive protein (CRP are the most widely used
biomarkers of sepsis despite a ladkspecificity. Indeed, an increased level of PCT
and CRP are observed in nimrfiectious inflammatory conditions such as trauma or
major surgery. Similarly, cytokines such as interletkifiL-1), interleukin6 (IL-6),
interlekin-8 (IL-8), interleukinr10 (IL-10) or tumor necrosis factor (TNRave been
identified in several studies as potential sepsis biomafkerereas their levels also

increase after trauma and surger.

Over the years many clinicaltrials have failedo demonstrate the efficacy of new

therapeutics in improving sepsis patient survivalOnly one treatmenhas been
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commercialsed in 200X Xigris, Eli Lilly), based on the administration to patients with
septic shock of mmbinant human activat@dotein C(aPQ which has anticoagulant

and antiinflammatory action®. However, the treatment was withdrawn from the
market in 2011, as no significant difference in midstaate decrease was obtained

between septic shock patients supplemented with aPC or treated with alacebo

Due to the complexity of the pathogenesis and ysgemic nature of sepsis, it is clear
that new strategies implying combination of biomarkers should be considered for the
diagnosis, prognostic and elaboration of new treatments for ¥eg=is example,
sepsis patients were differentiated from SIRS patients thanks to a combwfadion
genes $eptiCytéM Lab, Immunexpress, InéJor with 11 genesSepsis MetaScore)

in another studi}. A publication has also demonstrated tvaen usinghostderived
biomarkers it is possible tdistinguish patients with sterile, viral or bacterial acute
respiratory inflammatioff. A recent article have shown the ability to determine 4
sepsis subtype populations and with the identification of 2 genes for the
characterisation of patients with the highest mortality raté¢%iskoreover, using 7
biomarkerspreliminary evidence has been produced which indicates that it is possible
to identify the presence of an infectious organismugh analysis of host biomarker
signatures before patients become symptorfifafitius, the concept of searching for
such signatures in host biofluids ymptomatically appears as a promising avenue

for exploration in order to enable early therapeinterventiors®.

Note: following sectiond.3-1.5 are a modified version of a publishadicle

Developing and Understanding Biofluid Vibrational Spectroscopy: A Critical Review,
M. J. Baker, S. R. Hussain%. Lovergné, V. Untereiner, C. Hughes, R. A.
Lukaszewski, G. Thiéfin, G. D. Sockalingu@hem. Soc. Re\2016, 45, 1803818
[*equal contribdion]

|.3 Vibrational spectroscopy

Vibrational spectroscopy relates to the specific optical techniques of Infrared
(IR) and Raman spectroscopy. These techniques probe intramolecular vibrations

and rotations of the sample whémadiated with light®. The lightmatter
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relationship is underpinned by the electromagnetic theory postulated by
Maxwell*®. Vibrational spectroscopy has been used for analysing a myriad of
samplesn chemical, physical and biological applicatio@®nstituent chemical
molecular bonds present many forms of vibrations which occur at different
energies corresponding to different allowed titamss. IR and Raman
spectroscopies are compl ementary and
the molecules contained within the sample depending on whether their bonds
exhibit Raman or IR activities. Certain vibrations that are allowed in Raman

may be forbidden in IR andice versa

Two categories of funa@mental vibrational modegan occur, stretching
vibrations (symmetrical orasymmetricgl with a variation in molecular bond
length Figurel.4a) and bending vibratior(@- or outof-plane)implying bond
angle changeg-{gurel.4b). A diatomic molecule possesses oate vibrational
mode, stretchingvibrations whereas a polyatomic moleculexhibit more
complex profiles. Indeedan N-atomic molecule has3N-6 fundamerdl
vibration modes with one exception for linear molesulhich have 3N5

modes as no rotation around their axis is pos¥iffie

a b
//‘\\, ,

\{ %

Symmetrical stretching Wagging Scissoring
o A=
Sy ¢ N - /
Asymmetrical stretching Twisting Rocking

Figure 1.4 Stretching(a) and bendindgb) molecular vibrational mode#&dapte:
fromref 48.
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|.3.1 Infrared spectroscopy

Infrared spectroscopy (IR) is broadly defined as the study of absorption
characteristics arising from the molecular motion of materials due to atomic
displacemertf upon intimate interaction with an infrared soifc®epending

on themodality of choice, the radiation can be either transmitted, internally
reflected, reflected, or transflected (a combination of transmission and
reflectance)During the lightmatter interaction, infrared light causes a molecule

to enter in a higher vibtimnal state due to the transferfigfuanta or opackets

of energy at certain wavelengths dependent upon the composition of the matter
under analysiskigure 15 illustrates the energy level transition involved in the

IR absorption process compared to Raman scattering showing that vibrational
energy levels can be probed with both techniques using different physical
processes. These transitions result in a speatomstituted of peaks/bands that
can be interpreted qualitatively (peak position) and quantitatively (peak
intensity/area, relative intensity). For IR spectroscopy the bands arise from a
change in the electric dipole moment of the moleculeg absorbancef the
bandsis proportional to the concentratiaf the molecudr bonds of a studied

material aexpressedy the BeeiLambert law:

NN T ex
o] II% - &

lo: incident light intensity

I: transmitted lighintensity

U molarextinctioncoefficient(L.mol™.cm™®)

c: concentration of the absorbingaterial(mol.L™?)

I: path length ofthelight within the absorbingnaterial(cm)

The IR region extends from 12500 €800 nm) to 10 crh(1 mm) and is divided in
3 domains, the nedR (NIR) region from 12500 crh(800 nm) to 4000 crh(2.5 pm),
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the midIR (MIR) region from 400@m™ (2.5 um) to 400 cm (25 um) and the falR
(FIR) region from 400 cm (25 um) to10 cm! (1 mm). The majority of organic
compound vibrations are known to occur in the #dregion which is thus the

preferential domain for biological sample investigatféns

a
Excited
state
T ' """"" LoTTTTrTT T Virtual
-___._-_--____..“’._'_.l‘-__.._-_“‘.'_.'a ______________ state
>
(o))
e
2 e o .
a | % s | B w| |2
hug 5 hu n hu <
0 t 2 b
IF= i IS
A Vibrational
y levels
Av v v Av 1 Lvib
Ground
Raman Rayleigh Raman ‘ﬂ_‘ state
anti-Stokes scattering Stokes Infrared
scattering scattering absorption

Figure 15 Energy diagram showing transitions involved du
infrared absorption, Rayleigh, Raman Stokes and -&tuke
scattering. This Jablonski diagram shows that the same vibrat
states of a given molecule can be probidtwo different routes; or
directly measures the absolute frequency (IR absorption) and the
measures the relative frequency or Raman shift (Stokesaatk
Stokes). by~ incident laser energy, hy = vi br at i on:
Raman & Hhvibfational frequencied.

.3.1.1 Instrumentation

A FourierTransform(FT) spectrometers composed by 3 main components, an

IR light source, a Michelson interferometer andietector(Figure1.6).

1.3.1.1.1IR light sources

In IR spectroscopyhe most common source of polychromditgbt in the MIR
regionis a Globar source based on thermal radiation resulting from a silicon

carbide rod electrically heatetlowever, he launching of new IR imaging
devices incorporating higimtensity tunable quantum cascade lasers (QCL
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could revolutionise the way clinical IR images are acqdirddigh-throughput

IR chemical imaging is now in its early days, and needs to be tested and
validated. However, a gain of three orders of magnitude in acquisition time has
recently been reported f or® Combigng s amp
signal enhancement frosurfaceenhanced infrared absorptig8EIRA) and

fast imaging using a QCL source with small bandwidths, a recent study claimed

a ~ 200 fold gain in imaging tiri&

Fixed mirror

A
—
v
IR - # N Movable
source - h “ mirror
Beamsplitter
\
Sample
\
Detector
\I/ Spectrum
FT |
S— —_— ‘
Interferogram ’

Figure 1.6 Schematic of an FTIR spectrometer with a Miche
interferometer

Synchrotrorradiation (SR source generatentense beams of infrared-pays
or ultraviolet(UV) light. Electrons generated are acceleratactacmearly the
speed of lighthanks to a linear accelerator (Lina&)pooster synchrotron and a
storage ring before to be directedwtryds experimental stationsalled
beamlinegFigurel.7). Regarding IR spectroscopy, SR souradiationis 100
to 1000 times brighter than conventional IR light sou¥ces
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Beamline

Figure 1.7 Photograph (left) and Schematic (right) of Diamond Light Sourcense
facility (UK) adapted from reb5.

1.3.1.1.2Michelson interferometer

A Michelson interferometer comprisasbeamsplittera fixed mirrorand a movable
mirror (Figure1.6). The MIR beamsplitterusually made of calcium fluorid€CaF2
or potassium bromide (KBrallows to dividethe IR light into 2 beams of equal
intensitydirected towards th2 mirrors andreflectedback to the beamsplittéo be
recombined.The differencein the optical pathlengtlof the 2 beamsdue to the
displacement of the movable mirr@nd the fixed mirrorrespectively, creates
destructive and constructive interferenddse resulting signadalledaninterferogram
represents signal intensity as a function of distance of the movable e, the
recombined IR beam interacts with the sam(ole referencelefore reacimg the
detector.Two interferogramsecordedwith and without samplare mathematically
converted by FT to IR spectreepresented bintensity as a function of frequency
Finally, the difference of the 2 spectra generatesrépresentative IR spectrum of the

samplé’.

I.3.1.1.3Detectors

FTIR spectrometers are commonly equipped with Deuterated Triglyuiate
(DTGS) or Mercury Cadmium Telluride (MQTdetectors. The DTGS thermodetector

has the advantagesoperatingat ambient temperature, has a good linearity and allows
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spectral acquisitions down to 400 énThe MCT photodetector is more sensitive but
requires to be cooled with liquid nitrogen and acquisitions in the low wavenumbers
are generally limited around 78D0 cm. Contrary to these single element detectors
allowing a point by point acquisition, array detectemsbleto collect simultaneously

multiple spectraeducing considerably the acquisition tithe

[.3.1.2 IR sampling modes

TransmissionR spectroscopy is a common approach for analysing thin samples
(<10pm). In this mode, the IR beam is passed through the samplé and
measuredafter its interactionwith the matter. Thus, spectra collected are
representative of the whole volume sampled. This method redugreseof IR

transparent substrates such asaKBr®.

Attenuated total reflectance (ATRTIR spectroscopy is a promising modality

for biological sample analysi$he guided IR beam propagates through a high
refractive index crystal surface producing an evanescent standing wave that
penetrates the sample by a few microns. However for proper use, several issues
need to be considered, such as contact between the#A$Rl and the sample,

the beam penetration depth and image distortion due to high refractive

indices’°8

Another method of obiaing an IR spectrum is when the sample is placed on a highly
reflecting surface, typically aluminium/teflon coated substrates or a glass slide with tin
oxide-based silver reflective coating called lovglaes (e.g., MirrIR). In this case the
process isdrmed transflection because the IR beam passes through the sample, is
reflected off the slide and passes again through the sample before detection. These
substrates have very low cost but recently they have been shown to cause significant
spectral intensjtvariations, due to an electfield standing wave artefact (EF¥¢c°

which could be misinterpreted as composition variations while it is the sample
thickness variation thatould be thecause of spectral differencebhe fundameiat
guestion when using lowdides is whether the spectral variations obsearediue

to the EFSW impact on the discriminant spectral differenceshdrcase of thin
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samples such as airied cellular monolayers, recent research by éa.has shown

that the same classification was obtained when performing transmission and
transflection measuremePtsMoreover, arecent paper have questioned EESW

effect existenceand demonstrated that spectral differenobservedresult from
reflections andnterferencs at the airsample interfac®. Principles of the different

IR sampling modes are illustratedkigurel.8.

Transmission Transflection

Infrared light —— |
« —— Sample

Substrate ' Substrate

(e.g., calcium fluoride) (e.g., Low e-slide)
Attenuated Total Reflection

Evanescent wave
N

/A X

P

ATR crystal
(e.g., germanium)

Figure 1.8 Example of different IR sampling modes, adapted fefrh6.

|.3.2 Raman spectroscopy

The Raman effeatonstitutes the spontaneous inelastic light scattering process
of photons following the interaction of monochromatic radiation (e.g., laser
source) with the sample. During this interaction both elastic and inelastic
scattering processes take place. A lpgbportion of the photons are elastically
scattered with no change in energy (so no molecular information), known as
Rayleigh scatterirf§. When photons transfer energy to the molecules as
vibrational energy, the energy loss of the scattered photons corresponds to the
vibrational energy levels of the molecules. This is known as R&étakes

scattering. The incident plons can in turn receive energy from vibrating
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molecules, and therefore their frequencies increase, described as Raman anti
Stokes scatterindgzigure 1.5 shows the transitions involved during these three
processes. In spontaneous Raman, Stokes scattering is generally used due to its

higher sensitivity.

.3.2.1 Instrumentation

A Ramanspectrometer igonstituted of a monochromatic light sourtaser)with
different possible choices of wavelendtequencies. Lower excitatiomavelengtls

allow to obtain a betteRamandiffusion intensity but are also more prone to
fluorescence interferencekhe lightis orientedowards the sample thanksdifferent
mirrors, its intensity can be attenuated with filters to avoid photodamage. Notch or
edge filters are necessary to eliminate Rayleigh diffusnatio only transmit the laser
wavelength The filteredlight is then focused on the sampleadugh a microscope
objective.The scattered lightesulting from the sample excitatie collected viaan
objective andpasesthrough the Nath filter again The pinhole allavs to spatially
select a specific volume sample signal. The sliteinihg the spectral resolution, a
reduction of the aperture gives a better spectral resolution but also involves that the
intensity of the light is reduced diffraction gating splits the wavenumbexs the

light scattered byhe sampleThis system isharacterised by a number of lines per
millimetre, a higher number of lines/mm improves the spectral resolution to the
detriment of thespectral rangeThen the intensitiesof the splitted wanumbersre
simultaneously collected by a Chargédupled Device(CCD) detector, highly
sensitive taletect the weak scattering light and allowing to okadRaman spectruih

All constituting components of a Raman spectrometer are illustrated Figtine 1.9
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Figure 1.9 Schematic of a Raman spectrometeproduced fronmef 63.

1.3.2.2 Raman sampling methods

The Raman shift covers the rangéviosen 0 and 4000 ch Raman spectroscopy can

be used ima confocal mode and with resonance and surfadeanced modalities.
Applications of Raman microspectroscopy for probing biological systems have been
continuously expanding over the years along wRhspectroscof. Its high spatial
resolution (~0.5 em with green | &%Pers),
andin vivo amenability” ’° makes it a good candidate for biological and biomedical
research. Akin to FTIR, it also provides high content biomolecular information.
Microspectroscopy with immersion measurements can be used to enhance signal to
background ratio enabling highquality data acquisition as demonstrated by Bonnier

etal’l

Due to its advantages, laHete, high spectral specificity, limited water signal, and

the fact that most biological molecules are Raman active, Raman has been deployed
to in vitro cell and tissue studies, but now significant developments wif/o work

due to the compatibility with fibres, has enabled Raman endoscopy in dribel
manner andn vivo Raman probes/endoscopes have made direct tissue analysis

possiblé?.
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New fields of measurement and implementation possibilities have multiplied due to
recent hardware developments, improved sampling methods, and advarties in
design of Raman technology alongside developments and advances in multivariate
data analysis. It has been possible to uncover subtle diss#atsd spectral changes

and exploit them in classification models. However, an important drawback of Raman
spectroscopy is that the effect is inherently weak as a very small proportion of incident
photons are scattered (~1 in®L@ith a corresponding change in frequeficfhis
together with the fact that to date most of the commercial systems use dispersive
configurations adds another limitation compared to fast IR imaging systems, and
makes Raman imaging of biological specimens a slower process. These limitations can
be mrtly circumvented with other Raman modalities based on Resonant Raman
Scattering (RRpand Surfacd&enhanced Raman Scattering (SERSenable gains in
detection sensitivit*. In SERS technology, the use of functionalised metal
nanosurfaces has allowed optimising the enhancement to several orders of magnitude
depending on the metaubstrate. Metal nanopatrticle arrays and simglnoparticles

have been utilisd for highthroughput detectidd. SERS has been applied in different
areas in the chemical and biological fi€fdsnd its very high sensitivity has allowed
single molecule detectiéh Until recently, SERS was not widely applied to
biomedical research because of issues linked to complexity of tlogibad medium,
biocompatibility, reproducibility, and short shelf life. However, using silver and gold
colloids as SERS substrates, Bonifagial. recentlyshowed that repeatable spectra

could be obtained from protefree blood serum and plasfia

Furthermore, noiinear Raman spectroscopy has been developed to be applied
biomedical analysis like Stimulated Raman Scattering §S&6 Coherent Ant
Stokes Raman Scattering (CAR®r rapid image acquisition (one Raman band at a
time) with higher sensitivities than spontaneous Rdm&nFor nonrlinear Raman, it

is important to know with marker band(s) are useful, in analogy to th#iegtion of
Discrete FrequeneiR (DFIR) as enabled by the use of QCL sources.

Other areas of current interest for Raman spectroscopy are exploring the sampling
depth ad location of spectral information. For instance, seminal research conducted
by Stone, Matousek and collaborators, demonstrated the principle of spatially offset
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Raman spectroscopy (SORSr subsurfacanalysis towards vivo breast cancé!
and deep Raman measurements using liquid tissue phantoms to mirinvasine
cancer screening appditonsin vivo®?. Throughtissue sensitivity was increasei
SESORS measurements at selvenidimetre depth, i.e., combining SORS with nano
tagged SERS particl&e,

| .4 Multivariate a nalysis

It is becoming more and more evident that vibrational spectroscopy represents
an interesting approach to explotke diagnostic potential of circulating
biomarkers/biosignatures in various body fldfdsAlong with technological
development, the frorgnd sample preparation challenges and approaches, and
the data acquisition procedures, the-precessing and pogrocessing of
spectral data are equally important for the deployment of various b®ihial
diagnostic development. Vibrational spectroscopic data are inherently
multivariate by nature and their prand posfrocessing require mwiriate

data analysis approaches.

Different instruments from different manufacturers have different responses and
spectral distortions and backgrounds have to be taken into account via pre
processing algorithms in order to compare data from diffestudies for
example. The prprocessing should therefore be able to give accurate, robust
and reliable data. These considerations should also include how the sample is
prepared and conditioned, the optical substrate used, and the acquisition mode
used in oder to posprocess reliable data. The way the sample is dried or
acquired (e.g. transmission or reflection) will also-pnept the preprocessing
procedures. For example, rapid drying of serum can produce a granulating effect
which then causes more seaihg/dispersion artefacts and a specific correction
has to be implemented. It is clear that the-gn@cessing is not the same for
infrared and Raman spectra of biofluids because the physical phenomena
involved are respectively absorption and scatterind=TIR spectroscopy the

use of an interferometer ensures an excellent intensity and wavenumber
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calibration. In addition, a background signal is regularly recorded and
automatically subtracted to obtain the sample spectrum. For Ramant@ day
day calibraibn procedure needs to be implemented to correct for instrument
response, and to calibrate the wavenumber and intensity axes. Other
experimental considerations include the need to subtract substrate contributions
and other physical phenomena such as flemgerce and heating. Biofluid
vibrational spectra are therefore corrected, derived (or not), then normalized. As
a general rule, it is also important to include prior to thepgpoeessing steps, a
quality test to remove spectra with a poor signal/noise (gtreshold to be
defined depending on the sample nature) and a validated outlier removal routine
before posprocessing.

The postprocessing step includes data mining and the construction of
classifiers. Very often, the spectral differences betweenalanu pathological

states are very subtle and the next step is to perform data mining, i.e., a process
used to extract the salient information from the spectral data. By using specific
algorithms, patterns can be found in large batches of data. Thusfesiigte
selection procedures can help to identify discriminant spectral features to
discriminate between patient gro&hsHowever, it is important to note that data
mining depends on effective data collection, the size of the datasets, and as well

as their preprocessing.

To build classification models, several multivariate approaches have been used
and as of today there is no general consensus on which method is the best. In
other research fields, numerous linear and-liveear supervised algorithms

have been evaluated amdombination of methods likeupport Vector Machine

(SVM) and Partial Least SquaiPiscriminant Analysis PLS-DA) has been
shown to enhance the sensitivity and specificity of the clas$Higeenerally,
building the classifier should include a calibration phase (training phase), an
internal validation phase, and an external validation phase (blind testing phase).
Oneof the important issues encountered is the size of the datasets used as a small
dataset that does not accurately describe the patient population can lead to

under or overfitting and impact the classifier outcome. For a classifier to be
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robust, it is impdant to have a large number of claspresentative patient
samples. In addition, the external validation requires a dataset that has not been
used in the two previous steps of calibration and internal validation (based upon
patient spectra and not re@ie spectra from the same patient i.e. a spectrum
from the same patient should not be in the calibration/internal validation and
external validation phases). The leaveut cross validation method is often
used for these models. It is important to nosd #il spectra from a given patient
must be removed in this process in order to enable a valid outcome. Considering
all individual spectra, mean spectra or median spectra as input datasets of the
classifier should also be taken into consideration althdugds been found that
when spectra are highly reproducible and after applying a quality control test
plus an appropriate outlier removal, the results are comp&takte workflow

in Figure 1.10 illustrates the different steps, for both IR and Raman
spectroscopies, starting from sample preparation to data gnm@ post
processing and the buildirag classifiers for diagnostics

IR spectroscopy Raman spectroscopy

Transmission mode: silicon,
CaF,, BaF; and ZnSe window
Reflection mode : Lowe
microscope slides, ATR

Dried, liquid, freeze-dried

Laser excitation: visible to
Substrate near-infrared
Glass, CaF;, aluminium foil

Sample

preparation Dried, liquid, freeze-dried

Purge for atmospheric control Dark environment, spectrometer
Point, mapping or image mode AISTSUTCTIenT calibration. Point or mapping
S-FTIR Zondifions mode (confocal)
Spatial and spectral resolutions Spectral resolution as per
as per experiment expenment
Spectral
collection
Background cormrection Background qorrectson
- (fluorescence, instrument
Spectral quality test Spectral OEPORLA. AT
Baseline correction pre-processing P : )

Spectral quality test, smoothing

Derivatives and normalisation S .
Derivatives and normalisation

Data analysis
HCA, PCA, DFA, PC-LDA, PLS-DA, OPLS-DA, SVM-DA
Random forest

Monte-Carlo Cross-Validation, Leave-n-out Cross-Validation
Genetic algorithms, Neural Networks

Classifier for diagnostic

Sensitivity, Specificity, Accuracy rate

Figure 1.10 Workflow of biofluid specoscopy from substrate choice through sar
preparation to spectral measurements and data analysis with diagnostic clad¥
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| .5 Biofluid spectroscopy

Regarding biofluids, blood and its constituents appear the most convenient for
biomarker/biosignature detection given its ease of availability and the possibility
torepeat the test as often as necessary to monitor diseasesprog@ response

to treatment.

Blood serum houses more tha®,000 different proteins. It perfuses all body
organs meaning it contains a large range of proteomes from surrounding tissues
and cells, making it the most complex biofldid The low moleular weight
fraction serum component of bl ood, k n
rich for diagnostic purpos&s Other biofluids (bile, urine, sputum, pancreatic
juice, and ascitic, pleural, cerebrospinal fluids), in direct contact with the
diseased tissue, are of great interest as media to detect biomarkers/biosignatures
that ae secreted or shedded locally. These are expected to be present in higher
concentration in these fluids than in the blood. In addition, their identification
may be facilitated by a less complex molecular composition of local biofluids
compared with bloodAlthough some biofluids such as urine share with blood
samples ease of availability and repeatability, analysis of other biofluids requires
an invasive procedure, which limits their repeated use in the clinical setting. An

example is cerebrospinal fluid wah requires a lumbar puncture for collection.

Whilst vibrational spectroscopy has been developed initially mainly for cell and
tissue analysis, it has been also applied more recently to biofluids for biomarker
discovery, generating a number of pilot sagliwith promising results as
presented below. The challenge is now to translate the results of these

exploratory studies to the routine clinical practice.

The search for disease markers in bioflus photonic approaches is a fast
emerging field and hamly been recently explored by vibrational spectroscopic
approaches. Biofluids are easily accessible and minimally invasive for patients
making large studies feasible. Like cells and tissues, biofluids exhibit vibrational
spectra that have characteristanids reflecting their biomolecular composition.

Figurel.11 compares the FTIR spectra of some dried biofluids (serum, plasma,

52



and bile) obtained with a higthroughput module in the transmission mode. IR

spectra of serum and plasma present very @osides with subtle differences

that are difficult to depict visibly. This is explained by the fact that serum is

essentially plasma with the clotting factors of blood removed. The assignment

of the main bands is provided Tiable1.3.
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Figure 1.11 Comparison between HRTIR spectra of different bioflui
serum (red curve), plasma (blue curve), and bile (green curve).
Spectra are background corrected and normalised. Note: Serum
and bile were collected in dry tubes while for plasma samples
lithium heparin tubes were used”>.

Table 1.3 Assignment of the major absorption bands of a plasm&éRFSpectrurt?

Bands (cm™) Major assignments for plasma contents
3300 v(N-H) of proteins (amide A band)
3055-3090 v(=CH) of lipids

2950-2960 vas(CHs) of lipids

2920-2930 vas(CH3) of lipids

2865-2880 vs(CHz) of lipids

2840-2860 vs(CHb») of lipids

1730-1760 v(C=0) of fatty acids

1660 v(C=0) of proteins (amide I band)
1550 S(N-H) of proteins (amide II band)
1400 v(COO) of animo acids

1240 vas(P=0) of nucleic acids

1170-1120 v(C-0) and v(C-0-C) of carbohydrates

v: stretching vibrations, &: bending vibrations , s: symmetric,
as: asymmetric. Taken from Lacombe er al., Analyst, 2015, 140, 2280.
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The bile spectrum differs through a higher lipid and carbohydrate content and

by relative intensity changes of the protein amide I/amide Il &nds

Raman spectroscopy gives complemeniafgrmation to IR. Besides the main
macromolecules like proteins, lipids, and carbohydrates, other modes
originating from amino acids for example are active. The assignment of the main
bands is indicated iRigure1.12 showing an example of a typical Raman serum
spectrum taken from a dried drop.
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Figure 1.12 Typical Raman spectrum of dried serum drop with spectral assign
Spectrum was measured on a calcium fluoride window with a 785 nm laser ex
with an acquisition time of 2x30 secofits

|.5.1 Serum and plasma

At present, the majority of the biofluid spectroscopy research has focused on

serum and plasma. This is most likely due to the prevalence of these types of
samples within current biobank stocks or the fact that ethics are already

established to collect these samples and all that is required is an addendum
stating a separate use of the material.
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[.5.1.1 Malignant diseases

Currently, in the field of oncology, most investigations are padgdrinciple
studies showing the potentiasFTIR/Raman spectroscopy to identify different
types of cancer from serum samples with high degrees of accuradyT T
spectroscopy in transmission mode was used to discriminate urinary bladder
cancer patients from patients with urinary tract infection Vingmar discriminant
analysis LDA) or random forest (RFclassifier$*. Using blood serum, Backhaus

et al.distinguished between breast cancer and controls with a very high sensitivity and
specificity’®>. Chemometrics combining support vector machine (SVand
leaveoneout cross validation was employed by Zhaeigal. to separate
cirrhotic patients with or without hepatocellular carcind¥nBqually important

is the possibility to identify liver fibrosis stages prior to the development of
hepatocellular carcinoma, which are crucial for the clinical management. A
study by Scaglieet al. revealed that patients with extevssifibrosis (F3/F4
stages) could be distinguished from those with no fibrosis (FO stage) on the basis
of their FTIR serum spectra using a combination of discriminant
wavenumber®. Studies using ATHETIR spectroscopy, coupled with
classification machine discriminated ovafiaand endometrial cancéfslt also
allowed differentiating glioblastoma multiforme (GBNfom healthy contrad

and low grade gliomas and GBWrsushealthy contrad®:1%0

Applications of Raman spectroscopy to the study of various biofluids from
cancer patients are in continuous progr8sduet al. analysed serum samples

and could differentiate oral cancer patients from coriftblslorerecently, they
reported that Raman serum spectroscopy was capable to predict the probability
of recurrence in this cancéf. Other studies have shown the potential of Raman
spectroscopy for differentiating normal subjects from patients with Bfgast
colorectal®® or cervical®® cancers A proof-of-concept study using micro
Raman spectroscopy applied to the sera of 71 cirrhotic patients showed that it
could be an alternative method for discriminating cirrhotic patientis and
without hepatocellular carcinortfa On the other hand, SERS of serum or plasma
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has also been shown as a promising tootHerdiagnosis of various types of cancer

such as nasopharyng®4i’®, digestivé®”199111 and prostate cancets

[.5.1.2Non-malignhant diseases

Serum and plasma have been also employed to diagtlosediseases using
biospectroscopy. For example, Raman serum data allowed to differentiate

Al zhei mer 6s di s e a¥%andfCarmanat @ltubed plasrdae me n t
Raman spectral data to grade mild, moderate, and severe Alzheiméticases

Via FTIR spectroscopy of plasma, Peuchetrdll. have shown that patients with

Al zhei mer 6s di sease coul d be wel!l del i

as control$'.

Recent plasma data published by Lacormabal. clearly showed that HFTIR
spectroscopy could be an interesting alternative technique intaésci@eening

of rare diseases such as classic galactosemia. Promising results indicated that
healthy/diabetic, healthy/galactosemic, and diabetic/galactosemic patients could

be discriminated with good sensitivity and specifidity

Few | arge studies have been reported.
group shaving the potential of midnfrared spectroscopy in the triage of
patients with acute chest p&if This study included,229 serum samples from

389 patients reporting to two US hospitals (Massachusetts General and Latter
Day Saints, Utah) consisted of 104 suffering from acute myocardsttron

(AMI), 136 from unstable angina pectoris, and 149 from chest pain of other
sources. FTIR measurements were performed in the transflection mode. Using
a threshold value generated from a robust lirdacriminant analysis, they
achieved high sensitivity and specificity enabling triage of patients with AMI,
those most at need within the Accident and Emergency setting, compared to the
other sources of chest pain. They hypothesise on the involvement of
cabohydrates as discriminant features, possibly a glycation reaction.
Interestingly, their results were comparable to the performance of routine

cardiac laboratory markers within the same study population. They conclude on
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the potential of FTIR to aid thaadjnostic procedure as early as within the first

6 hours after the onset of chest pain.

Blood plasma from patients has been investigated with Raman spectroscopy as
dried drops to identify a reliable biomarker that can differentiate sepsis patients
from thase with nonrinfectious systemic inflammatory response syndrome.
Neugebaueet al. reported on the high sensitivity and specificity that can be
achieved!’. The possibility of separating the two groups of patients is crucial
because a stratification of at risk patients can be established for a rapid delivery
of appropride treatmentFinally, following the results obtained in a model of
infected cultured cells, SERS appears as a promising approach for malaria parasite
detection from whole blodé¢f.

|.5.2 Other biofluids

Other biofluids norinvasively accessible (urine, saliva, sputum, tears) and
invasively accessible (bile, synovial fluid, cerebrospinal fluid, amniotic fluid)
have been investigated by vibrational spectroscopy for diagnostic purposes.
Somorjai et al. were able to distinguish urine samples from normal renal
transplants and rejected allografts, applying IR spectroscopy and ssthgee
classification stratedy®>. A Raman spectroscopic analysis combined with
Principal Component Analysi€PCA) and Quadratic Discriminant Aalysis
(QDA) performed on urinehasallowed identificationof spectral biomarkers
predictive of complications and kidney failure in the urine of diabetic and
hypertensive patient€. Finally, in the field of oncology, Del Mistret al.
reported that SERS using Au nanoparticle substrates had the potential to detect

in urine spectral biomarkers of prostate cattéer

Another approach by FTIR spectroscopy assed with LDA on saliva, has reported
the correct classification of diabetic patients from healthy cdAtr@ERS of saliva
showed the ability to predict lung candsr monitoring the decrease of proteins and
nucleic acids with 80%, 78%, and 83% accuracy, sensitivity, and specificity

respectively?>. A preliminary study using SERS on saliva suggested the possibility of
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a quick detection oacquired immune deficiency syndrafAIDS) but these results
obtained on a small number of patients deserve to be confirmed on a larger
populatiort?*,

An exploratory study has shown that FTIR spectroscopy applied to sputum
could be a useful approach for the diagnostic of the chronic obstructive

pulmonary diseasé.

Investigating the potential of human tears for the diagndsiswar diseases,
Travo et al. have shown the discrimination of patients with keratoconus
(degenerative disorder affecting the cornea) from healthy control and also
between patients at an early or advanced stage of disease-BYIRTand
PCA!?% Additionally, Choiet al.report that SERS can be used for disgisof

adenoviral conjunctivitis from tedf<.

Using HT-FTIR spectroscopy in association with support vector machine
(SVM) classification and leaveneout cross validation (LOOC) Untereiner
et al. have shown that bile samples of patients with malignant biliary strictures

were differentiated from those with benign biliary dise3ses

Eyselet al.using FTIR spectroscopy and LDA with LOOCV on synovial fluid,
were able to differentiate sampl&om joints affected by rheumatoid arthritis,
osteoarthritis, spondyloarthropathies, and meniscal infdfiedlso from
synovial fluid samples, a Raman spectroscopic study associatednmweans
analysis has shown discrimination between patients with osteoarthritis of low or
high severity?°.

Liu et al. have investigated the amniotic fluid potential forafding development
assessments by IR spectroscopy. The lecithin/sphingomyelin (lung surfactants) and
lung surfactant/aloumin ratio measurements by IR spectroscopy were guantitatively
and qualitatively correlated to those obtained by-thyer chromatoghy and
fluorescence depolarization, two clinical methods used to determine fetal lung
surfactant maturity in amniotic fluté’. Prenatal disorders from amniotic fluids have

also been investigated by ATRTIR spectroscopy revealing spectral profile changes
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between amniotic fluids from pregnancies with fetal malformations, preterm delivery

and healthy term pregnanci&s

Griebeetalwer e abl e by FTIR spectroscopy to

disease from healthy controls using cerebrospinal*fitiid

| .5.3 Translation

With a few excepons, all the mentioned proaif-concept studies have been
carried out on rather small populations and have shown promises for clinical
utility and highlight the potential of vibrational spectroscopy for spectral
diagnostics. To our knowledge, two majoogrammes for large scale clinical
trials in remote settings are ongoing using hhattl FTIR modalities. The first
campaign led by Woodt al.concerns the screening of population in Thailand
for malarial diagnosis htp://monash.edu/news/show/infrarieght-puts

malariato-the-tes).

A similar approach is being taken in the UK with the establishment of Glyconics
Ltd. Glyconics is using sputum to diagnose Chronic Obstructive Pulmonary
Disorder and are moving towards clinical validation of handheld ATHR on

a subset of the UK population (http://www.glyconics.com/technology.asp).

These steps towards actual clinical environment testing is pushing the field to
the forefront of the application and will illuminate the utility of these techniques

as well as baters to clinical implementation that need to be overcome.
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.6 Aim

The principal objective of this researthto develop and evaluate the potential of
vibrational spectroscopy applied on human serum for the rapidypmptomatic
diagnosis of sepsis.

The first step to achieve this goal is to determinenust suitablemethodology
approach forserumanalysis byspectroscopywith an overall clinical application
purpose.lR spectroscopy is sensitive to water,aasonsequencéquid sample are
commonly dried for analyses. Hoever, a dried serum drop exhibits an
inhomogeneouprofile that could affect spectrdhata collected and introduce potential
bias in their interpretatiorChallengesof serum spectroscopgherent to thesample
natureand tothe techniquewill be evaluatedDifferent IR and Raman modalities as
well as different serum sample preparatiofisbe compared.

Then further experimentationwill be conducted with the chosen meth@&bme
aspects of the pranalytical phaswill be addressed in order standardis@rotocols
in sample handling and preparation for spect@ussitions. Paraméers that can
impact either the samples.@.,solvents,collection tubesfreezethaw cycles long
term storage, drying methods)d/orthespectroscopic analysis.@.,deposit methods,
volumes, gbstrates, humidity, operators dependémay consequently on the quality

and the reproducibility of spectral data will ineestigated

Finally, based upon the developed methodologgtient serum samples (n$R)
collectedbefore surgery, up to 3 days before sepsis diagnosis, and on the day of sepsis
diagnosiswill be analysedControl £€rum samples (n53) from age/ sex/ procedure
matched patients who did not go to develop sepsigill be also analysed over similar
timeframes possurgeryas well as SIRS patient samples (n=199pectral data
acquiredwill be interrogated by chemometric methddsdiscriminate spectral zones

reflecting differences in molecular composition and to estaliishst classifications.
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.1l mpact de | 6effet nAron
du sérum par spectroscopievibrationnelle

[1.1.1 Résumé

Les études debiofluides par spectroscopie vibrationnelle ont augmenté au cours de

ces derniéres annéearles biopsies liquides sont de plus en plus analysées dans le but

de découvrir des informations moléculaires spécifiques liées a des maladies ciblées.

Ce type doé®chantill ons clinigues est peu
accessible pourdes recherches a visée biomédicale. De plus, les biofluides
représentent un milieu idéal pour des analyses spectroscopiques car la préparation des
échantillons ne nécessite pas de procédures lourdes, contrairement a celle de coupes
ti ssul ai r alyse dewcellged.uore alué aany ant une contri bt
spectroscopie infrarouge, | 6approche | a |
de laisser sécher les échantillons avadtalyse. Cependang séchage de gouttes de
biofluides est un pmoméne complexe qui résulte en un dépbét inhomogeéne

caract®ristique, appel ® effet 066rond de
| 6i nfl uence de <cet ef fet sur l es donn®e:
transformée de Fourier (IRTF)Ramarpour | 6 a®a h g8 séruhsl ons de

Les analyses ont porté sur un mélange commercialisé de sérums humains et sur un

modele simple constitué paruseulep r ot ®i ne, | 6al bumi ne s®ri
donn® que | 6al bumi n eestau®@rprotgineeprédominaaté due ( A
sérumLesinfluencsde | a dilution du s®rum et du vo

6beffet OO0 oméédétudiésp acra f @i6dOr oi mageri e spectr
source Synchrotron (Diamond Light Source, DigdRoyaumeJni) ainsi que par
microspectroscopie Ramales données acquises ont été analysées par la technique

de classification Kmeans et par Analyse en Composante Principale (ACP).
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Il. 1.2 Conclusions

Cette étude montre que les spectres collectésaste mpoint dans différentes zones
ddune goutte de S® rum s®ch® sont affec
| 6®chantill on, cela questionnant | a repr
les analyses par microspectroscopie IRTF ont montré esieb&ndes spectrales
associ ®es aux prot®i nes sont satur ®es dar
de potentiels changements mol ®cul ai res
Cependant, des spectres collectés a partir de dépots automatjgékdes nanolitres

sembl ent moins affect®s par | 6effet 066ro0

alternative intéressante.
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Il. 2 Chapter overview

Biofluid vibrational spectroscopy studies have increased over the past few years

as liquid biopsies are more and more investigated to search for dégearsic

molecular information. They are minimally invasive for the patient, less subject

to sampling Ias, easily collectable and accessible for biomedical research
purposes. Moreover, they represent an ideal medium for spectroscopic analysis

as no heavy sample preparation is required unlike tissue sections or cell analysis.
However, biofluid dried drop gmsition is affected by the naturally occurring

ncof fee ringo effect, a phenomenon S
heterogeneous pattern after the liquid evaporafidme. aimof this study is to
evaluatethe impacto f t he ~nAcof f epectral datagllectea ffome c t o]
serum dried dropsSome factors that can influence this phenomenon, such as

the dilution and the volume of sample deposited, have also been considered.
Fourier Transform Infrared (FTIR) and Ramarcrospectroscopyechniques

have been compared order to determine thmost suitable methodology approach

for serum analysis with an overall clinical application purpose.

ll. 3 Introduction

Water has an important spectral contribution in FTIR spectra, and as a result a
commonapproach for analysing liquids is to dry the samples. However, the
drying process of a liquid is a complex phenomenon depending on several
parameters such as temperature, relative humidity, wetting properties of the
substrate,and surface roughne$s. The evaporation and surface tension
gradient occurring during therydng process of a drop trigger two opposite
flows, the capillary flow that induces the migration of the molecules towards the
edge of the drop and the Marangoni flow that redistributes the particles towards
the centre of the dr8¥. Commonly the combination of bothdlws causes the

formationofar i ng at the periphery of a dri e
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r i n g 0° Tai¢ pateern deposition is affected by the composition of the liquid,
size and form of solid particles as well as their concentrdtidn

In biofluids such as serum and plasma, due to their complex composition, it is
even more complicated to predict thehaviour of their constituents during the
drying process. Plasma hosts more thaDA® different proteins with the
capacity to interact with a vast range of ligadds The deposit is also
influenced by the different adsorption capacities of proteins to a surface.
Usually, low molecular weight proteins initially bound to a surface are replaced
by larger proteins with a higher affinity for@hsubstrate surface (Vroman
effect)®1’. However, the resulting inhomogeneous pattern of a dried serum
drop reflects the sample congmon. Therefore, a potential biomedical
application has raised interest in understanding the formation of crystals in the
centre of drops due to the natural presence of salts in serum or cracks occurring
during the gebolid state of the drying proce&g!. Despite the fact that many
studies have @ focusing on the physical mechanisms responsible for the
uneven drying or the morphology properties of the resulting inhomogeneous
pattern, little is known on the pattern composition itself. In the present study, we
propose t o i nvestigat eef ft et iy f fweie
spectroscopy/imaging, a labeée technique and an ideal approach to determine
potential molecular changes in dried serum drops and on a Bovine Serum
Albumin (BSA) solution model.

1. 4 Material and methods

Il. 4.1 Study model

Experiments were performed using normal human mixed pooled serum
(TCSBiosciences, UK). Dilution tests were realised with normal saline (NacCl
0.9%, Miniversol, Aguettant, France). Drops of 0.5 pL were hand spotide w

0.5 nL drops were obtained by a Piezoelectric dispensing system (Nordson EFD,
PICO LV-100) onto a calcium fluoride (CaFwindow (Crystran Limited, UK)
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and analysed by FTIR imaging. Synchrotron based measurements of 0.5 nL
drops were acquired on MiRl low-e reflective substrates (Kevley
Technologies, USA).

Liquid Raman spectroscopy tests were conducted by depositing 10, 20 or 30 L of
undilutedpooled serum per well (7 mm diameter) of an aluminium plate or 130 pL in
a quartz cuvette. Drops of pooleztem(0.5uL) dried onto a CaFwindow were also

analysed by Raman microspectroscopy.

BSA used as a simple model (Sigikrich) was solubilised with distilled
water (B. Braun Melsungen AG, Germangihdprepared at concentrations of 5

mg/mL or 100mg/mL for FTIR and Raman spectroscopy analysis respectively.

II. 4.2 FTIR imaging

Spectral images of 0.5 uL and 0.5 nL dried serum drops were acquired in the
transmission mode withRerkinElmer Spectrum Spotlight 400 imaging system
(Courtaboeuf, France) at gpatial resolution of 6.25 pum/pixel, a spectral
resolution of 4 c, and 4 ceadded scans over the spectral range of 4TRID

cm! (SpectrurAlmage software, version 1.6, PerkinElmer).

ll. 4.3 Synchrotron FTIR microspectroscopy

Spectral maps were collectet the Diamond Light Source MIRIAM B22
beamline (Didcot, UK) with the Hyperion 3000 FTIR spectrometer (Bruker
Optics GmbH, Ettlingen, Germany). Spectral acquisitions were performed in the
reflectance mode (OPUS software versibf, Bruker Optics GmbH) usj a 36x
objective, 10 pmx10 um aperture, 8n step, over the 400800 cm! range with a
spectral resolution of 4 ctrand 32co-addedscans.

ll. 4.4 Raman microspectroscopy

Five single poirimode spectra from the periphery and the centre of 4 serum dried
drops were collected with the LabRAM ARAMIS Raman microspectrometer and the
software LabSpec 5 (Horiba Jobin Yvon,
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acquired over thepectral rang600-1800cm™ with a laser excitation at 78%n, 600
lines/mm grating, a confocal hole of 1000 um and a 100x microscope objective
(Olympus). Spectral acquisition time was f@ondsand2 accumulations were €0
added.

ll. 4.5 Data analysis

All spectral images of serum drops were subjected to an atmospheric correction for
water vapour an€O> using the Spectruimage software V1.6 (PerkinElmer, Les

Ulis, France). Spectra with a too low signal to noise ratio were discarded using an
Extended Mitiplicative Signal Correction (EMSCmethod. All remaining spectra

were rubberband baseline corrected and vector normalised. Corrected spectral images
were subjected to a-Kheans clustering analysis using 5 classes. The white pixels in
the K-means cluster images correspond to the spedatranated before the pre

processing.

Synchrotron FTIR serum spectra or spectra extracted from BSA FTIR images,
were cut in the spectral range 406800 cm', rubberband baseline corrected,

vector normalised and analysed by Principal Component Analysis (PCA)

Raman spectra pfgrocessing was performed with the Matlab software (The
MathWorks, Inc., USA). The procedure was as follows. First, sample spectra were
corrected for the instrument response using optics and dark current spectra. Frequency
calibration vas done using standard spectra from a silicon wafer and from a neon lamp.
Intensity calibration was performed using a 785 nm NIST standard (Gaithersburg, MD,
USA). Finally, spectra were smoothed with a Savit@olay function (polynomial

order 2), basel@ corrected using aSorder polynomial function, and vector

normalised before performing a PCA.
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1. 5 Results

L5, 1 Assessing the ncoffe
microspectroscopy /imaging

I1.5.1.1 FTIR microimaging

Serum drops after drying show shomogeneous surface with the presence of

a ring at the periphery of the drop and cracks as well agpfgtarn crystals in

the centre (Figre 2.1, white light images). IR imaging demonstrates that a
higher absorbance is measured in the ring compar#ddtoentre (Figre 2.1,
spectral images). Hnheans clustering was used to assess the possible spectral
molecular changes in the different physical structures exhibited after the drying
of the serum drop with or without dilution. It can be seen on the purgl0.5
serum drop, thamnost of the spectra from the ring were discarded because of a
too high absorbance (Rige 2.13 K-means clustering image). The edge of the
drops are represented by the class 4 (orange). It can be observed éghatée

| band is shifted (1642 ct) in thecorresponding centroid spectrum (&ig2.2)
compared to thamide | band (1653 cH) of class 2 and 5, probably resulting
from a spectral artefact due to the shape of the drop edge. The ring structure is
characterised by the classes 1 and 3 in blue srehgespectively (Fige2.1a

d, K-means clustering image however the centroid spectra (&ig 2.2)
corresponding to these 2 classes are exhibiting abnormadniide | and Il
bands, indicating that the spectra are saturating in the ring region ¢xea 4&f

fold dilution. The centre of the drops is represented by the classes 2 (light blue)
and 5 (pink). The class 2 is associated with the crystal features and is more
important in the 4old diluted (41.3%) than in thef8ld diluted (11.2%) serum

drop (Figure 2.1d K-means clustering image) as expected from the dilution of

serum with normal saline.
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White light Total abs. K-Means

spectral image clustering
—. Abs. "

1.94 5 (84.86%)
1.01 4 (0.85%)
0.79

3 (14.08%)
0.56

2(0.2%
0.34 . }
0.11 1 (0%)
Abs. =
10 5 (57.01%)
0.83 4 (6.64%)
0.65

3 (11.08%)
0.46

2 (0.19%)
0.28
0.1 1 (25.08%)
Abs. 5 (55.2%)
1.01
0.82 4 (4.93%)
0.64

3 (14.01%)
0.46

2 (11.15%)
0.27
0.09 1 (14.711%)
Abs. .
0.94 5 (28.95%)
0.77 4 (4.62%)
0.59

3 (23.87%)
0.42
— 2 (41.33%)
0.08 1 (1.24%)

Figure 21Assessing the 0606coffee r i ngmd&n
clustering. White light images icolumn), total absorbance spectral image&°
column) and Kmeans cluster images'{®olumn) of pure, 1/2, 1/3, 1/4 diluted 0.5
serum drops respectivelig-d). Color bars represent the 5 classes of then&ai
clustering and their associated percergagArrows indicate edges of the drop.
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Spectr al di fferences are visible all ove
spectra of the 2 centre classes, especially in the carbohydrates +4@iod ¢m') and

lipids at 1730 cr, suggesting molecular changes due to a different distribution of the
serum components towards the drops, some constituents being segregated during the
crystal formation or the spectral differences can be artefacts from a difference in
thicknesses of theegbosit. These results suggest that the single point measurement
mode is not appropriate in order to ensure spectral quality and reproducibility due to a

high variability of the sample physical properties.

=
)

°
=
o

Normalised absorbance (a.u.)

L L 1 1 1 1 1 1 J
1800 1700 1600 1500 1400 1300 1200 1100 1000 800
Wavenumber (cm'1}

Figure 2.2 Centroids of the Kneans clustering results in 5 classes igfuFes2.1 and 2.3

In comparison, it can be seen in Hig2.3 from the spectral image of a 0.5 sérum

dr op, a thousand times small er vol ume t
However, none of the spectra is affected by saturation even though the serum sample
was not diluted. The surface of the drop appears more homogeRrapus 2.3, white

light image) despite some striations resulting from the automated sampling. Spectral
reproducibility is increased; 84% of the spectra belonging to class 5 despite the fact

that 16% of the spectra remain affected by an edge effect.
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White light Total abs. K-Means
image spectral image Abs. clustering
0.16 i

e A 5 (83.72%)
: 8 1 i 0.13 -
| 4 (11.54%)
0.1 |
> | 0.07 3 (0%)
~ib\. 0.04 2 (4.74%)

0.01 I 1(0%)

Figure 23Assessing the 066coffee r i ngredn
clustering. White light image (left), total absorbance spectral image (middle)
means cluster image (right) of a pure 0.5 nL serum d@mpor bars epresent the
classes of the #nean clustering and their associated percentage.

A less complex model, a solution of BSA, has been studied to understand the origins
of these spectral variations. Human Serum Albumin (H&Athe most abundant
protein in the serum, accounting for about 50% of the total préteimsl BSA is
commonly used as a surrogate for HSA. A spectral image of a BSA drop at 5 mg/mL
was acquiredFigure 2.4a). Spectra extracted from 7 zones of the drop lExhg
different levels of absorbance can be well separated by FE@Aré 2.4b). This
suggests that the difference in sample thicknesses is responsible for the spectral
variations observed. It should be noted that at a BSA concentration higher than 5
mg/mL, theamide bands were saturated in spectra from the ring (data not shown). The
level of proteins in serum is known to be between 60 to 80 nig/ra& such serum
samples should be diluted 16 fold to avoid spectral saturation frateins in the ring
formation. As a result, it would make impossible the analysis of other serum

constituents of interest originally present at low concentrations.
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Figure 24 (a) Spectral imageof total absorbance of a BSA drop section .
concentratiorof 5 mg/mL. Numbergpresent different zones of inter&&ines Janc
2 correspond to the centrand 3 to 7 to the ring of the drop. Zone 8 is the ¢
substrate. The white scale bar represents 100 (pPCA plot of IR spectra fro
the different regions (1 to 7) tfie BSA drop (a).

Il. 5.1.2 Synchrotron FTIR microspectroscopy

A map of a 0.5 nL dry drop acquired in the reflectance mode confirm$itieatté 6 c o f f e ¢
ring6é effect iue 2.5a). Mareover, specirascdolledted at (thE i ¢
periphery and at the centre can be distinguished by PCAIrgcys5b). The PC1

loading responsible for the separation of the spectral datar@~j6a) shows
differences in th@amide I/l bands and in the high wavenumber region. It can also be
observed on the mean spectra of the 2 groups a shift mntide | band; 1649 crh

and 1645 cm for spectra from the periphery and the centre of the drogctsply

(Figure 2.6b). A baseline distortion was also observed in the raw spectra acquired in

the centre of the drop (data not shown), suggesting that the spectral differences are due

to the sample thickness variations or scattering effects.
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Figure 25 (a) Spectral map total absorbance of a 0.5 ditop acquired b
Synchrotron FTIR microspectroscoflg) PCA plot of IR spectra from the periph
(blue) and centre (red) of a nL serum drop.

Absorbance (a.u.)

Absorbance (a.u.)
(=]

s o

g -

//\\
/ AN
/ \‘_‘ﬂ__
._/ I — o
\.'\f’\v*ﬁf“
: |
v
H
SSIOII :!IO:DO ZGI{)D 2000 1500 1600
Wavenumber (cm‘1)
/o AN e
—'// ‘_MN:.—:—_;—_ —g— 1 \39_\1‘-"-
3500 JUIDD 2500 2000 1500 1000

Wavenumber (cm"'}

Figure 2.6 (a) PC 1 loading from the PCA Figie 2.5b.(b) Mean preprocessed IF
spectra from periphery (blue) and centre (red) of a nL pooled serum drop.
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.5, 2 Assessing the nAcoffee
spectroscopy

To consider the heterogeneity of dried serumopdr by Raman
microspectroscopy, 5 spectra were respectively acquired from the centre and
from the periphery of the 4 drops. Then, a PCA was performedr@2g/) and

it can be seen that spectra of the 2 zones are distinguishable. The PC3 loading
responsile for the separation of the spectral data (Feg2.8a) shows
differences all over the spectral range covered for the analysis as also seen on
the mean spectra of the 2 groups (ffe2.8b) and especially traemide | band

(1670 cmb), CH: (1415 cm?), phenylalanine (1004 cf), C-C stretch (854m?)

peaks. Again, the spectral differences observed could be associated to molecular
changes due to an inhomogeneous distribution of the serum components or to

artefact factors coming from differences of thieka of the sample.

3 2 4 0 1 2 3 . s
PC1 (30.1%)

Figure 2.7 PCA plot of Raman spectra collected in the periphery (blue) and
(red) of pooled serum drops (QuUR).

As previously, spectra were acquired in the centre or in the ring formation of BSA
drops (Figire 2.9a). Again,spectra from the 2 zones were distinguishable by PCA
(Figure 2.9b). This observation confirms that the spectral variations observed are

artefacts due to the difference of thickness of the samples.
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Figure 2.8 (a) PC 3 loading from the PCA Fige 2.7.(b) Mean preprocessed Ram.
spectra collected in the periphery (blue) and centre (red) of pooled serum drop& )
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Figure 29 (a) White light image of a BSA drop section at a concentration ¢
mg/mL.(b) PCA plot of Raman spectra from the rifidue dots) and the centre (i
dots) of BSA drops.

83



lI. 5.3 Liquid serum Raman microspectroscopy

The drying of serum drops resulting in an inhomogeneous surface ys@rahds to

the question whether acquisitions can be performed directly on liquid samples. Raman
spectroscopy appears as the suitable technique in this situationesisisvatweak
scattererThis approach has been considered and different volumesQ180 AL)
pipetted into wells of an aluminium plate (96 wells) were tested. The 2 lower volumes
were discarded as the samples were drying very quickly under the heating of the laser
during the acquisition. Spectra obtained at the surédc80 pL drops (maximal
capacity of a well) were of poor quality. Thmide | band and phenylalanine peak
were hardly discernable (Rige2.10). This result can be explained by the fact that the
liquid was evaporating during the acquisition, resulting in thedbsaser focus. Then,
acquisitiors were performed at gm under the surface of the drop, increasing the
signal obtained but the signal to noise ratio was considered too low to exploit the data
(Figure2.10).
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Figure 2.10 Liquid serum Raman spectroscopy. Raw spectra collected from
pipetted in a well of an aluminium plate, on the surface of the liquid serum (bl
2 um under the surface (red).

Another option was assessd@®0 L in a quatz cuvette were analysed at different
depths without obtaining a satisfying spectral signalyf@g.11), probably because
of a too thick cuvette walls and therefore a too important loss of laser energy going
through the sample. Other parameters of atjoin could have been considered in

order to improve the spectral signal at the expense of the spectral time of acquisition,
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which was initially about 2 min per spectrum. However, it would not be efficient in

terms of a clinical application.
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Figure 2.11 Liquid serum Raman spectroscopy. Raw spectra collected from :
in a quartz cuvette at different depths 0.8 (green), 1 (red) or 2 mm (blue).

I1. 6 Conclusions

This study shows that spectra collected in different pdirésdried serum drop

were affected by the thickness variations of the samples both in IR and Raman
microspectroscopies, thus questioning spectral reproducibility. Moreover, the

IR spectroscopic analysis has shown that protein bands are saturated ig the rin
formation, making any conclusion hazardous regarding potential molecular
changes in periphery of serum drops. The predominant presence of high
molecular weight proteins couldchask other entities of diagnostic interest.
Therefore, ultrdiltration to remove high molecular weight protein like HSA is

a promising approaéfi?®. In this particular case, the concentration of the
remainng | ow mol ecul ar wei ght constituent
ringo effect could be an advantage as
tears, a biofluid 7 times less concentrated in proteins than $erdiutomated

deposits of smakerum amounts (nL) could be also a promising alternative, as

it appears to diminish the i mpact of t
The benefits of analysing thin films composed of nanoliter droplets in term of

spectral reproducibiliff has been reported. In order to meet clinical
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expectations, Higithroughput FTIR macrospectroscopy designed to obtain
spectra from a muhivell silicon plate appears more appropriate for biofluid
analyss, even if serum and plasma samples have to be diluted to avoid
saturatior®3°, Although Attenuated Total Reflection (ATR)TIR spectroscopy

is not an automated technique, it allows to collect spectra in the reamser
through a single reflection crystal, assuring spectral reproducibility and without
sample dilutio”®. ATR-FTIR spectroscopy could also be used on liquid samples
as well as Raman spectroscopy but as the drying process is a really dynamic
phenomenon, spectra taadtion of a representative composition sampling on a

wet drop is still questionable.
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Chapter Ill. Investigating optimum sample
preparation for infrared spectroscopic
serum dagnostics
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lll. 1 Recherche de la préparatiord 6 ®c hant i |
optimale pour un diagnostic sérologique par
spectroscopie infrarouge

[11.1.1 Résumé

Les biofluides tels que le sérum et le plaspmaprésentent un milieu idéal pour le
diagnostic de maladies de par leur implication dans les fonctions physiologiques
fondamentales chdzd Homme et | eur LAapbobst ®i det ® ot b
diagnostic rapide avec une sensibilité et spédifiéitevées est essentielle pour

exploiter les avancées dans le développement de nouveaux traitements. De plus, la

possibilit® doéidentifier rapidement une
(I RM), permettrait | e s uiawdlamoagitp.Deph ® d o
ces raisons, |l a spectroscopie vibrationn

nombreuses ®tudes pour ®valuer son poten
des résultats prometteuSependant, la préparationtopale des échantillons et la
méthodologie la plus appropriée sontemr e mal connues. Cette
conséquent a la répétabilité et reproductibilité des données spectrales acquises avec
deux modes différents de spectroscopie infrarouge ldRgflectance totale atténuée

(RTA)etlatransmissigm ppl i qu®s ~ | 6anal yse du s®r um

Dans un premier t emps, |l es aun ankélgngee s on
commercialisé de sérums humaibifférents facteurs de dilutions £1/1/3, 1/4, 1/5)

ort été testé pour évaluer leurinfluenseur | e d®p!t final dbéune
et surles acquisitions spectrales associéesnmaromagerie et macrospectroscopie

IR a haut débit. Dans un second temps, des échantillons de sérum de patiéjts (n
collectés avant et aprés un acte chirurgical ont été analysés par spectroscopie IR en

mode RTA et transmission.

89



[1l. 1.2 Conclusions

L 6 dyseades spectres acquis sur des gouttes séchées de sérum par spectroscopie RTA

et macospectroscopie a haut débitrentré une bonne reproductibilité des données
obtenus avec les deux approches. Dans le cas de la macrospectroscopie a haut débit
réalisée en transmission, un facteur de dilution du sérum au tiers a été déterminé
comme étantd plus approprié puisque des facteurs de dilutions inférieurs ne sont pas
suffisants pour éviter la saturation des bandes spectrales associées aux protéines

| 6i nverse des facteurs de dilution sup®i
importante lacontribution des molécules au faible poids moléculaire et présentes
naturellement en faibles quantités dans le sérum. Ensuite, les deux approches
comparées et associées a une analyse multivariée ont montré des capacités
équivalentes dans la discriminatidnd ® c hant i | | ons de patients
chirurgie. Cette réponse IR basale ne permet pas de distinguer completement les
échantillons mais est importante a prendre en compte car-ccelleflete
potentiellement | 6infrluammat iedn neduwme "7 | lad an
ciblée. Comparée a la macrospectroscopie a haut débit, la spectroscopie RTA ne
nécessite pas de diluer les échantillons de sérum et des modeéles de machines portabl

sont désormais commercialispermettant une approcte diagnostic personnalisé.
Cependant , |l a macrospectroscopie per met
totale déun puits (3 mm de diam tre) I i
caf ®66 et ®gal ement de r ®«Ulnicstageimporareg an al

pour la transposition de la technique en milieu clinique.
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lll. 2 Chapter overview

It has been shown in the previous chapter that spectra collected from serum
samples by microspectroscopy techniquesre not reproducible due to
thickness variationsf a dried serumdropaused by the Acof f e
Thus, macroanalysis suchtdgh-Throughpufourier Transform Infrared (HT

FTIR) and Attenuated Total Rection (ATR)}FTIR spectroscopiesppear

more appropriate for biofluid anedis. This studyexaminegherepeatability and
reproducibility ofthese twasampling modes and their associated serum sample
preparation with spectral standard deviation of 0.0015 (posprpEssing)
achievable for both sampling modes proving the collection of robust spectra. In
addition this studyinvestigates the optimum sen sample dilution factor for

use in high throughput transmission mode analysis withodd3dilution proving
optimum. This study exposes well,the use of ATR and transmission mode
spectroscopy to illuminate similar discriminatory diffeces in a patnt study.

This fundamentatesearctprovides proof of robust spectral collection that will

be required to enable clinical translation of serum spectroscopic diagnostics.

l1l. 3 Introduction

Rapid detection of diseases enables the early administratiorthefrapeutic
strategy when the treatment is most effective, thus saving health expenditure and
lives. For this purpose Fourier Transform Infrared (FT#Rgctroscopy is a
suitable technique as it is nalestructive, labelree, rapid, coseffective, easy

to operate and requires simple sample preparation. Moreover, the use of serum
spectroscopy for diagnostics has the advantage for patients to be relatively non

invasive compared to current diagnostic methodologies such as biopsies.

Over the past few yearsamy studies have shown the successful use of
vibrational spectroscopy for the analysis of biological sampl&ecent studies
have investigatethe potential of vibrational spectroscopy as a diagnostic tool

for the analysis of biofluids. A pilot study @alivausing FTIRspectroscopy
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associated with linear discriminant analysis (DDAas reported the correct
classification of diabetic patients from healthy control (overall accuracy of
100% on the training $@nd 88.2% on the validation testThe potential of
human tears for the diagnosis of ocular diseases has been evaluated in
preliminary studies, Traveoet al. have shown significant discrimination
(p<0.0001) of healthy people from patients with keratoconus (degenerative
disorder affecting the cornea) and also between patients at an early or advanced
stage of disease by high throughput (HFTIR and principal component
analysis (PCAY®. A study on synwial fluid by Raman spectroscopy and k
means analysis, has shown the discrimination of patients with osteoarthritis of
low or high severity (74% sensitivity and 71% selectiVit@jle patient samples

with malignant biliary strictures were differentiatadrh samples of patients
with benign biliary diseases (sensitivity between 82% and 95%, specificity
between 85% and 100%) by HHATIR spectroscopy in association with support
vector machine (SVM) classification and leawm®eout cross validation
(LOOVC). A Raman analysis combined with PCA and quadratic discriminant
analysis (QDA) performed on urine has allowed the discrimination of patients
suffering from diabetes mellitus and hypertension with low, high risk of kidney
failure or with kidney failure (undenalysis) with a 70% overall classification
rate (89% for the control group and 81% for both high risk and renal failure
groupsy. However, the most popular biofluids analysed by vibrational
spectroscopy are bloadkrived products such as plasfiid and seum'>18,
Prootfof-principle studies have shown the ability of FTIR spectroscopy to
identify different types of cancer from serum samples-:FHTR spectroscopy

in transmission mode was used to discriminate urinary bladder cancer patients
from patients withurinary tract infection with an accuracy between 85 and 92%
achieved with LDA or random forest (RF) classifferbreast cancer from
healthy donors with 96% sensitivity and 93% specificity with cluster an&lysis
cirrhotic patients with or without hepatellular carcinoma with 87% sensitivity

and 85% specificity by SVMLOOCV?L. Studies using attenuated total
reflection (ATR)}FTIR spectroscopy, coupled with classification machine

analysis obtained an accuracy of 95% and 82% for the discrimination ofrovaria
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and endometrial cancérand allowed to achieve 87.5% sensitivity and 100%
specificity for the differentiation of glioblastoma multiforme (GBMgrsus
healthy control as well as on average of 94% sensitivity and 96.5% specificity

for the diagnosis of lowrade gliomasnd @M versushealthy contra®?4

Vibrational spectroscopy provides information on the composition and structure
of matter. The principle of IR spectroscopy is based on the interaction of IR light
with matter. Molecular bonds absorb tlieradiation at the resonant frequency

of the bond or group, exciting vibrational modes. The resultant spectrum is a
biochemical fingerprint of the analysed sample, each absorption peak/band
corresponds to a specific vibration or combination of vibratidrasraolecular

bond. This absorption phenomenon obeys the-Baerbert law, thus allowing

to obtain both quantitative and qualitative informatfoin order to realise the

full potential of IR spectroscopy as a leading healthcare tool, some issues need
to be understood prior to clinical translatf&rOne issue in particular related to
biofluid spectroscopy is due to the strong IR activity of water. As such, the most
common protocol for analysing liquids such as biofluids is the drying of drop
depositsHowever, it has been shown by optical and spectroscopic assessment
that this deposition is not homogen®t®. Thus, reproducibility and reliability

of dropdried spectroscopic results are still questioned. This is even more
pronounced when using microgp®scopy. In addition, when analysing
biofluids with IR transmission mode it is common to dilute the sample, due to
saturation of spectral peaks, with water prior to drying. The effect upon the
spectrum and the optimum dilution is unknown and has not pesmously
investigated. In order to take full advantage of the potential of biofluid
spectroscopy to provide a rapid and responsive diagnostic environment, this
study reports the usd# HT-FTIR, FTIR imaging and ATRFTIR to investigate

and understand theffect of sample preparation upon the IR spectrum and

provide an optimum sample preparation for biofluid spectroscopy.
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l1l. 4 Materials and methods

lll. 4.1 Serum samples

Normal human mixed poolestrum purchased from TCS Biosciences (Midp

used for dilition tests. Serum samples (n=105) from 70 patients needing high

risk surgery (e.g. liver and renal surgery, lung resection, laoge| resection,
gastrect omy, Whi ppl eds procedur e) wer
Technology Laboratory (Dstl) Portdbown. The study has been approved by
Southampton & South West Hampshire Research Ethics Committee (A), 1st
Floor, Regents Park Surgery, Shirley, Southampton, Hants, SO16 4RJ
(reference number 06/Q1702/152).consent form was signed by all patients
recrutedinto the study at the medical care centres involved (Liverpool Royal

and University Hospital, University College Hospital, London, Bristol Royal

I nfirmary, Guy O0s & St Thomasao Hospi t
Elizabeth Hospital and University Hospit&rankfurt). Clotted blood samples

(4mL) were centrifuged and the extracted serum samples were ste88d@t

until needed for analysis. Ttsel collected include 35 preperative samples,

35 postoperative samples from the same patients thdallying surgery and

35 additional preoperative samples from different patients. The study included

35 males and 32 females (the gender of 3 patients from records were not

provided) between 21 and 79 years old with an average age of 60 years.

lll. 4.2 Sample preparation for HT-FTIR and FTIR
imaging

Four dilutions (1/2, 1/3, 1/4, 1/5) were performednanmal pooled serum with
physiological water (NaCl 0.9%, B. Braun). Five noiiters per replicate and

10 replicates per sample including diluted, +ulnted normal serum and
physiological water as control, were pipetted onto each well of a silicon plate
(384 wells). Drops were dried at room temperature before the spectral data
acquisition. Serum samples from patients wefel@® diluted and 8 replicates

were prepared using the same protocol.
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lll. 4.3 Infrared spectroscopy and imaging

Spectra of diluted, nediluted pooled serum, physiological water (30 spectra
per condition, 180 spectra in total) and patient serum samples (840 spectra in
total) were collected with digh-throughput screening HF®T extension
coupled to a Tensor 27 spemmneter (both from Bruker Optics GmbH, Ettlingen,
Germany). Spectral acquisition was performed in the transmission mode,
controlled viaOPUS v6.5 software (Bruker Optics GmbH, Ettlingen, Germany)
and collected at apectral resolution of 4 ¢t co-adding32 scans over the
spectral range of 400000 cm'. A background spectrum was acquired before
each sample measurement and automatically removed from sample spectra. One
spectrum is obtained over the whole surface of a well (~4 mm diameter) of the

384 wellsilicon plate used in the HEST extension.

To study the drop heterogeneity, spectral images of the diluted serum drops were
acquired with aPerkinElmer Spectrum Spotlight 400 imaging system
(Courtaboeuf, France). Three spectral images were performednedilated,

diluted pooled serum and physiological water (18 spectral images in total) at a
spatial resolution of 25 um/pixel, a spectral resolution of 4',céhrcoadded
scans, and covering the spectral range of 48D cm! (Spectrumimage
software, venen 1.6, PerkinElmer).

Patient serum sample spectra were also collected using a Casg&@OFTIR
spectrometer from Agilent technologies, USA, equipped with a Pike Miracle
ATR Accessory. After thawing, UL of each sample was pipetted onto a
germanium Ge) crystal and dried for 8 minutes at room temperature. Three
spectra were collected per biological replicate and 3 replicates performed for
each sample (9 spectra per patient sample and 945 spectra for all samples in
total). Spectra were acquired at agkition of 4 crtt, over the spectral range of
4000400 cm! and averaged over 32-emlded scans (Agilent software, Agilent
technologies, USA). A background absorption spectrum of the crystal was
measured for atmospheric correction before each replicatplsanalysis and
removed automatically from every sample spectrum. One average spectrum is

obtained over the whole surface of the ATR crystal in contact with a sample.
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The crystal was washed between each replicate analysis. Experimental

processes are déd&d in the experimental schematic showrrigure 31.

- Quality test

> =» - Pre-processing
- Variance study

Single spectra

A - Pre-processing

;| =» - Spectral image
reconstructed on a
single wavenumber

- Quality test
-> =» - Pre-processing
P - Multivariate analysis

Single spectra

Patient serum

Ge crystal ATR-FTIR spectrometer

Figure 3.1 Schematic methodology representatipraD)i | ut i on t es
on human pooled se-Fomr bgr htghns-Rot
spectroscopy damdFFHATIRR ainmda gionag.l att
FTIR spectroscopy compa-r(insdm ) sigundky
surgery patient serum samples. Ge:

lll. 4.4 Pre-processing and data analysis

A quality test as previously descrilsédias performed on raw spectra to control
absorbance intensity, sigr@k-noise ratio and water vapour content (OR\8S%
software, Bruker Optics GmbH, Ettlingen, Germar8pectra with a maximum
absorbance higher than 1.8 or lower than 0.35 in arbitrary units (a.u.) were
rejected. Signalo-noise ratio was calculated taking the maximum absorbance
of the amide | band beten 1700 and 1600 ¢h{S1) and between 1260 and
1170 cmt (S2) respectively divided by the noise intensity evaluated between
21002000 cm*(N). Spectra were rejected when S1/N was less than 50 and S2/N
was less than 10. Water vapour content (W) was evaluated betweed 83847
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cml. Spectra were rejected when S1/W was less than 20 and S2/W was less than
4.

Following the quality test, data reqmtucibility was assessed on both raw and
pre-processed spectra of diluted normal pooled sefam variance study which
consists in calculating the mean spectrum and the standard deviation (STD) for
eachsample dilution conditiorfTable3.1). Preprocessaing of HT-FTIR serum
dilution test spectra was performed with OPUS v6.5 software (Bruker Optics
GmbH, Ettlingen, Germany). Spectra were cut to the spectral range 689000

cm®, baseline corrected and vector normalised.

Spectral images of serum drops winrs subjected to an atmospheric correction
for water vapour andCO: by the builtin Spectrumimage software V1.6
(PerkinElmer, Francedf the Spotlight 400 imaging syster8pectral images
were then reconstructed, based on a specific chosen single wewema order

to study the wavenumbeelated component distribution within drops
(Spectrumimage V1.6).

HT-FTIR and ATRFTIR patient data prprocessing and multivariate analysis
were realised with Matlab software version 7.11.0 (The Math Works, Inc.,
USA). All spectra were cut to the spectral range of 3800 cm! (fingerprint
region). A principal component based noise reduction using the first 30 principal
components (PCs) of the data was performed on the spectra to improve the
signalto-noise ratio. Al spectra were then ba$ime corrected and vector
normalised. Principal Componebiscriminant Function Analysis (ROFA)

was performed on prprocessed data over the spectral region of -BEmcm’.

[1l. 5 Results and discussion

[1l. 5.1 Serumdilution effect

Four dilutions (2fold, 3-fold, 4-fold and 5fold) of serum samples were

prepared with physiological water in order to determine the most appropriate
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dilution for spectral acquisition with HFTIR speatoscopy as resulting spectra

of nondiluted serum samples were saturatéigre3.2) at the proteiramide |
andamide Il bands (170a500 cm') and HO-H stretching band at 3280 ¢m

In the 2fold dilution sample group, 60% of the raw spectra failedginality

test, mainly due to a high maximum absorbance (> 1.8 a.u.) observed in the
amide | band. On the contrary with af&@d dilution, 10% of the spectra were
rejected because of a too low maximum absorbance (<0.35 a.u.)aohithes|

band. With the 3and 4 fold dilution, all spectra passed the quality test with a

maximum absorbance of 1.6 and 0.9 respectively.

—y
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Figure 3.2 HT-FTIR raw spectra of nediluted human pooled sert
(blue), diluted samples {ld: green; 3fold: red; 4fold: cyan; 5
fold: black) and physiological water as negative control (pink).

4000 3500
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A variance study on both raw spectra andgmecessed spectra was carried out on the
spectra that passed the quality t&tandard deviations (STf spectra from each
dilution (raw and preprocessed) are reported in Table 3.1.-praressed spectra
presented a lowest average STD compared to their corresponding rawidate (

3.3). The preprocessing has improved the reproducibility of the spectra. bkl 2
diluted preprocesed spectra showed the lowest average STD due to the low number
of remaining spectra after the quality test (40%). THel® diluted preprocessed
spectra presented the highest average STD (0.0022). The STD results of the 3 and 4
fold dilution are similarwith both providing low average STD after gseocessing
(0.0012 and 0.0013 respectively). Globally, the results show a good reproducibility of
the spectra, similar to the reproducibility of human pooled serum spectra reported by
Handset al.via ATR-FTIR spectroscopy (average STD of 0.0137 and 0.0015 for raw

and preprocessed spectra respectivély)

Table31Qual i t yv a@reisancaendst udy r&JUIRt s
of npomdled serum with different

Dilution Right spectra after Mean STD Mean STD
quality test (%) (raw spectra) (pre-processed spectra)

1/2 40 0.015 0. 0004

1/3 100 0.0474 0.0012

1/4 100 0.02 0.0013

1/5 90 0.0342 0. 0022

Combining the quality test and the variance study results, -floéd 3lilution was
determined as the most suitable dilution for a serurdFHIR analysis witha good
reproducibility and absorbance intensithe 3fold dilution was chosen as a higher
dilution (e.g. 4fold) will induce the risk of a low spectral response, especially for the
analysis of molecules present at a low concentration within the serum. No molecular
changes were visible on collected gp&cassuming that there was no effect of the
dilution with water on the composition of the serum. Similar observations have been
reported in a study by Raman spectroscopy on plasma dilution tests. They concluded
that the plasma dilution did not affethe chemical composition and molecular

structure of proteins within dried drofis
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Figure 3.3 Variance study performed on HHTIR raw(a; b; c; d)and preprocesse
(e; f; g; h) mean spectra (black) of diluted human pooled serum. Standard devi

represented in grey.
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Spectral images were acquired to better understand the distribution of serum
molecular components within dried drops as physical differences were observed
between nosdiluted (presence of cracks) and diluted serum samples (hollow
shape)suggesting a drop composition heterogendrigure 3.4, white light
images). It can be seen on the total absorbance spectral image of the droplets
that the absorbance intensity varies within the same drop, with a highest
absorbance intensity in the droghge compared to the centre. This translates as

a concentration gradient of serum components from the centre to the periphery
of the drops, showing an uneven drying process across the serum droplets. As
expected a global absorbance intensity decrease waseiwved for diluted
samples compared to naliluted samplesKigure 3 .4, total absorbance spectral
images$. Spectral images based on a single wavenumber reconstruction enabled
the determination, within a drop, of the distribution of molecules associated with
the targeted peak. It was observ&iy(re 3.4, reconstructed spectral images)
that serum components $uas proteinsgmide | andamide Il bands around

1647 cmtand 1542 cm), lipids (1442 crit) and nucleic acids (1078 chhhave

a tendency to migrate towards the periphery of the drops. This phenomenon is
referenced in the literature as the walbwn cofee-ring effecf?34 This effect

was more visible when the dilution factor increased, the ring appearing thinner
at the dropsdé edges and the cent-res aj
diluted serum sampleg-igure 3.4, white light images). The depaosand the
resulting drop morphology has also been shown to be influenced by the substrate
hydrophobicity but without impact on the chemical composition of safiples

To avoid the coffeging effect, a study has recommended to perform an analysis
on a filmcomposed of reducesize dropsZ17 drops of 200 pL each per well

of a 384 wells silicon platepbtained by an automatic sampling and by
controlling the drying process (vacuum drying). They obtained a higher

reproducibility of spectral data compared toos-automatic sampling.
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Figure 34 Serum dilution study by FTIR imaging of dried drops. Original spe

images were atmospheric corrected. Other spectral images were reconstruct:
single wavenumbeAbs: absorbance.

The presence of cracks has been observed owihged sample drops and was less
visible/absent on diluted samplg3sgure3.4,white light images)lt has been reported

that spectra acquired from sample areas containing cracks suffer from spectral
distottions resulting in an abnormamide | and 1l bands and baseffdn this study,
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the dilution of the serum samples has provided visually a dried drop with greater
homogeneity over the surface. Moreover, one averaged spectrum is acquired on the
whole surface of a well with the HFTIR technique, resulting in a representative
spectrum of the entire serum sample contrary to spectra collected in a single point
mode as serum dried drops spectra have shown spatial but also chemical

heterogeneitsf.

lll. 5.2 ATR-FTIR and HT-FTIR spectroscopy
comparison

An analysis was carried out on prand postoperative serum samples from
patients having undergone surgery for different clinical reasons. This set of
samples (n=105) was used to compare the two techniquBesFATR and HF

FTIR spectroscopy and also to enable the profiling of a baseline IR response
when considering only surgery. ATIRTIR is an excellent technique for the
analysis of serum since a sample can be directly deposited and dried on the ATR
crystal bebre the spectral acquisiti¢fn However, there are currently no multi

well sample accessories to enable rapid automated collection of spectra. HT
FTIR enables the rapid automated collection of spectra but there is an increased
requirement for further sampreparation via sample dilution. As such it takes

6 hours to collect 360 spectra from 360 samples on a-meltiplate via HF

FTIR spectroscopy and in the same amount of time 40 spectra would have been
able to be collected via the current AFRIR appr@ach (the addition sample
preparation time for the HFTIR takes approximately 1 hour for the deposit of
360 samples and 30 minutes for the samples drying). The sample preparation
regarding the analysis of serum by AFRIR has been reproduced from the
methodology applied by Handst al?%. They have determined that a serum drop

of 1 yL is dry after 8 minutes at room temperature and that the resultant spectra
acquired exhibited a high reproducibility. In the present study, spectra from
human serum samples keecollected from JuL and 5L (3-fold diluted serum)

for the ATRFTIR and HFFTIR spectroscopy respectively. These spectra were

reproducible and repeatable thus conserving the serum resource by using minute
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amounts. Spectral differences are visible andkierage spectra of the two pre
and postoperative sample groups especially between 950 and 126fcboth
ATR-FTIR and HTFTIR techniques, further differences are discernable
between 1250 and 1700 diout only with the ATRFTIR methodFigures 3.8

and 3.%9). A different ratio and a peak shift is observable foramede | and
amide Il peaks between ATR and transmission sampling modes (Figuees 3.5
3.5d and 3.%9). This is similar to the ratio and peak shift differenobserved

by Olleschet al®® on dried serum sample comparison between ATR and
transmission due to dispersion effects. Associated wittDP&, both ATR

FTIR and HFFTIR spectroscopies show similar scores plots and ability to
discriminate serum spectra over the range of AZ8®cm’ of patients prior to
surgery and serum spectra after surgery in spite of similarities resulting in an
overlap. Discriminant Function 1 (DF1) in both cases is responsible for the
separation of the two spectral grofpgyures 3.6 and 3.®) andDFs along the
y-axis areonly shown for visual purposes. Loadings on DF1 contain only the
spectral information that is responsible for the discrimination between spectral
groups (Figure 3Gand 3.5%). With both techniques, the same peaks have been
identified but have jpposite directions on the loadings plots. Positive peaks in
DF1 loadings for the ATHETIR spectroscopy analysis are negative in the DF1
loadings for the HIFTIR spectroscopy study and vice versa. Spectra from the
two groups are also separated in an inverag against the-axis of the scatter
plots between the two techniques. Proposed peaks assignments are presented in
Table3.2. Major peaks of the loadings on DF1 were in both cases-1028

cm! corresponding to glycogen and 1078 “trassigned as i@ stetch
(DNA/RNA). It can be noted that a complete separation of the two groups by
PCG-DFA was not expected since it is known that a surgical procedure triggered
physiological and immunological reactions in order to maintain the body
homeostasis but the stresduced by surgery and the associated body responses
are dependertn many factors such as the kind of procedure and its relative
injury severity, preexisting pathologies, genetic predisposition of patients and
the difference observed will not be as #iiglant as diseasedersusnon

diseased patient samplé®.

104



Q
Q.

] 02} I,‘\\
o ||

01}

o

N
——
SD—

Normalised absorbance (a.u.)
§ o
e ——
<<
\ SRS
Normalised absorbance (a.u.)

o
8

W ¥

N N ’
— o Nl

o
o
=

e ————

0.05F /

o
@
~
.

0 " N " " . . " . ) A L N . " . . . )
1800 1700 1600 1500 1400 1300 1200 1100 1000 900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900
= z -1
x10™ e . Wavenumber (cm™)
x 10

o

— v
o 2

9 w
S §- o
0 o v"v
™\ o /
05 v vy

v

DF14
DF2

-1 05 0 05 1 15 2 25 002 0.015 0.01 0.005 0 0.005 001 0.015
DF1 «10° DF1

005

DF1 Loading
o &

DF1 Loading
o

o
=

015 015

1200 1150 1100 1050 1000 950 1200 1150 1100 1050 1000 950
: -
Wavenumber (cm 1) Wavenumber (cm™’)

o
N
o

o
nN

o
o
T

o
b=
N
T
-

A\

oo

‘/l/‘; N i,

=, . L 5 . " PR e
1800 1700 1600 1500 1400 1300 1200 1100 1000 900
Wavenumber (cm")

Normalised absorbance (a.u.)
o
<l
>

Figure 35 ATRFTIR and HFFTIR comparison study on pre and pestgery serut
samples. ATHTIR (a) and HFFTIR (d) pre-processed mean spectra of patient s¢
prior to surgery in red and &r surgery in blue. ATIRTIR (b) and HT-FTIR (e) PC-
DFA scatter plot, prgorocessed serum spectra of patients prior to surger
represented by red triangles and after surgery by blue triangles over the spectre
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FTIR (f) correspondindF1 loading from whole patient serufg) HT-FTIR and ATk
FTIR spectra (from a and d) in red and green respectively.
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Table 32 HT-FTIR and ATRFTIR PC 1 loading peaks assignmeéntg 24 40. 41

Frequency (cm?) Assignments

1170 Ester C-0 asymmetric stretch

1150 C-0 stretch (carbohydrates)

1125 C-C asymmetric stretch

1110 CN stretch, CH bend

1100 PO,- symmetric stretch (nucleic acid)
1078 C-0 stretch (deoxyribose/DNA-RNA)
1065 Chain C-C

1050 C-0 stretch

1023-1040 Glycogen

1006 Phenylalanine (ring breathing)

990 CO-0-C stretch

970 C-C, CN stretch, PO, % stretch (DNA)

I1l. 6 Conclusions

HT-FTIR and ATRFTIR techniques have both shown promising results for
serum drieedrops analysis with a high reproducibility of the spectra collected

on normal human pooledhixed serum samples. Moreover, both approaches
associated with multivariate analysis have shown an equivalent capability to
distinguish spectra of patient serum collected before and after surgical
procedures. This baHR response to surgery should bedaknto consideration

when performing a diagnostic study as molecular changes observed in spectra
might be due to the surgery/inflammation itself and not to the pathology
targeted, however thstudy hashown that these responses are not significant
enoudn to enable full differentiation of serum samples. Compared to the HT
FTIR technique where serum samples have to be diluted because of a saturation
effect, with the ATRFTIR method, samples can be directly applied onto the
ATR crystal and can be portabldowever, this implies no possible sample
storage for further analysis as the crystal has to be cleaned after each sample
measurement and no automation of the analysis is yet available. Regarding these
aspects, with the HFTIR technique the storage of sdewis in theory feasible

but no studies have investigated the effect of the conservation over the time of
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serum properties integrity. A-®ld dilution was shown to be optimum based
upon a variance study, quality test and the ability to detect low caoatent
biochemicals present compared to higher dilutions and is the recommendation
for HT-FTIR analysis. HIFTIR spectroscopy has the advantage to allow an
automated analysis that is an important criterion for a transposition of IR
spectroscopy into a clical application. This automation advantage can be seen
in the time comparison with HFTIR being able to collect 360 spectra, in the
same time it would allow to collect 40 spectra in the current ATR
approach. An automated approach for AFRIR analyss would be beneficial

as there is a comparable spectral reproducibility betweenAMMR and HF

FTIR spectroscopy and a comparable ability to discriminate and illuminate
differences in patient spectra but with an automated-ATHR approach, there

would mot be a need for dilution.
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Chapter V. Biofluid Iinfrared spectro-
diagnostics: preanalytical considerations for
clinical applications
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V.1 Diagnostics a partir de biofluides et par
spectroscopie infrarouge: considérations pré
analytiquese n v wne apgdliGation clinique

IV.1.1 Résumé

Denombreuses ®tudes au stade preuve de co
vibrationnelle a des biofluides ont démontré que la technique a un potentiel prometteur

en tant que futur outil diagnostic clinigue. Cependant, ces études montrent aussi le
manque de standardisation des protocoles dans la manipulation et la préparation des
®chantill ons avant | 6 anesérgusanalgtiguesdaplu scopi
couranteest la phase prénalytique. Dans le but de transférer la technique eeumili
clinique, i est ®vident qubébun protocol e
échantillons biologiques. Cette étude porte sur certains aspects de la phase pré
anal ytiqgue dans | e d®vel oppement de | d6ap
transformée de Fourier aux biofluides les plus communs tels que le sérum, le plasma

ou la bile. Des considérations gRalytiques qui peuvent avoir un impact sur a la fois

les échantillons (solvants, anticoagulants, cycles de congélations/décongétatinns)

| 6anal yse spectroscopique (pr®paration d:
de déposition, les volumes, les substrats, la dépendance opérateurs) et en conséquence
sur la qualité et la reproductibilité des données spectrales sont disangsaite

étude.

Les analyses ont ®t ® men®es ~ partir doé®c
Une dilution au tiers des échantillons de sérum et de plasma a été déterminée la plus
appropriée avec une solution saline pour éviter la précipitaties protéines
contrairement © wune dilution avec de | 6e.
concentrée en protéines, cetlle ne n®cessite pas do°tre
déepdts de ces 3 typed @échantillons sans étalemesbnt préférable pour la

reproductibilit® des r®sultats. Un s®cha
danslecas@une utoumeapli aqguae de Lascollectecdisanmg 3 8 4
pour | 6obtertsitom ecdwmmpmlaams®& avec pdriees t ube
de | i t hi weode eétlaylenedidmimetétraacétique, autre anticoagulant
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commun®ment e mpl o ymasnpapinierferd aGeo lb sigaat du plasma d

par la présence de pics supplémentaires. Il a été démontré également que des spectres
acquis© partir do®chantillons frais de s®ru
spectres collectés p a échantillongdodngelés puis décongelés. Par ailleurs, les
spectres doé®chantill ons ayant subi jusqu
se dstinguent pas, suggérant un faible impact de décongélations répétées sur la
composition de | 6®chantill on d®tectabl e
d®montr® que |l a collection spectrale noéo®

est reprductible de jour en jour.

V. 1.2 Conclusiors

Le développement de toute technique analytique de laboratoire, incluant la
spectroscopie t ayant l e potenti el do°tre trans
évaluation systématique des potentiels factprés intra et posphase analytique qui
peuvent avoir un impact sur | a qualit® d
générale des résultats. De plus, de futures recherches seront nécessaires pour évaluer

l es variabilit®®tuderadetmPi metequeedbaesbr e
préanalytique tels que la reproductibilité entesmémesappar ei |l s doéun f
Cette ®tude est centr ®e wmftarougbabhatpgbitenc at i o
mode transmission, il seraitég@ ment | nt ®r essant dobéeffect

avec doautres modalit®s de spectroscopi e
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V.2 Chapter overview

Several procebf-concept studies on vibrational spectroscopy of biofluids have
demonstrated that thechniquehas promisg potentials as a clinical diagnostic tool.
However, these studies also show that there is lack of a standardised protocol in sample
handling and preparation prior to spectroscopic analysis. One of the most important
sources of analytical errors is theejanalytical phase. For the technique to be
translated into clinics, it is clear that a very strict protocol needs to be established for
such biological samples. This study focuseshendevelopment of Higithroughput
Fourier Transform InfraredHT-FTIR) spectroscopywhich was found the most
appropriate approach for serum analysis among the different modalities tested in the
two previous chapter®ifferent aspects of the pranalytical phasef serum analysis
andsomeof the most common biofluids such@asma and bilare investigatedPre
analytical considerations that can impact either the samples (solvertnantants,
freezethaw cycle¥ and/or spectroscopic analysis (sample preparation such as drying,
deposit methods, volumesibstrates, opator dependeng@and conequently on the

quality andreproducibility of spectral data will be discussed in thapter

V. 3 Introduction

During the last decade, a number of studies have highlighted the potential of
vibrational spectroscopy applied tmfhuids for screening, diagnostic and prognostic
applications in the biomedical fidld. These studies exploited the fact that biofluids
exhibit spectral characteristics reflecting their biomolecular composition, which
allows, through chemometric analysis, the identificatiorattigons reflecting sensitive

and specific spectral biomarkers in various pathological conditions. Some biofluids
such as serum and plasma appear as ideal media for routine clinical use as they are
easily accessible, collectable by minimally invasive metiud repeatedly available

for monitoring disease progression or therapeutic response. Accordingly, most clinical
studies have been performed using blood components and the quest for spectral blood
biomarkers has been widely explored in patients with mafigand nofmalignant

diseases, as reviewed recently by Bakerall®. Other biofluids such as bile or
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cerebrospinal fluid arkess accessible but of particular interest as their proximity with
diseased tissue may facilitate the identification of the spectral signatures of the
diseas&'2 Based on these data, biofluid vibrational spectroscopy appears as an

innovative and promising facet of the concepiliquid biops/ 0 .

However, in spite of promising results, biofluid vibrational spectroscopy is still far
from the routine clinical application. The great majority of studies are{afecdncept
studies based on a small number of subjects with and withewisease of interest.

The results of these pilot studies should be analysed by cross validation methods and
interpreted cautiously until validated in clinical trials performed in independent
cohorts with a large number of patients and using goldedatd diagnostic methods

or complementary techniques. Most importantly, at the time where multicenter studies
are being considered, there is a crucial need to standardise and validate the modalities
of sample collection, storage and spectral acquisitidandardisation of sample
related factors is the first step of gamalytical validity of any technology intended to
large scale and multicenter clinical applications. It is \@sthblished that most errors

in laboratory testing occur in the pa@alyticalphasé®and the need for standardisation

of the procedures has been demonstrated in othestlimighghput technologies such

as proteomic$*> metabolomic¥!’or genomic¥.

The work presented here will addréississue ofpre-analyticalvariability in the field

of high-throughput biofluid infrared transmission spectroscopy with a particular focus
on blood components preparatiéractors that may affect the IR spectral quality and
profile of biofluids will be discused including biofluid dilution, volume and
deposition modalities, repetition of freetteaw cycles, drying conditions, types of

blood collection tubes used, inti@nd interoperatoreproducibility

V. 4 Experimental

The studies were performed from anka&f serum and plasma samples store8GftC,
originally taken for routine biochemical cheag at the Biochemistry Laboratory of

Reims University Hospital. Serum was obtainedcbytrifugation of freshly clotted
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blood and plasma by centrifugation of bl collected in tubes containing
ethylenediaminetetraacetic a¢iEDTA) or lithium heparin as anticoagulants. Bile was
obtained during endoscopic retrograde cholangiopancreatography after selective
biliary cannulation and before any injection of contrast agent. After centrifugation, the
cellular pellet was removed for routine cytological examination and the remaining
supernatant was retrieved and storeéB@tC at the Pathology Department of Reims
University Hospital. An informed consent was obtained from all patients for

performing a diagnostic and/or therapeutic endoscopic retrograde cholangiography.

IV.4.1 Impact of biofluid volume and dilution on
spectral quality test

The experimental procedures afetailed in Figure 4.1. In brief, serum and plasma
experiments were performed on pure and affel@® 3-fold and 4fold dilutions using
normal saline (0.9% NaCl). As we have previously shown that bile can be analysed
without dilution'?, only pure bile samples were used. Samples were degamitto
silicon plates, either 9@/ell plate with wells of 7 mm diameter or 384l plate with

wells of 3 mm diameter. Sample volumes of 5 and 10 pL were studied using-the 96
well plate and 3 and 5 pL using the 3&4ll plate. A deposit of 1 pL without ldition

was also tested with the 38¢ell plate. The deposits were spread drops onto the entire
surface of the well or nespread drops in the middle of the well. Ten replicates per
sample were studied. After 1h drying at room temperature, the differees plare
inserted into a higithroughput module (HTXT) coupled to an FTIRspectrometer
(Tensor 27, Bruker Optics GmbH, Ettlingen, Germany). Spectra were acquired in the
transmission mode (OPUS v.6.5 software, Bruker Optics GmbH) in the4amem!
wavenumber range with a 4 chnspectral resolution and 32 scans. A background
reference spectrum was recorded before each sample analysis. The reference spectrum
was automatically subtracted to obtain the final absorbance spectrum.-Alzeyo
factor of 2 ad a BlackmafHarris3-term function were applied for Fourier

transformation.
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Biofluids
(serum, plasma, bile)

l

Range dilution: 0, 1/2, 1/3,1/4
(physiological water)

|
v v

Deposits onto 7 mm <& well Deposits onto 3mm & well
(96-well Si plate) (384-well Si plate)

5uL 10 uL 3 uL 5uL
L |

v VoV oV v vV oV

S NS S NS S NS S NS

IR spectral acquisition + QT

Figure 4.1 Experimental protocol for studying the impact of dilution and volun
spectral quality test. S: spread dried drop, NS:4spread dried drop, QT: quali
test.

The following quality tests (QTwere applied to each spectruhy absorbance

intensity: spectra were validated when the maximum absorbance (amide ¢.8and

1655 cm') was below 1.8 arbitrary units; 2) sigstatnoise ratios were calculated
according to the manufacturerds Optiesst r uct
GmbH): the signals were calculated as the difference between the maximum and the
minimum P! derivative values in the range 170600 cm® (signal 1 or S1) or as the
difference between the maximum and the minimdhadrivative values determined

in the range 126A178 cm' (signal 2 or S2). Noise intensity (N) was calculated as the

difference between the maximum and the minimdhddrivative values in the range
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21002000 cmt. Spectra met this quality test when ratios S1/N and S2/N were above
50 ard 20 respectively; 3) signéb-water ratio: water signal (W) was evaluated using
the difference between thmaximumand the minimuni® derivative values in the
range 18421837 cm'. Ratio thresholds for spectral validation were S1/W and S2/W
above 10 and respectivelylndividual samples were considered as-@ilidated for

analysis when at least 8 replicate spectra out of 10 met the quality tests.

In order to analyse the impact of drop spreading, we performed experiments by
successively using thrdeld diluted serum and fotfold diluted plasma with spread

and nonspread drops of 10 pL on 7 mm diameter wells. Spectra that passed the quality
test were prgrocessed on the wavenumber range from 1800 to 80b Afiter
baseline correction using a rubberbdodction, spectra were converted to second
derivatives using the Savitskyolay algorithm, with Qoint smoothing to increase

the spectral feature contrast. Then, their second derivatives were vector normalised.
This spectral prprocessing was performessing the OPUS software (v6.5, Bruker
Optics GmbH). Last, the processed spectra wkassified using hierarchical cluster
analysis (HCA and principal component analysis (PCA) unsupervised methods, with
specta from spread and nespread drops recorded in the same conditibtfGA
consisted of grouping the spectra according to their degree of similarity. The method
was based on Euclidean distance calculation between all the data sets by using the
Wa r d 6 s hmé’l Theomerigihg process used the spectral information io@okan

the region between 18GD0 cm'. The result is displayed as a dendrogram showing
the grouping of spectra in clusteaccording to a heterogeneity sc&iePCA data are
reformulated as a linear combination of uncorrelated principal componentgYPCs)
The first PC calculated accounts for the highest variance in the dataset. The second PC
is uncorrelated with the first one., perpendicular to it and explaithe next highest
variance of the dataset, and so on. The PCs are also called loading vectors and their
weights PC scores. PCA was performed in the same spectral range to analyse the
spectra from spread and nspread drops and to determine if the twe sdétspectra

are separated.
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IV.4.2 Impact of the dilution solvent: distilled water
versusphysiological water

In this set of experiments, the impact of the solvent used for dilution, distilled water
or physiological water, was analysed. Thfele diluted serum and plasma were
prepared with each solvent. Then, 5 pL of samples were deposited ontewselB84
plate. After deposition, drops were -diied at room temperature for 1h. Infrared
spectra were acquired and ym®cessed as described above. Findily preprocessed

spectra werelassified by HCA.

IVV. 4.3 Impact of the type of anticoagulant for plasma
collection

Plasma samples were obtained by centrifugation of blood collected in tubes containing
EDTA or lithium heparin as anticoagulants. After @afeld dilution, EDTA and

lithium heparin plasma samples of 5 pL were deposited onto-avdB4late and air

dried at room temperature for 1h. Then, spectra were acquired and subjected to quality
testas described abov&pectra that passed the qualitstterere preprocessed and
classified by HCAA dendogramwas constructed to illustrate the level of similarity
between spectra of plasma samples from EDTA and lithium heparin collection tubes.
In order to evaluate the impact of EDTA (MW: 292 Da) on trecspl profile, FTIR
spectra of plasma samples were also analysed after dialysis with a 10 kDa membrane

to filter out EDTA molecules.

I\VV. 4.4 Spectral reproducibility
IV.4.4.1 Impact of freezethaw cycles

The potential impact of repeated freghaw cycles on quality test and reproducibility
was studied. Fresh serum and serum samples after up to five consecutivéheeze
cycles (1h between each cycle) were studied. After thawing andftidedilution,
serum samples of 5 pL were deposited onto a-\884 plate and dried at room

temperature for 1h. Then, spectra were acquired and subjected to qualig test
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described abovespectra that passed the quality test wergopreessed anclassified
by HCA toanalyse the level of similarity between spectra according to the number of
freezethaw cycles In addition a PCA was performed and a PCA score plot was

constructed to determine if separation of the different sets of spectra could be obtained.

IV.4.4.2 Inter-operator spectral reproducibility

Inter-operator reproducibility was studied by comparing the spectra obtained by three
different operators analysing the same sample under the same experimental conditions.
Threefold diluted serum was used for this pase with 5 pL deposits onto a 38l

plate. After 1h drying at room temperature, spectra were acquired and those passing
the quality test were prerocessed anahalysed by HCA and PCA as described in the

previous sections.

IV.4.4.3 Intra- and inter-plate spectral reproducibility, day to
day reproducibility

Reproducibility tests were performed using 5 pL of thiad diluted serum spread by
the same operator on 38l plate. After 1h drying at room temperature, spectra were

acquired and subjectedtite QT as described above.

Intra-plate reproducibility was studied by depositing 360 replicates of the same sample
under the same experimental conditions.

Inter-plate and day to day reproducibility was studied by comparing serum spectra
obtained from thredifferent patients using 3 different silicon plates on three different

days.

Spectra that passed the quality test wereppoeessed and classified by HCA to

analyse the level of similarity between spectra.

IV.4.5 Impact of drying modalities on spectral
reproducibility

Since spectra from spread or repread drops are acquired after a drying period, the

impact of drying duration on the QT and on the reproducibility was studied.-Three
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fold diluted serum and plasma as well as pure bile were used. Samples ofere
deposited onto a 384ell plate. Then, they were dried for 45, 60, 120 min and 24h
before FTIR measurements. The experiments were performed at 25°C in a close
environment such as an incubator and at room temperature. Spectra were acquired and
slbjected to QTas described abov&pectra that passed the QT weremacessed
andclassified by HCA and PCA as described above.

V.5 Results and discussion

Due to the development of highroughput molecular technologies and associated
bioinformatics, he number of studies dedicatedheidentification of new diagnostic
biomarkers has increased exponentially over the last two decades. However, only a
limited number of biomarkers have been validated for use in medical pfacTibes

iIs mainly explained by methodological flaws. Plebani and Carraro reported that most
errors (68%) occurred in the pamalytical phase and only 13% and 19% errors
occured in the intranalytical and posanalytical phases respectivélyAs for other
high-throughput technologies, vibrational spectroscopic investigations are subject to
the same problems although no statistics exist to date. The huge amount of data
generated by spectroscopic analysis exposes this analysis to a significant risk of false
positive findings. The risks should be minimised by rigorously controlling sample and
patient related factors in the exploratory phase and by standardising the conditions of
spectral acquisition in the pamalytical step. Thus, care should be taken to validate
samplerelated factors and patierglated factors. Standardisation of specimen
collection and storage is crucial to reach experimental reproducibility not only in an
individual laboratory but also between different laboratories. In addition, investigators
should be aware of the risks of contamination during sample handling.

In the contexbf developing a higithroughput FTIR (HTFTIR) transmission method

for clinical diagnostics, we have investigated some important aspects involved in
biofluid sample handling and preparation, which can impact on the spectral data and
consequently on the tzome, and that we believe should be considered in the pre

analytical step prior to clinical applications. The study is focused on serum and plasma,
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and to a lesser extent bile, as they are the most encountered biofluids in clinical

diagnostics.

IV.5.1 Impact of biofluid volume and dilution on
spectral quality test

Absorption FTIR spectroscopy is directly related to the Beenbert law and the

amount of analysed molecules has an impact on the signal gDdlityon and volume

of samples as well as siof the wells have a significant impact on the spectral QT.
Spectra from pure serum and pure plasma |
because the amide | band is saturated with maximum absorbance intensity above 2
arbitrary units (Table 4.1). Hower, when the volume of pure serum was reduced to

1 uL, a majority of spectra was validated for rapread deposits (Table 4.1). This is

a point of great interest for clinical application as the deposit of a biofluid without
dilution and without spreadingiould be the ideal approach for a higimoughput
technology since it minimizes the number

risks of variability in the results.

However, pipetting such low volumes can introduce additional errors and impact on
the reproducibility of spectral dafél.1). The results deserve to be confirmed on a
larger number of samples. Furthermore, the approach has not been generalised to
plasma samples (Table 4.1). The reason why the great majority of spectra from a pure
plasma sample of 1 uL did not meet the QT is an open question but is probably related
to the presence of coagulation proteins in plasma and not in serum. When plasma and
serum samples were diluted, the amide | band absorbance decreased to the acceptable
range die to the lower concentration of protei(Al.2) in the sample and the
proportion of QFvalidated spectra increased. The two types of plates that are currently
used in HFFTIR spectroscopy are the -9&ll and 384well silicon substrates. Both

types of plags have been tested in this study. Using thev®i6 Si plate with 7 mm
diameter wells, the optimal dilution for serum and plasma appears to Heltixor

spread drops and fofwld for nonspread drops (Table 4.1). Using the 384l plate

with 3 mm dianeter wells, the optimal dilution was thrd for serum and threer
four-fold for plasma depending on the volume (Table 4.1 and Figure @v2Yyall,
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higher dilution and lower volume appear necessary to meet the QT when using the 3
mm diameter wells ampared with the 7 mm diameter wells. This underlines that
analyte amount in the deposit area is a limiting factor for obtaining QT validated
spectraAs an example, in our experimentserum volume of 1QL 2-fold diluted

and deposited on a 7 mm diameter well resulted in av&idflated spectrum as did a
volume of 3 uL 3fold diluted and deposited on a 3 mm diameter well. However, given
the specificity of each instrument, it should be underlined that eacip s1ecessitates

a proper praanalytical validation.

Table 41 Results of quality test on FTIR serum and plasma spectra from spre
nonspread dried drops at various dilutions and volumes.

Si plate 7 mm diameter well (96-well plate) 3 mm diameter well (384-well plate)
Drop volume (uL) 5 10 1 3 5
Dilution 0 1213140 121314 0 0 121314 0 1/21/3 1/4
Serum spread drops

Sample QT validation® . . . . . . . .
Validated spectra/sample*> 0 9 10 O 0 10 10 9 7 0 5 10 10 0 1 10 10

Serum non-spread drops
Sample QT validation*® . .
1 2 9

000 o0 o0
Validated spectra/sample** 0 0 0 2 0O 4 10 10 0 1 10 10

1 10

Plasma spread drops

8
Sample QT validation*® . . . ‘ . .
0 0

Validated spectra/sample*> 0 10 10 8 0 10 10 10 9 10 10 0 0 9 10

Plasma non-spread drops
00 00 ( N )
0 0 O

Sample QT validation* . . .
0 1 6 10 10 2 0 0 10 10 0 0 5 10

Validated spectra/sample™*

* The sample was validated (green dot) when at least 8 replicates out of 10 met the quality test (QT) and discarded when
less than 8 replicates met the QT (red dot).

** 10 replicates per sample were deposited.
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Figure 4.2 Scatter plots based ondlamide | absorbance value of seryja) anc
plasma(b) replicate FTIR spectra from spread and rspread dried drops (piL
deposits onto 3 mm diameter well) at various dilutions. Validated and dist
spectra after the quality test are represented bygrand red dots respectively.
median absorbance value is represented by the black bar. S: spread dried di
nonspread dried drop.
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From HCA and PCA analyses, it can be noted thappreessed spectra from, 3-

and 4fold dilution spreaddrops on 7 mm diameter wells are separated in three
different groups(Al.3) whereas prgrocessed spectra from 8nd 4fold dilution
spread drops on 3 mm diameter wells are not different{#@tked). The above results
indicate a higher heterogeneity withe 7 mm diameter wells compared to the 3 mm
diameter wells although spectra were from the same sample and were normalised. It
should be mentioned that a 5 pL deposit onto a 3 mm diameter wells covers the whole
area of the well, which avoids drop spreadangl represents an advantage in terms of
pre-analytical validity. In this context and depending on the dilution factor, a bigger
volume is needed for the 7 mm diameter wells, which will induce a longer drying time.
This is illustrated irFigure 4.3where otographs of different volumes of serum dried

on the two types of plates are shown.

Figure 4.3 Photographs of different volumes of dried serum c
on 7 mm diameter wel(g) and 3mm diameter wellgb). S: sprea
drop, NS: norspread drop.

The impact of serum drop spreading on the spectral profile was studied on both 7 and
3 mm diameter wells and data were analyseld®pj and PCA. For the 7 mm diameter
wells, the HCA plot showed two wedleparated clusters of spectra corresponding to
spread and nespread drops indicating that the modalities of drop deposition on the
surface of the plate had an influence on the spectral p(bigare 4.4). These results

were confirmed by PCA analys{Eigure 4.4). In addition, PC1 and PC2 loadings

tend to indicate modifications in the protein spectral pr¢kigure 4.£).
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Figure 4.4 (a) Hierarchical cluster analysis of FTIR pqgrocessed spectra frc
3-fold diluted serum (piL) spread (light blue) or nospread (red) over the
surface of 7 mm diameter wel(b) PCA scatter plot of the spectral dataset fi
(@), (c) PC1 and PC2 loadingsdm (b).

In contrast, for the 3 mm diameter wells, both HCA and PCA analyses showieéno
distinction between the spread and +spnead dried drops spectiigure 4.3, b, c)

This supports the above mentioned argument that the 5 pL spread -spread
deposit onto a 3 mm diameter wells covers the whole area of the well. Similar results
were obtained for plasma samples (data not shown). Thus, 5 pL offoldtesiiuted

serum omplasma appear as the ideal volume for Higloughput analysis. Figures 4.2a

and 4.2b confirm these latter results respectively for serum and pléstha scatter
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plots based on amide | absorbance by comparing the dilution fagt8+ éad 4fold)

as well as the spread and rgpread procedures.
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Figure 45 (a) Hierarchical cluster analysis of FTIR pigocessed spectra frc
3-fold diluted serum (pL) spread (light blue) or nespread (red) over the surfe
of 3 mm diameter wellgb) PCA scatter plot of the spectral dataset from (a),

PC1 and PC2 loadings from (b).
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Bile has been treated separately from serum and plasma because its composition is
different. This is mainly due to lower concentrations of metabolites in bile compared
to serum or plasma. Protein congation in bile is about 5 g/ as opposed to 60 to

80 g/L in serum. These specificities allow bile samples to be measured in their pure
form (AL5). The low absorption, in particular the amide | band, required the
implementation of an adapt&l. Our results show that all pure bile spectra (except

for 1 uL) were QFvalidated for spread dried drop. All spectra from-spnead dried

drops were rejected (Table 4.2).

Table 42 Results of quality test on FTIR bile spectra frgpnead and noispreac
dried drops at various volumes.

Silicon plate 7 mm diameter well 3 mm diameter well
(96-well plate) (384-well plate)
Drop volume (uL) 5 10 1 3 5
Dilution 0 0 0 0 0
Bile spread drops
Sample QT validation* .
Validated spectra/sample** 10 10 0 10 10

Bile non-spread drops

Sample QT validation* . . . . .
Validated spectra/sample** 6 6 0 6 7

* The sample was validated (green dot) when at least 8 replicates out of 10 met the quality test
(QT) and discarded when lessthan 8 replicates metthe QT (red dot).

** 10 replicates per sample were deposited.

IV.5.2 Impact of the dilution solvent: distilled water
versusphysiological water

Distilled water and physiological water are often used as solvents in many analytical
assays. Since biofluids contain high protein concentrations, we wanted to investigate
whether these solvents could have an effect on spaaiabisis. Results are displayed

in Figure 46a where the dendrogram shows thpéatraare clearly dividednto two

main clustercorresponding to each solvent used for dilution. This indicates that the
solvent has a major impact on the spectral charatiteyi It is known that distilled
water induces protein precipitation (turbid solution), an effect which islnsdrved

with physiological water (photograph insert, Figur&b). If sample dilution is

necessary, it is recommended using physiological watker than distilled water.
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Figure 4.6 (a) Hierarchical cluster analysis of FTIR pqarocessed spectra frc
dried spread serum dropsf8Ild diluted using either physiological or distilled we
(deposits of 5 pL onto 3 mniadcheter wells)(b) Photograph of serum diluted w
physiological water (left) and distilled water (right).

IVV.5.3 Plasma collection: impact of the type of ani
coagulant

For biochemical assays used routinely in clinics, blood samples are collsotgd

either lithium heparin or EDTA tubes depending on the targeted analyses. However,
can these anttoagulants have an effect on spectral data? To answer this question,
spectra of plasmas from lithium heparin and EDTA tubes were acquired and compared
in Figure 47a. It can be observed that plasma from EDTA tubes exhibit additional
spectral features compared to plasma from lithium heparin tubes, specifically in the
fingerprint region (180@00 cm?). After a dialysis using a 10 kDa membrane, these
arifactual peaks originating from small EDTA molecules can be removed (Figure
4.7b). HCA classification displayed a complete separation between spectra from
EDTA and lithium heparin plasma samples before dialysis. This clustering was no
longer observed after dimis (data not shown). Given these data, it appears more
appropriate to use lithium heparin tubes for spectroscopic analysis of plasma. Unless
there is a specific requirement for using plasma samples, serum appears as the sample

of choice for biofluid spetroscopy. Use of plasma is important in specific diseases

127



(e.g., hemophilia) where coagulating proteins are necessary for biochemical and
hemostasis assays. In contrast with plasma, there is no need for using anticoagulants

to collect serum making sample handling easier.
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Figure 4.7 Comparison of FTIR prprocessed mean spectra of plasma collect
tubes containing lithium heparin (red) or EDTA (blue) as anticoagulants w
dialysis(a) or after dialysis with a 18Da membrangb).

I\VV.5.4 Spectral reproducibility
IV.5.4.1 Impact of freezethaw cycles on spectral reproducibility

The impact of repeated freettgaw cycles before biofluid sample analysis is a matter

of concern in biomedal technologies. Although they can be obtainedingasively,

serum and plasma are very valuable sample materials and they are st@@tCat
where they are supposed to be relatively stable. However, for clinical studies, repeated
freezéthaw cycles areunavoidable when the sample volume is limited. Thus,
inadequate conditions for sample storage can have an impact on measured data as it
has been reported in a recent metabolomics $tudlgking into account this finding,

we havestudied the effect of freezbaw cycles on spectral data. Fresh serum and
serum samples after up to five consecutive frebaer cycles were analysed and their
spectral profiles compared. Figur&&displays the HCA results obtained in the 800

800 cm! spectral range and clearly demonstrates a-clgiadelineation between fresh

and freezghawed serum samplesenafterl cycle
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Figure 4.8 (a) Hierarchical cluster analysis of FTIR pigrocessed spectra frc
fresh serum and after up to 5 freghaw cycles (deposits of 5 pL-f@d diluted ont
3 mm diameter wellsjb) PCA scatter plot of the spectral dataset from (a) PC1
and PC2 loading$rom (b). Fresh serum (dark blue), freehaw cycle 1 (pink),
(light blue), 3 (orange), 4 (green), 5 (red).

The results were confirmed by PCA analysis showing the fresh samples as a
completely separate group (Figuré&l¥). Both analyses show that aleézethawed

data were mixed. Furthermore, the loadings of PC1 and PC2 tend to indicate that the
most prominent modifications occur in the protein region (Figd® AVhen the fresh
samples were removed, data analysis did not reveal any structures Spetiel
datasets of the five freezkaw cycles (data not shown). Similar results have been

obtained when fresh plasma was compared with plasma samples after up to five
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consecutive freezthaw cycles (data not shown). These findings suggest that FTIR
spectroscopy is sensitive enough to distinguish fresh from frédemeed serum and
plasma samples but cannot differentiate between the five ftkarecycles. On the

other hand, metabolomics techniques being more sensitive have shown changes in
metabolite ims** and macromoleculé3®®after a few freez¢haw cycles. Since sample
freezing is unavoidable (large collecton mul t i centri c studi es,
therefore recommendable to avoid multiple fretgmev cycles of the same sample and
favour multiple pure sample aliquots. However, our study has not taken into account
the effect of freezing time on the spattdata, in particular for long term storage, and

it would be interesting to investigate if FTIR spectroscopy could monitor any content
deviations in metabolite ions and macromolecules like proteins, DNA and RNA.

IV.5.4.2 Intra- and inter-plate spectral reproducibility, day to
day reproducibility

In this study, intraand interplate as well as day to day reproducibility has been
investigated. For intralate reproducibility, 360 replicates of the same sample were
deposited and measured by the same ¢gerahe HCA analysis did not show any
specific clustering and all spectra were completely mixed and the replicates were
distributed over the whole cluster (data not shown).

Day to day reproducibility was studied by analysing serum from three patieht®en t
consecutive days. The dendrogram obtained after HCA analysis (Figurehdws

that the clustering is only based on patient information. This is an important finding
because the patient to patient variation is greater than day to day variation. This
experiment has been reproduced on two other plates and no significaslateer

spectral variability has been observed (data not shown).
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Day 1, 2 and 3 (no cluster pattern)
Patient 2

Heterogeneity (a.u.)

Figure 4.9 Hierarchical cluster analysis of FTIR pqgrocessed spectra from ser
of three patient samples deposited on a same silicon plate on three differe
(deposits of 5 pL,-8old diluted onto 3 mm diameter wells).

IV.5.4.3 Inter-operator spectral reproducibility

The interoperator reproducibility was investigated by three ddifie operators using

the same instrumentation to analyse the same sample on the same plate and on the
same day. This is to mimic a normal working day procedure in a clinical setup where
the instrument could be used by several users. HCA and PCA have dezbmou
visualise any structure in the dataset. Both HCA and PCA results show that the spectral
reproducibility is operateindependenfAl.6). This is an important result for clinical

implementation provided that the protocol is strictly followed.

Thequestion is open whether this level of intgrerator reproducibility can be reached

on different instruments of the same manufacturer or different manufacturers.
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IV.5.5 Impact of drying modalities on spectral
reproducibility

High-throughput FTIR transmission spectroscopy of biofluids necessitates a drying
phase for both spread and rgpread drops. This phase can impact on the QT and on
the reproducibility of the spectral data. This effect has been studied orfdluree
diluted serum and plasma as well as on pure bile. Five microlitre drops were dried at
room temperature and at 25°C during 45, 60, 120 min and 24h before FTIR
measurements. Table 4.3 summarises the results obtained for serum, plasma and bile
samples and shows tha drying time of 45 min is not sufficient to meet the QT
conditions (red dots). For all three biofluids, a minimum of one hour drying time is
necessary at room temperature to pass the QT as opposed to two hours at 25°C.
However, it is important to notdat it would be more appropriate to dry for a longer

duration at room temperature to make sure that the drying process is complete.

Table 43 Quality test results on FTIR raw spectra ofcdd diluted spread drops (5
pL) of serum (S), plasma (P) and pure spread bile (B) drops (5 pL) left dried at room
temperaturgRT) or 25°C for 45, 60, 120 minutes and 24 h

45 min 60 min 120 min 24 h
S P B S P B S P B S P B

Drying at RT

Sample QT validation* . .

Validated spectra/sample** 3 0 1 10 10 10 10 9 9 9 10 9
Drying at 25°C

Sample QT validation* . . . . . .
0 0 O 0O 0 O

Validated spectra/sample**

10 10 10 10 10 10

* The sample was validated (green dot) when at least 8 replicates out of 10 met the quality test (QT) and
discarded when less than 8 replicates met the QT (red dot).

** 10 replicates per sample were deposited.

The spectra obtained after 2h drying are differentiated by HCA from those recorded
after 1h and 24fFigure10a).Additionally, PCA analysis shows a separation between

1h and 2h drying and between 2h and 24h drying at room tempé€(faguwee10band

10d). The PC loadings clearly show that water absorption contributes to the spectral
variance(Figure 10c and 10e). The proximity of the clusters corresponding to data
obtained after 1h and 24h drying suggests that samples rehydration may have occurred

overnight. In a clinical application after the drying phase, it is therefore important to
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define the drying time and nab wait too long before recording spectra. When
comparing spectra of drops dried at room temperature and at 25°C, we found that HCA
shows no clustering according to these two conditions (data not shown).This is an
interesting aspect for the clinical usechese sample drying can be performed at room
temperature without the need of any additional laboragquipment for controlling

drying conditions.

da
o —/ J—
0.1 — —
—
:‘ 10
‘“' Q. - —
E 0.3 — [
<@
c
g, 0.4 — —
[o]
| .
2 0.5 — —
[
I
0.8 — —
Q. | -
b 04 C
0zt - .
* o*
— 1] * .
S *e . 3
™ . s
o 2r b
S
S 04t E
o 1
o6F <
o8}
Kl L 1 L L L L L L L L L s L
03 02 0.1 0 0.1 02 03 4000 3500 3000 2500 2000 1500 1000
PC1 (87.5%) Wavenumber (cm'1]
d , e A
~ W Pe2
h"
st~ I
08} | \/ ~—— -

06

04

02

PC2 (25.3%)
Absorbance (a.u.)

0.4 II.IH J].IZ ll-‘1 [Il Il-'1 l]-‘2 D-Iﬂ ﬂ:*l 4000 35;!0 30‘00 25h0 2I]|UIJ 15;JIJ 10h0
PC1 (68.4%) Wavenumber (cm'1)

Figure 4.10(a) HCA of FTIR spectra from-Bold diluted serum (%iL) deposited onto
mm diameter wells and left dried at room temperature 1h (blue), 2h (green)
(orange).(b) PCA scatter plot of the spectra of serum dried at room temperatt
(blue) and 2h (green)(c) PC1 and PC2 loadings from (b(d) PCA scédter plot of th
spectra of serum dried at room temperature 2h (green) and 24h (QrgeyPC1 ant
PC2 loadings from (d).
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V.6 Conclusions

The development of any laboratory analytical technique, including vibrational
spectroscopy, that has the potential of being translated to clinical applications requires
an evaluation of the potential factors of the-piatra- and postanalytical phases that

can impact on data quality and consequently on the result outcome. It has been reported
that in the procedures described for the
thirds of the issues originate from the qarealytical procedures. In this cortewe

have investigated using HATIR spectroscopy some aspects of thegralytical
procedures and their impact on the data quality and reproducibility. The results show
that the type of biofluid to be analysed will condition the analytical procedutes t
implemented. In a neaxhaustive manner, we have shown that the sample collection
modality, the type of substrate, the dilution factor, the volume of sample deposited, the
way the sample is deposited, the drying conditions, the-agerator, the dayo-day
variabilities are some of the aspects that need to be investigated for error tracking in
the preanalytical phase. Indeed, more work is needed to evaluate amdainter

centre variabilities as well as the effect of other factors involved imtitze and post
analytical phases. The study has focused on th& HR methodology but it will be

interesting to have similar studies on other vibrational spectroscopic modalities.
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Chapter V. Investigating pre-analytical
requirements for infrared spectroscopy of
blood-derived products
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V.1 Etude des &igences préanalytiques pour
|Ganalyse de produits dérivés du sang par
spectroscopie infrarouge

V.1.1 Résumé

La spectroscopie infrarouge est une technique ragdida,ci | e doéuti |l i sa
marquage et peu colteuse. De nombreuses études sur les biofluides ont montré son
application prometteuse en tant guodoout il
considérer son transfert en milieu clinique, une attention phéie dans le but de
standardi ser |l es protocoles pour l 6appl |
biofluides est nécessaire. Pour atteindre cet objectif, des études pour identifier et
traquer les erreurs qui peuvent étre établies dans la phaseaptigue sont une étape

cruciale. Dans ce rapport est détaillé les résultats de recherches sur des facteurs pré
analytiques qui peuvent affecter la qualité des données spectrales acquises, tels que le
stockage des échantillons de sérum et plasma a lomg & mois) a80°C, ou la
reproductibilitéed e | 6 anal ys eals peacurr o sde pmogiuse. L O i my
relative sur les échantillons et les acquisitions spectddgamnéme que des corrections

des expériences et des données pour une variatioontenu en eau sont également

rapportés et discutés.

Cette étude a été réalisée sur 3 sérums et 3 plasnsagetiesains, répartis selon 3

modalités différente§0puLd ans des tubes pl @OmiogluS5es dou
mL et100puL dansdestubgsl ast i ques dl&mlpe ucra pRavcail tu® rd d &
du volume et le type de tube pendant la carsgen des échantillons a long terie

80°C. Chaque mois sur une période de 9 mois, 2 aliquots de sérum et de plasma ont

été décongelés et dilués aars avec une solution saline. Les dépbts ont séché a
température ambiante ou en conditions sous vide pendant 90 min. La température et

| 6humi dit® relative ont ®t® relev®es ~ ct
par | appr oc he HiMiBalve Sighal Cerneatica)dassttieed a un

spectre de solution saline et analysées par classification hiérarchique ascendante et

analyse en composante principale.
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V.1.2 Conclusiors

Les expériences réalisées sur les 3 sérums et plasm&sssujetssains ont permis
doesti mer et doéi dent i-dnealrytdiegu e rdaerusr sl ddeaep
spectroscopie aux biofluides. Il a été observé que la conservation des échantillons de

sérums/plasmas sur une période de 9 méBs@ A C n 6 duenressr ladignatard

spectrale des ®chantill ons anal ys®s. De
pl astiques pour |l a conservation des Dbio
coll ect®s. Cependant, Ider ¢ O0dmcrilau®tesd e de

des mois, il a été observé glgeséchagales échantillons a température ambiante
conduisait a une différence de contenu en eau des échantillons. Cela démontrant que

|l e s®chage du s®rum et du pl adromaemen®pend

ddanal yse. Des ®qui pements suppl ®mentair
tre 1 mpl ®ment ®s pour contr*ler | 6humidi
| 6anal yse des ®chantill ons mais tdideaj out
| 6anal yse spectrale. Une autre approche

spectrales avec différents contenus en eau. Entre les difféerentes méthodes évaluées, il
peut °tre conclu que |l a meill eure corre
EMSC basée sur un spectre de solution saline et le retrait de la composante principale
responsable dbébune discrimination bas®e
Cependant, il estnoterque cette méthodologie a été développée sur un modele simple

de 3échantillons pour comprendre les variations spectrales induites par des facteurs
environnementauxCela implique que la variabilité naturelle entre échantillons de
patients doéoun | arge set a ®t ® mini mis®e
correction appliquée. En conclusion, pour réaliser des analyses spectroscopiques sur
desbiofluidesdansl e b u tapplatdian rclmiqueune conception minutieuse de
I'expériencemais surtoutune évaluatiordes erreursle la phase pr@nalytique sont
nécessairesfin de s'assurer de cibledes informations moléculairel#ées a une

pathologie donnéet nona des interférences environnementales
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V.2 Chapter overview

Similarto chapter IV this study exposes thiesults offurtherinvestigations into pre
analytical factors that can affect the qualdf spectral data acquired in order to
standardise protocols for serum analysis by High Throughput Fourier Transform (HT
FTIR) spectroscopy. The aim of this work is to evaluate impa&t of longterm
freezing time (9 months) of serum and plasma sample storage and the month to month
reproducibility of the spectroscopic analysis. The impact of relative humidity on
samples and spectral acquisitions as well as experimental and data @osréati

variations in water content are also reported and discussed.

V.3 Introduction

Infrared spectroscopy applied to biofluids presents several advantages primarily as
these are common diagnostic media easily collectable and routinely analysed in
clinical settings. Spectroscopy can provide diagnostic results within minutes, giving
access to a full molecular profile of a patient sample rather than current techniques
targeting a specific biomarker. Therefore, spectroscopy could be an excellent
competitivealternative to expensive and timensuming method$. Serum based
spectroscopy has proved its potential as a clinical diagnostic tool in severabproof
concept studi€s However, these articles have also highlighted the lack of consensus
towards a standardised protocol regarding sample handling and preparation
methodology in order to perform a spectroscopic andlyisiss known that the pre
analytical phase has a greater source of sample variance than the analytical-and post
analytical phas€s. Related erroneous results are a waste of time and money but could
also be detrimental to the patient hellthis therefore crucial to identify and track

errors that can occur in the pmealytical phase.

Using High ThroughpuFourier Transform Infrared Spectroscopy @ATIR), we
have previously investigated aspects of thegmralytical phase that can be a source of
variance. Sample preparation parameters that can impact the results of the

spectroscopic analysis have been assessed such as the use of solvents to dilute the
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sampes, normal saline (NaCl 0.9%) is preferable to distilled water to avoid protein
precipitation. Lithiumheparin anticoagulant is recommended for plasma obtention,
as ethylenediaminetetraacetic ac{fEDTA) plasma spectra presented interference
peaks. Durig freezethaw cycles it has been shown that serum and plasma samples
were affected mainly in the protein region upon the first frebae cycle but no
further changes have been observed after additional fteawe cycles. Operator
dependence and the day day reproducibility assessment of the IR spectroscopy
technique, have not highlighted any isSuén the present study, modalities of the
sample storage such as the use of different aliquot plastic tubegetondreezing

time storage and the spectroscopic analysis month to month reproducibility have been
evaluated to pursue the aim of standardising podédor a clinical translation.

V.4 Material and Method

V.4.1 Blood-derived product samples

This study was performed on 3 sera and plasma from 3 healbigcts obtained from
routine biochemical cheelip at the Biochemistry Laboratory of Reims University
Hospital. Freshly collected blood was left to clot at room temperature (30 min) and
centrifuged at 3000 rpm for 15 min to obtain serum. Blood collected in tubes
containing lithium heparin as anticoagulanascentrifuged at 3000 rpm for 15 min

to obtainplasma. Samples were aliquoted among 3 different modalities, 50 pL in 0.2
mL or 1.5 mL capacity plastic tubes and 380in 1.5 mL capacity plastic tubes to
assess the impact of the sample volume, the ofgube during a lonrterm storage.

All aliquots were stored aB80°C until experiments were performed.

V.4.2 Experimental design

Every month during a 9 month period, 2 sera and plasma sample aliquots per condition
described above were thawed aBbld diluted with normal saline (NaCl 0.9%,
Miniversol, Aguettant, France) as previously demonsttatédTen instrumental

replicates of JuL were deposited onto a silicon plate (384 wells) and left dry at room
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temperature for 90 minutes (Figure 5.1) or under vacuum gligamditions. In both
cases, the temperature and relative hum{@#ty) were recorded for each experiments
(E1-9) performed (Table 5.1). Spectra of normal saline were also acquired as a

reference in the same spectral asdign parameters (Figure 5.2).

SlorP1 S2 or P2 S3orP3
Tube capacity (mL) 0.2 1.5 0.2 1.5 0.2 1.5
Volume (pL) 50 100 50 100 50 100
1101 ] I . | [
Aliquot | ! ‘
Dilution 1/3 with normal saline (NaCl 0.9%)
0000000 000000 000000 _
0000000 000000 000000 (|
000000 000000 000000
feoficat 000000 000000 000000
epiicate 000000 000000 0000006
(5uL) 000000 000000 000000
000000 000000 000000
000000 000000 000000
000000 000000 000000 (O
COQCCQ 000000 00000060 O

Figure 5.1 Schematic of the experimental study design, instrumental serum rej
are deposited onto a silicon plate (384 wells). S: serum, P: plasma

Table 51 Temperatures and Relative Humidity (RH) recorded during the dif
experiments performed.

RT drying Vacuum drying
Experiment Temperature (°C) RH (%) Temperature (°C) RH (%)

1 214 39 NA NA
2 219 30 NA NA
3 2286 36 NA NA
4 218 30 NA NA
5 239 60 NA NA
4] 24 4 45 NA NA
7 259 43 235 14
8 25 59 236 8

9 225 50 227 8

RT. room temperature
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Figure 5.2 Normal saline normalised absorbance spectru

V.4.3 Spectral acquisition parameters

Spectra were collected withhegh-throughput module (HTXT) coupled to a FTIR
spectrometer (Tensor 27, Bruker Optics GmbH, Ettlingen, Germany). The spectral
acquisition was performed in the transmission mode (OPUS v.6.5 software, Bruker
Optics GmbH) in the 406800 cm' range with aspectral resolution of 4 cfrand 32

scans. For each sample, a background was recorded and automatically subtracted to
obtain the final absorbance spectrum. A spectral quality test (QT) as previously
described was applied to each speciftifh All raw spectra which passed the quality

test are presented All.1. In addition, serum (n=52) and plasma (n=6) spectra with

an absorbance presenting an abnormal decrease in the lspgitia 37003320 cmt
translating a too high content of water in the sample replicates were also discarded

(All.2). On a total of 3240 spectra collected, 199 spectra were discarded.

V.4.4 Spectral data analysis

Following the QT, spectral data were fpr@cessed. Spectra were cut over the spectral
range 400800 cm!, a rubberband baseline correction or a second derivative was
applied before a vector normalisation. Then, serum and plasma spectral reproducibility
inter aliquots and longerm storage was ssssed by Hierarchical Cluster Analysis

(HCA) and Principal Component Analysis (PC#Y.
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To overcome the presence of water in the serum and plasma sample spectra, an
Extended Multiplicative Signal Correction (EMS€jvas tested on the spectral data
based on the methodology described by Afsstiall®. The mean spectrum il
normalised absorbance spectra was defined as the reference spectrum, and a spectrum

of normal saline was used as the interference spectrum to be removed from the dataset.

V.5 Results and discussion

V.5.1 Serum and plasma interaliquot reproducibility

Once a month over @nonths, 2 aliquots of sera and plasma samples (different
volumes/tubes) per experiment were thawed afiold3diluted with normal saline
(NaCl 0.9%). The spectral reproducibility of the 20 serum or plasma instrumental
replicates deposited was assessed RAHor each single sample on the spectral
ranges 40000 cm! (Figure 5.3). Spectra of the sample aliquots were not
distinguishable in any cases, showing no issue in the spectral reproducibility and

therefore in sample handling before the spectral asalysi
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Figure 5.3 Example of the intealiquot reproducibility assessment by HCA of 5(
of serum 1(a), 2 (b) and 3(c) into 0.2 mL capacity plastic tube. Second derivi
instrumental replicate spectra afliquots 1 and 2 are representédred and gree
respectively over the spectral range 468D cm.
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PC2 (13.0%)

PC2 (31.9%)

V.5.2 Serum and plasma longerm storage impact

Careful considerations must be taken when using different types of plastic tubes for
the biofluid storage due to the different adsorption characteristics of the tube wall that
can impact the entities cagmtrations measurétor the possibility of contamination

by polymet®, Potential mlecular changes due to the use of different type of tubes and
volumes over the month freezing time were therefore tested. Paesmetersvere
evaluated for each experiment by PCA each month on the spectral rang808000
cmit. Again, the comparison of the spectra of the different volumes/tubes per healthy
subjecthas shown no evidence ofd#ferentiationof the spectra over the months
(Figure5.4 and AllL.3. Furthermore, the serum or plasma spectra of tsalgects
combined exhibit the same behaviour on each single experiment performed. The
spectra of the serum or plasma 1 are well separated from the spectra of the
serum/plasma 2 and Figure 5.5 and All.4. From these observations, it can be
concluded that neither the volume of sample stored or the type of tube have an impact
on spectral collection, at least over a period of 9 month804C. These results are
consistent with conclusions of proteomstadies observing no significant changes in

serum and plasma lortgrm storage aB80°C¥ 2,

a | __ - b v C

PC2 (3.6%)
PC2 (2.5%)

-D.US -||-|15 -ﬂ‘ﬂ‘ -U-ﬂz o o b? 004 ) 241 068 .06 004 002 0 002 o004 h -0.08 4-'06 -0.‘04 -0.02
PCA {79.7%) PC1 (93.0%) PCA (93.4%)

PC2 (3.2%)
2
8 =
PC2 (7.3%)

-

0,005

o1 | . i

. - PP 11 v . 015 : : : : - . ’
002 004 0.08 £.08 .06 .04 4. oo os 008 008 -0.04 £.02 o 002 0.04 0.08 0.08

% ¢ om
PC1 (B7.7%) PC1 (84.8%)

‘D-M a‘nz 6
PC1 (59.1%)

Figure 54 Example of the volume and tube impact assessment by PCA of 9@,
d), 2 (b, e) 3(c, f) on thefirst (a-c) and last experiment {J performed. Spectra
50puL of serum stored in O12L capacity tubeare represented by green dots. Spe
of 50uL or 100 pL of serunstored in 1.5mL capacity tubes are represented by
dots and circles respectively.
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Figure 55 PCA performed on 8ubjectserum spectra$1l: red S2 blue, S3 green
in the spectral range 400800 cm' over a 9 month experimer(B1-E9) to assess tl
impact of a longerm storagePCA onE8 datawas not pgormed as the majority
the spectra of serum 1 and 2 were discarded.

From the 2 previous results attesting the spectral reproducibility inter aliquots and
conditions of storage, all serum normalised absorbance spEajtae 5.6 were
combined and analysed by Princiggddmponent Analysis (PCA) over tispectral

range 4006800 cm. The differentiation expected between the sera san(ipigsre

5.6b) is not observed. The data of the 3 sera are mixed, cluster pattern shifts are also
visible for each serum (Figure@b). To understand this phenomenon, the same PCA
was performed highlighting the spectra of the 9 experiment®)p&rformed rather

than thesubjectspectra (Figure bc). It can be seen from the data that they are
separated based upon the dates of experiment and the shift is correlated to a gradient

of RH recorded during the experiments (Table 5.1). This result suggests that there is a
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difference in water content in the instrental replicates of the serum samples
responsible for this data shift amongst the date of experiments. To confirm this
hypothesis, PC loadings of the data were studied. From théoBdithg (Figure 5d)
responsible for the data separation among the Rinibe seen that the major negative
band at 3470 crhis attributed to water bond vibratigisIt can be noticed that the

same results were obtained from the plasma samples)
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Figure 56 Month to month spectral data collection reproducibilia) All
normalised absorbance serum spectra stiBjectgS1, S2, S3]b) PCA scatter plc
of the 3subjectserum spectra(c) PCA scatter plot of the same serum spe
highlighting the 9 experiments performed with associated relative humidityd)

PC1 loading from (b) and (c).

V.5.3 Experimental correction

In an atempt to experimentally remove the spectral variance caused by water bond
vibrations, serum and plasma samples were left to dry under vacuumed conditions (90
min) in order to achieve a controlled and constant low RH prior to the spectral
acquisition and ampared with the same samples dried at room temperature (90 min)
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with different RH recorded. The spectra collected were analysed using PEAguhe

5.7a shows that the spectra of $ubjectsamples obtained under vacuum drying are

still separated by thelate of experiments (Figure78) rather than thesubjects
following the same pattern as the data collected from samples dried at room
temperature even though both datasets can be distinguished showing that the vacuum
drying has an effect on the samplepecially at 1655 crh(amide | band). This result
suggests that thsamples were rehydrated before and/or during the spectral acquisition
at the same RH recorded at room temperature despite the presence of a desiccant in

thespectrometer. Similar results were obtained from plasma samples) (
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Figure 5.7 Serum spectral collection experimental correction by sample ve
drying. (a) PCA scatter plot of the 3 serum spectra (red, blue, green) obtaine
samples dried at room temperature (dots) or under vacuumed conditions (c
(b) PCA satter plot of the same serum spectra highlighting the 3 experimen
RH of 43% (green), 50% (grey) and 59% (pink).

V.5.4 Spectral data correction

From the PCA scatter pl@Figure 56c¢), it can be seen that the PC1 is responsible for

the data separation based upon the RH recorded during the serum analysis rather than
from sample molecular changes. The loading of the PC1 (Figea¥ $hows a strong
contribution of water at4870 cm'. In order to remove the residual water content from

the serum and plasma spectral data, the influence of the PC1 was removed from the
normalised absorbance data and spectra were reconstructed with alingrias.

The spectra obtained after aection are presented Figure 58a. A PCA was then
performed, the 3 different sera can be distinguished among the PC2 (F&ip)rartsl

the data are no longer separated among the RH recorded during experiments (Figure

148



5.8c). The loading of the PC2 (Figur8d) responsible for the serum sample
separation does not exhibit a contribution of watgnasre. This correction approach
allows to reduce the mean standard deviation (Table 5.2) of a factor 16 over the
spectral range 3668320 cmt, as well as of a tdor 2.5 over the spectral ranges 1720
1600 cm* (amide | band) and 1660500 cm' (amide Il band).
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Figure 58 Spectral data water correction by PC removéh) All normaliser
absorbance serum spectra of theubjectgeconstructed without the PC1 from Fig
6d. (b) PCA scatter plot of the 8ubjectserum spectra(c) PCA scatter plot of tt
same serum spectra highlighting the 9 experiments performed with associated
humidity (%).(d) PC2 loading from (b) and (c).

Table 52 Mean standard deviation (STDhlculated on 3 spectr
regionsaccordng to different serum spectraiater correction methoc

Mean STD
Correction 3600-1320 cm-1 1720-1600 cm-1 1600-1500 cm-
Mo correction 4 4703 3.84g03 2.11e 03
PC removal 2.80e04 1.53e03 1.09g-03
EMSCys 8.03e04 2.70e03 1.30e02
EMSCyc+ PC removal 3.70e04 1.40e-03 9. 55e04

NS: Normal Saline
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An EMSC approach based on a constituent spectrum of normal Gatinee 5.2)was

also considered to correct the détaddowever, it can be seen in the 368820 cm'
region that this approach doest compensate enough the spectra water content
(Figure 59a) even if the standard dation was reduced by a factor of 6 (Table 5.2).
PCA results show that patient spectra are not distinguishable (Fi§bjeahd that the
data are separated based upon the date of analysis (Fi§dyeThe PC1 loading
exhibits remaining water spectral faees in the 3603320 cm' region (Figure Rd).
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Figure 59 Spectral data correction by EMSC and a constituent spectfayll
normalised absorbance serum spectra after an EMSC with a normal

constituent spectrungb) PCA scatter plot of the 8ubjectserum spectra(c) PCA
scatter plot of the same serupestra highlighting the 9 experiments performed
associated relative humidity (%4i) PC1 loading from (b) and (c).

PC2 (18.1%)
&
8 -
PC1 Loading

&
£

s
8

£

As the EMSC approach is improving the standard deviation of the spectra in the water
region, a combination with tHeC1 (Figure ®d) removal was evaluated. The standard
deviation of the spectra (FigurelBa) for the 3 zones assessed (Table 5.2), is
comparable to the PC1 removal strategy (FiguBg & can be observed that the data
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are separated based upon patient spectral signatures (Fifliveahd not on the RH
recorded during experiments (Figurd®). A better separation between the patient
data is visible, the variance inter spectra replicates being decreased, suggesting that
other spectral zones than those controlled in Table 5.2 were affected by this correction
compared to the PC1 removal apgpech (Figure B®). However, the PC2 loading
features (Figure 30d) responsible for the patient discrimination are similar to those
obtained by removing only the PC1 (Figur8dj. The same resultgereobtained with

the plasma samples(l.7-10).
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V.6 Conclusions

The experiments performed on 3 sera and plasma of thessdnjeetshave allowed

to estimate and identify p@nalytical phase errors for biofluid spectroscopy
applications. It has shown that a serum/plasma-teng freezing period-80°C) of
storage hamso impact on the spectral signal of the samples analysed. Moreover in our
study, the use of different plastic tubes for the biofluid storage has no influence on the
spectra collected. However, while evaluating the month to month reproducibility, it
has ber observed that the sample drying at room temperature resulted in a difference
in the sample water content. It demonstrates that the drying of the serum and plasma
samples depend on the relative humidity of the analysis environment. Additional
devices suclas purging systems could be implemented to control the ambient air
humidity during sample drying and analysis but such implementation increases the
total cost of the spectral analysis. Another approach is to directly correct the spectral
data with a diffeent water content. From the different methods evaluated, it can be
concluded that the best data correction performance was the combination of an EMSC
solvent based constituent spectrum and the removal of the PC responsible for the
discrimination based ahe sample water content. However, it has to be noted that this
methodology has been developed on a simple model of 3 samples to understand the
spectral variations induced by environmental factors, implying that the natural
variability inter patients frona large dataset has been minimised and could influence
the efficiency of the correction applied.

In conclusion, to perform biofluid spectroscopy with a clinical application aim, careful
experiment design and most importantly -prealytical phase error evation and
tracking is mandatory to ensure to target the correct molecular information rather than

environmental interferences.
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Chapter VI. Impact of water interferences in
the diagnosis of sepsis patients by serum
Infrared spectroscopy
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VI.1 Impact de | idterference de l'eausur le
diagnostic sériquepar spectroscopie infrarouge
de patients atteintsd 0 sepsis

VI.1.1 Résumeé

Le sepsis est une d®r®gul ation de | a r ®p
un dysfonctionnement des organesgageante pronostic vitaldu patient. Chaque

année, plus de 30 millions de cas de sepsis et 5 millions de décés sont estimés a travers

le mondé. Le diagnostic d sepsis est basé sur des signes cliniques non spécifiques et

|l a |l ongue proc®dure doidentificatllan des
®t ® r ®cemment r e c ounencombigaisen dé Bomarguepts®tr c he d
qubune cible sp®cifiqgue serait p*uas effi
spectroscopie vibrationnelle peut fournir n® e mpr ei nt e mol ®cul ai r
biologiques et présente de nombreux aspects qui en font un candidat idéal pour le
diagnostic de maladies. En effet, cette technique est sans marquage, non destructive,
sans contact, Ssimpl epaduuamé i pa®panatiedn n
lourde. Dans cette étude la techniqde spectroscopie infrarouge a haut débit a été
utili s®e pour acqu®rir | e profil mol ®c ul

dans | e but déam®liorer | e diagnostic de

Les échantillons de sérums (n=913) ont été obteeu®94 patients ayant subi une

chirurgie a haut a risque (résections au niveau du foie, des reins, des poumons,
intestins, estomac ou pancrédsg. groupe de patients septicémigeesprend des
échantillons desérums (n=380) collectés avant chirurgie stgquu 6™ 3 j our s a
jour du diagnosticainsi qude jour du diagnostic. Les échantillode sérums (n=353)

du groupe contrdle ont été obtenus de patients ayant un profil similaire en termes
d6©ge, de sexe, de pr od@dpasndévelappeide sepsig i ¢ al
Les échantillons ont également été obtenus suivant la méme cinétique de dadecte.

méme, des échantillons (b8 0 ) de patients atteints di
inflammatoire systémique (SRIS) collectés avant chirurdiejeur du diagnostic ont

aussiété analysés.
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VI. 1.2 Conclusions

Il a été observé que la différence de contenu en eau des échantillons de sérums de

patients apr s s®chage, due ° une variat
di ff ®r entes exp®riences, a une foedse i nfl
spectrales. Cela montre | 6i mportance dobul

standardisation des protocoles pour éviter tout biais pouvant amener a la mauvaise

interprétation des données spectrales et a des résultats erronés.

Concernantles lif ®r ent s types de dampmpepaEM8Ehs de
(Extended Multiplicative Signal Correction) basée sur un spectre constituant de
solution saline est inefficacecarceled ne per met de corriger
nonl i ®e s mtilon. Orpi®&@c heast connu que | 06e®UW inter
A | 6i fhes eorrextmdns basées sur une composante principale (CP) sont plus
efficaces pour résoudre le problemediféérence de contenu en eau des échantillons

car elles refl tent | a pr®sence de mol ®c
diminution presque totale de chaque marqueur identifié par analyse Random Forest

liée a la correction basée sur la suppoesde la composante principale 1 groupe par
groupee st probabl ement due 7 uléesaxpatienss doi n
qui sontincluses dans les CPkes sensibilités et spécificités élevées sont ainsi
questionnables et montrent les limitaBades corrections basées sur des CPs. De plus,

le contenu en eau des échantillons de sérums peut étre directement lié a leur
composition et étre utile a leur discrimination. La meilleure facon de confirmer les
hypothéses précédentes serait de réaliser Wwean les expériences dans un
environnement contr6lé pour permettre le séchage et la collecte de spectres dans les

mémes conditions.

Dans cette étude, des profils spectraux tels que les bamaks| et |1, les glucides et

acides nucléiques, ont été neis évidence a plusieurs reprises dans la discrimination

des patients septicémiques et contrbles avec des sensibilités et spécificités supérieures

a 70%. De plus, legsultatsd 6 a n adley ssepse ct res d6é®chantill o
jours avant et le joudu di agnost,iont mdnfraudes seresipilgés et
spécificités similaires dans la distinction de patients septicémiques et contrdles,

lorsque ceuwci sontcomparés un jeu de données ne comprempEdes échantillons
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collectés un seul jour avaet le jour du diagnostic. Cela suggére que les profils
spectraux identifiés peuvent étre de potentiels biomarqueurs pour le diagnostic précoce
du sepsisDe plus amplesechercheseront nécessairgsur confirmer ces résultats.
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V1.2 Chapter overview

Sepsis is alysregulated host response to an infection and is associated with life
threatening organ dysfunctibrEach year, wer 30 million casesand 5 million deaths

are estimateavorldwide?. Diagnosis of sepsis is based on +specific clinical signs

and time consuming positive identification of the causaiathoge(s)-S. It has been
recently recognised that the search for a combination of biomarkers rather than a single
target would be more efficient for sepsis diagrfosi¥ibrational spectroscopy can
provide a Amol ec u biermateriale ane prgsenis many aspeéts b i o
that make it an ideal candidate for disease diagnosis purposes. Indeed, this technique
is labelfree, nondestructive, noftontact, rapid, costffective, simple to operate, and
requires only simple sample prepaef. In this study we usetHigh-Throughput

Fourier Transform InfraredHT-FTIR) spectroscopyfollowing the methodology
developed throughout the previous chapteracquire the whole human serum sample

moleculamprofile with the aim to improve diagnosis of patients with sepsis

V1. 3 Introduction

Despite its high incidence andortality rate, no gold standard technique exists for
sepsis diagnosis due to complex underlying pathogenesis mech@hiwer a
hundred potential biomarkers have been assessed for the diagnosis of sepsis and yet
none have shown enough sensitivity and/or specificity for a clinical appli¢ation
Sepsis patiats are not easily differentiated from patients with Systemic Inflammatory
Response Syndrome (SIR$aused by naimfectious conditions (e.g., trauma, burn,
pancreatitis) and which requires different medical tdtewever, time toreatment is

a crucial factor for sepsis patient survifdf. A rapid and early diagnosis would
enable a reduction in mortality and morbidity rates among sepsis patients.
Administration of targeted therapeutics at an early stagdd also enable to reduce
unnecessary antibiotic use, preventing multidrug resistdrsrel would improve
patient outcome by limiting the severity of associated segtéfa®verall, it would

allow the reduction of healthcare cdéts
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In the recent field of biofluid spectroscopy, several studies have proved the potential
of the techniqudor the diagnosis of different cancer types as well as other various
disease¥. Regarding sepsis, a proof of concept studing Raman spectroscopy
applied on plasma samples, has shown the differentiation of 31 sepsis patients from 39

sterile SIRS patients with 100% sensitivity and 82% specifitity

In the present study, Highhroughput Fourier Transform Infrared (HATIR)
spectroscopy has been evaluated for the rapiesyrptomatic diagnosiof sepsis

from serum samples. Previous investigations have demonstrated #afIRTs a
technique of choice as it allows to perform an automated analysis of a large number of
samples quickly compared to other IR systems avatfabltiis method presents the
advantage to be a maeanalysis which can ensure the reproducibility of spectral
acquisition from serum samples which have to be dried to overcoméighe
contribution of water in IR spectroscopy but which have also shown to exhibit
inhomogeneous patterns after drying (chapteand Ill). Then, in an attempt to
standardise protocols in sample handling and preparation for spectral acquisitions
several prameters that can impact either the samples (e.g., solvents, collection tubes,
freezethaw cycles, longerm storage, drying methods) and/or the spectroscopic
analysis (e.g., deposit methods, volumes, substrates, humidity, operators dependency)
have beerassessed (chapt&/ and V). A major drawback found was that serum
sample drying was dependant on the relative hum(&ty) in the air ending up in
variations in sample water content and consequently in spectra collected. Furthermore,
in a simple model o3 serum samples it has been seen by Principal Component
Analysis (PCA), an unsupervised multivariate analysis, that discrimination of samples
was based upon water content rather than on patient spectral information. Different
data corrections based onirfeipal Component (PC) removal and/or Extended
Multiplicative Signal Correction (EMSC) were successful to overcome the variation
of water content of the 3 same sera recorded at different RH. However, efficacy of
such corrections and the impact of watenatasns on the discrimination of patients
from a large sample sate unknown. This study investigates the influence of water
interferences on the discrimination of sepsis patients by PCA and Random Fo)est (RF

a supervised oitivariate analysis.
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V1.4 Material and methods

VI1.4.1 Serumsamples

Serum samplesng 913) were obtained from 294 patients needing elective high risk
surgery (e.g. liver and renal surgery, lung resection, large bowel resection,
gastrectomy, Whipple's procedura)d were provided by the Defence Science &
Technology Laboratory (D3tlPorton Down United Kingdom Patients aged under

18 and above 80, pregnant aaagy whom werammunosuppressed were excluded
from the study. A consent form was signed by all patients recruited at the noadecal
centres involved (Liverpool Royal and University Hospital; University College
Hospital, London; Bristol Royal firmary; Guy's & St Thomas' Hospital, London;
Birmingham Queen Elizabeth Hospital and University Hospital, Frankfurt). The
projecthas been approved by Southampton & South West Hampshire Research Ethics
Committee (A), 1st Floor, Regents Park Surgery, Shirley, Southampton, Hants, SO16
4RJ (reference number 06/Q1702/152).

Blood samples were collected before surgery and daily for épdtnys possurgery
or until patient discharge (control groum)diagnosis of sepdiSIRS Clotted blood
samples (4 mL) were ceifuged andextracted serum samples were stored@t°C

until experiments were performed.
The diagnosis of sepsis was ed®n the presence of 2 conditions:

1) Two or more of the 4 SIRS criteria (from the previous definition of s&sss
patients were recruited before 2016):

- Body temperature > 38°C or < 36°C
- Heart rate > 90/min after fluid resuscitation
- Respiratory rate > 20/min or partial pressure of carbon dioxide (PaC& mmHg

- White blood cell count > 12,000 celksl. or < 4,000celld L or > 10% immature
neutrophils

160



2) Presence of amiectionwhich is defined by amvasion of normally sterile

tissue, body cavity, or fldi by pathogenic or poteatly pathogenic micro
organisms

Diagnoses of sepsis, SIRS and control patients in the different care centres taking part

in the study were reviewed andnfirmedby a clinical advisory panel.

Samples irthis study include

1 For the sepsis group, sera (n=380) obtained before surgery, up to 3 days before
sepsis diagnosis and on the day of diagnosis.

1 For thecontrol group seran=353) from age/ sex/ procedumatched patients
who did not go on to develop sepsis over similaetirames possurgery.

1 For the SIRS groupeum samples (n= 18Qollected before surgery and on

the day of SIRS diagnosisom age/ sex/ proceduraatched patients

Repartition of the samples included in the study is presémtiye Table 6.1Among

sepsis patients, a proportion of 70% males was observed witleatpaean age of 64
yearold. Among the 100 patients with sepsis, the cause of infection was due to Gram
negative bacteria (in 37 cases, Graipositive bacteria (Q for 18 patients, due to
amix of G/G" in 15 cases or a mix of (&*/yeasts for 10 patients, 4 cases with yeasts
and 1 patient with yeasts/virus. No microorganism growth was observed in 10 cases

and causes were not specified for 5 patients.

Table 61 Serum sample repartition in the sef
control and SIRS groups. Day O represent:
day of diagnosis.

Sepsis Control SIRS

Pre-surgery 100 99 95
Day 3 57 57 -
Day -2 72 72 -
Day -1 99 95 -
Day 0 52 30 85

Note: Samples were received and analyg&ldifferent periods which will be referred

at batch 1, 2 and 3 in the result section. Batch 1 is composed of serum samples collected
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from 70 patients in each sepsis and control groups; from 70 SIRS patients in batch 2

and from 3(patients of each segsicontrol, SIRS groups in batch 3.

VI1.4.2 Infrared spectroscopy

Based upon an established methodology previously described in chapters 2 to 5, all
serum samples weref8Id diluted with normal saline (NaCl 0.9%8amples from the
different groups wereandomly analysed to avoid any experimental biase
microliters per replicate and 8 replicates per sample were deposited onto a silicon plate
(384 wells). Drops were dried at room temperature before spectral acquisition (90
min). Spectra were collecteditiv a highthroughput screening HEST extension
coupled to a Tensor 27 spectrometer (both from Bruker Optics GmbH, Ettlingen,
Germany). Spectral acquisition was performed in the transmission mode via OPUS
v6.5 software (Bruker Optics GmbH, Ettlingen, Garmy) and collected at a spectral
resolution of 4 ¢, co-adding 32 scans over the spectral range of 4@cm’. A
background spectrum was acquired before each sample measurement and
automatically removed from sample spectra. One spectrum is obtaimethewhole

surface of a well (~3 mm diameter) of a silicon plate.

V1. 4.3 Pre-processing and ata analysis

A quality test as previously descriféd was performed on raw spectra to control
absorbance intensitysignatto-noise ratio and water vapour content (OPUS v6.5
software, Bruker Optics GmbH, Ettlingen, Germamysample was discarded when

less than half replicates met the quality test. Four percent of samples were rejected
because of a too high absorbaaod notably more than half of them were-poegery
samples.Data preprocessing and multivariate analysis were realised with Matlab
software version 7.11.0 (The Math Works, Inc., USA). All spectra were cut to the
spectral range of 400800 cm' before basline corredbn and vector normalaion

An exploratory study has been conducted on the data collested Hierarchical

Cluster Aalysis (HCA) and Principal Component Analysis (PEA}
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Principal Component (PC) removal based corrections ariedtended Multiplicative

Signal Carection (EMSCJ® based on m interferenceconstituent spectruth were

tested on serum sample spectra to correct their variation in water content. As
previously desribed in chapter Ythe mean spectrum of all normalised absorbance
spectra was defined as the reference spectrum, and a spectrum of normal saline was

used as thenterference spectrum to be removed from the dataset.

A Random Forest (RF) analysis was performed for the classification of sepsis patients
against controls. RF is a machine learning technique which consists in averaging
previsions of independent modekdled decision trees to reduce the variance and thus,
the prediction error thanks to a high number of decision trees (n=500 in this study).
Each tree is based on the original data random sampling and associated features (sub

sampling) that explain the mimmum variance between clas$es

V1.5 Results

VI.5.1 Preliminary study

In a first approach, sepsis and control samples were analysed from batch 1
individually. All spectra from each stdroup previously describeavere averaged.

The mean spectra (Figure 6.1) present spectral variations around 330 dime

water region as well as differences over
spectral range of 126800 cm! which correspond carbohydrates, glycogen, and

nucleic acids. Spectra from the sepsis group can be differentiated from the control
group spectra and from the pargery samples. This observation has been confirmed

by HCA (Figure 6.2). Indeedhe sepsis group and thentml group are separated in

different clusters. Prsurgery samples can be also distinguished and are more similar

to the control than the sepsis group.
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Figure 6.1 HT-FTIR preprocessed mean serum spectra of patients
sepsis (pink and red) and control groups (light and dark greemjedl
as presurgery samples spectra (blusyer the spectral range of 40
800 cm' and 1206800 cmt.,
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Figure 6.2 HCA of HFFTIR preprocessed mean serum spectr
patients from sepsis and control ggs over the spectral range of 18
900 cmil. DO corresponds to the day of sepsis diagnosis or c
equivalence.
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Then, PCA were performed on spectra from sera collected on the day of sepsis
diagnosis (S0) compared to spectra of samples obtained up to 3 days before the
diagnosis (81, S2, S3) and their matched control{C G2, G-3). SO spectra are well
separated from @ spectra, while 8 spectra are overlapping with SO and Groups
(Figure 6.3a). However, this tendency is not as clear for the comparison e2/89/S

2 and S0/S3/C-3 spectra (Figure 6.3c and e). Related PC1 loadings (Figure 6.3b, d, f)
exhibit very similar features, mainly the water band around 350% ttreamide /11

bands at 1658 a 1545 drand a peak at 1000 cheorresponding to carbohydrates.

Figure 6.3 PCA plots of HTIFTIR spectra of patients from sepsis and co
groups from batch 1, SG/BC-1 (a), S0/S2/C-2 (c), SO0/S3/C-3 (d) over the
spectral range of 406800 cm' and their respective PC1 loadins, d, f).
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