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Abstract

Sepsis is a litghreatening medical emergency that refers to the host's reaction to an infectious
process that can result in organ failure and death. Rapid diagnosis of the pathogen including
species, strain and perhaps most importantly its antimicrodsaédtance profile, is urgently
needed to improve diagnosis and management of sepsis. Without proper antibiotic stewardship,
the clinical management of sepsis could be cast back teiafpotive era where we have run

out of antibiotics to treat thesedithreatening infections. Detailed knowledge of the bacterial
response to commonly used antibiotics is urgently needed to design more effective treatment
strategies for such infections. Current bacterial typing and diagnostic methods necessitate time
consuming sample culturing protocols, thus bresglectrum antibiotics are often prescribed as
first-line medications as soon as possible in order to minimise negative consequences induced
by delayed therapy. However, such practices could support further thiepi@ent of AMR.
Developing metabolomiedriven discovery of novel biomarkers for pewitcare delivery and
assessment of AMR would target therapy at the individual patient level, and would allow
judicious selection of antibiotic treatment. In the coltatbf studies in this thesis, we applied
metabolomics in the field of infectious disease to phenotype and characterise bacterial and
fungal sepsis pathogens isolated from children. These pathogens were discriminated and
identified at the species level ngiFTIR spectroscopyn addition, using FTIR spectral data
enabled the differentiation between methiciiesistantStaphylococcus aureMRSA) and
methicillin-susceptible Staphylococcus aureugMSSA) strains, as well as between
vancomycinresistant Enterococcusand other Enterococcusstrains. Then an emerging
technology that provides infrared signatures via optical photothermal infrarBd@ I, and

Raman spectroscopy simultaneously, was used to classify and differentiate 12 bacterial strains,
including six isolates of Gramegativeand six Granpositive bacteria, at the singtell level.

Our findings showed significant similarity and high reproducibility in the infrared signatures
obtained by all three approaches including similar discrimination patterns when subjected to
clusteringalgorithms.Upon ciprofloxacin treatment, the changes in the metabolic phenotype
of these isolates wer@so investigated using HR spectroscopy and gas chromatography
coupled with mass spectrometry (45) and chemometri cs. The pat
susceptibility was assesse@nd our findings demonstrated that FTIR and-l3€ can
differentiate between resistant and susceptible straik$ebfiella oxytocavhen exposed to
different concentratianof ciprofloxacin. Additionally, we employed FTIR speacopy and
LC-MS-based metabolomics techniques for untargeted analysisldfpksma samples
collected from children with blood infections at Alder Hey Hospital. This study aimed at
employing untargeted metabolomics approaches to distinguish between ntiffepsis
categories scenarios and patients' respomgdifferent antibiotic treatment strategies, thus
identifying particular biochemical markers for clinical application.
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1.8epsis

iSepsi s -tihsr emtkenfeg organ dysfunction caused
i nf eoqtSiiaegeral201&8hd it is associated with a
morbidity both in children dndnaacdcuWdl tthawor ltdve
48.9 million people globally, and vteéaeeder
deaths (fdrg®: IR, al2028epsis devel ops wh

i mmune system mwnesdpycsirdesgul ated WwWaywditomg amo i )

infl ammatory responses that may result I n

underlying pathophysi ol ogayn do-faninfteip smmat onyoktye
as wel | as chemoki nes @otdhkissdt Al.e2016)sTihgerr aelf loir reg
deweli ng accurate diagnostic and prognostic

perhaps most i mportantly, identifying anti mi
needed to i mprove sepsis recognitoiformnandi marn
and fluid resuscitation results in a 7.6% ir
Ssho(ckkumar, aP00bhe-3Sepsi SiergemPemphasi ses t hat
i s characterised as a syndrome rather than a

(7]

i nggwlksatlrandar d test. |t suggests the consi der
nfections demonstrate clinical signs. Key

include variable temperature (batl,i madeased
e

respir atRoRr)do tr aditle,i sBO1AJddiyt i ohakelr clinically

include systolic or mean arteri al bl ood pr es
ihospital |l actat e, or abnor mal whl aeete ,ballo.o d
2016 )Al t hough bacteri al i nfections ar e reco

devel opment of pathogeni c bdepsiinsf,| uweinrcues eosn atr
of sepsis, especially in indi(vDhoéuiadasR)Owlidt h c o

1. IDilhgnosis of Sepsis:

Sepsis is a critical medi cal emergency,; t hu:
appropriate interventions, particularly the
the species, strain and itassamsti miher dhbiealapre

and significantly enhance théKcmaaods Paf ksu
Despite significant efforts in reeent ageaa®drss s

of this condition persists depending on <clii
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(Mangetonal202®) scriminating betfween osspsing | a
conditions is challenging, and although bio
endeavour, there is presently no single bioc
depleab | e di fferentiaticeinnflrettwoars (3Bahpgodoiadsnneanndd
Rei nhar.t , Se2vlelr4a)l bi omairk et s c mmidq udeisa,g n®isc h a s

reactive protein (CRP) and | actate | evels, h
CRP, as an inflammatory marker, | acks the &
systemic inflsammaatdo GseptsglsRO@®Pher e are vari ol

used for diagnosnisngwinmihc recabcihalh aivnifnegc tiitos bene
staining can provide a quick initial di agno:
expe(Beveri dgeuthae@®) met hods, allow for the

on specific indeedntai fliecaadtiinogn taond suscepti bil it
can take several days and magyr obwei nlge snsi csreonosrigte
Mol ecul ar met hods, such as polymerase chain

priodge rapi d and sensitive d(iPeegtntois,i s 2 DAOf& 3 eni
met hodol ogi es det ect t henigsemse,t i ¢t hemaetbeyr i @ h a

identification of pathogens that are difficu

to be detected. They are also capable of pr«
well as the resmstapnoegmacbhmei shddotionally,
Raman and infrared spectroscopies hold great
ti mes, and in combination with microscopy ¢

sampl esnghheltlhel esviel -fermead | deatge ctuildnur(@lfi ebtaact er |

al . 202R¢tails of these technologies are disc

1. 1M2nagement

The first step in sepsimnt smawiatgle menspect eaddes
recognition and diagnosis of sepsis). This i
Organ Failure Assessment ( SOFA) scor e, and
procalcitonin I1pgebspsUponi suspectruci al t o

i nitiaspeddtrromd anti biotic treatment and t he
intervention to mitidafieé aentleaPr0 In86)rt thaoluitt ya prpir
antibiotic stewardshi p, the management of s

time before the discovery of antibiotics, wh
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mor e emlgalinlg . I nitiating timely and appropr.i

component of the effective management -of seyv

threatening sepsis and septic shoclki thbl das

empirical treatment in patients with sepsi

ri se in mor bi(dRihtogdteasa IO 1 ytthao riotuygh wunder st andi

respond to commonly prescribed antibiotics

treatment strategies for such infechionsal
stages ther e are -malkn e citietpisc arhadeecdtsi dnff
hospitalisation, on admission to hospital,
stages include assessing tle caawer iotfy tdfe ti md

selecting the most (sunigtl aBl enndeif dhe2@ligpnbemea
met abo-basmeds i dentification eoffc amew dbiagmask s

evaluation of antimicrobial resi stance has
patients, known s Trirsomppe zefl tbmpapi on
careful selection of antibiotic treatment .

antibiotic Suspected
and IV patient |}

solution

=/

Fi gulrSee pls.i s management pipeline for pat
identify paspentedwbepsis by assessing
conduct | aboratory tests such as measutr
the patient, and 4S)peRtompnt layntii mii toit a tce f
admi ni stration to mitigate the mortalit
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1.2ntibiotics

Antibiotic use must be optimised in order to maximise success, eliminate undesirable antibiotic
effects, and prevent rising drug resista(idartinezet al, 2020) Antibiotics have been used

to eradicate thegrsistence of infectious agents for many years. They are generally classified
as having a "broad" or "narrow" spectrum. Bragpectrum antibiotics are known to be
effective against a wide range of bacteria. Whilst narrow spectrum antimicrobials are only
effective against one or a few bacterial types. In critically ill patients, bspadtrum
antibiotics are helpful for initial empirical therapy. They cover a broader range of pathogens
and are more likely to be effective against unidentified infectioustagélowever, it is
preferable to use narregpectrum agents whenever possible due to their lower likelihood of
triggering the development of AMR and their ability to decrease common side effects like
dysbiosis(Varley et al, 2009) There are several classes of antibiotics with different targets
and modes of action (Figurk2), including interfering with the syngisis of the cell wall,
inhibiting the synthesis of proteins, inhibiting the synthesis of nucleic acids, inhibiting
metabolic pathways/bacterial enzymes, and disruption of the bacterial membrane structure
(Abushaheert al, 2020) Antibiotic resistance and antibiotic tolerance are two mechanisms
by which these pathogenic bacteria can recover from antibiotic challenges. It has been observed
that certain bacteria have acquired the ability to resist every antibiotic -@nudtiresisant)
introduced into the market in the past 50 yéasakouet al, 2020) AMR is a serious threat

to people's health and the global econosg eholgBartlett, 2011,)affecting both developing

and developed countries. The fundamental patterns of resistance mechanisms are the
prevention of drug accumulation, modification of cell target, "bypass" of metabdhiwag,

and inactivation of antibioticKapooret al, 2017b). The section below discusses the most
commonly used antibiotics for the treatment of sepsis and investigates potential resistance

mechanisms.

1.2.1 Major classes of antibiotics used for sepsis treatment, mode of action and their

possible resistance mechasms:

Figure 1.2 presents an overview of the mechanisms of action and potential resistance

mechanisms associated with the major classes of antibirsgcin the treatment of sepsis.
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Cell wall Antibiotic Targets Antibiotic Resistance

B-lactams
Vancomycin
Penicillin Efflux pumps
Ciprofloxacin
DNA/mRNA Daptomycin
g % Synthesis —§i B-lactams
. &= Ciprofloxacin
: Rifampicin

Translation
synthesis (50S)
Chloramphenicol

Target modification
(alteration of the
target site)
Ciprofloxacin
Vancomycin

Translation
synthesis (30S)
Aminoglycosides
Tetracycline

B . . Mutations within the
Folic acid Synthesis |nactivating Enzymes  ribosomal binding site

Sulfonamides ! !
Trimethoprim B-lactamase Tetracyclines

Cell Membrane
Daptomycin PABA

Figure 1. 2antSulmmatriyc ofmadei bf oactioasaesttance
exampl es.

1.2.2 Ciprofloxacin (CP):

Ciprofloxacin (Figurel.3) is a fluoroquinolone that is part of the quinolone group that
efficiently inhibits DNA replication by targeting topoisomerase enzymes and is widely used to
treat many infectiongCastro et al, 2013) Fluoroquinolones, a modern generation of
guinolones with a broader antimicrobial activity and enhanced pharmacokinetic characteristics,
were generated as secegeheration antibiotics followintheincorpordion of a fluorine atom

into the original quinolone antimicrobial agents. The use of integrated metabgmteomic
methods can be used to understand the biological impact of ciprofloxacin on target
microorganisms such dsscherichia coli.ln previous atdies ciprofloxacin was shown to as
affect the alanine, aspartate, and glutamate metabolism by inhibiting DNA replication and
increasing the expression of DNA gyrase and DNA topoisomerase tiypetlal, 2018)

Quinolone resistance has been identified in both Grasitive and Grarmegative bacteria
(Jacoby, 2005)Resistance tends to be cadidy one of three mechanisms: changes in the
enzymatic targets of quinolones (DNA gyrase), decreased permeability of the outer membrane,
or the production of efflux mechanisniKing et al, 2000) Measuring the quantity of
antibiotics inside the cell (intracellular) using mass spectronbetsed techniques is another
approach tonvestigate and determine the efflux pump resistance mechanism. This technique
(antimicrobial molecule detection inside the bacterial cell) was also used to investigate

trimethoprim's mode of action da coli (Alrabiahet al, 2018)
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Figure 1.3 Chemical structures ofgemquwirradli mme
frequently wused in clinical applicati omse.ned
guinolones, which bel ofigft ot loe ufi in(oB uosnhe sente N

1.2.3 Amoxicillin:

Amoxicillin is a broadspectrum, sersynthetic and acigdtable antibiotic belonging to the
penicillin (b |l actam antibiotics) family. |t
animal infections caused by a diverse range of Quasitive and Grammegative bacteria

(Kaur et al, 2011) It has been noted that theode of action of amoxicillin is through

interfering with the synthesis of the cell wall. Peptidoglycan is the main component of the
bacterial cell wall, which consists of long glycan chains crosslinked by short peptides,also
known as Penicillin Binding Ptoei ns ( PBPs). These antibiotic:
(amoxicillin) and glycopeptides (vancomyci n)
are known to function by attaching to PBPs and inhibiting the formation of glycanlickkss

in the bacterial cell wall. The most popular mechanism of this type of bacterial resistance is the

pr odu c tlactanmaseehizyntes. These enzymes catalyze the hydrolysis of the amide bond
within the lactam ring, resulting in the antibiotic becoming inagtMeushaheet al, 2020)

The combination of amoxicillin with clavulanic acid, which became available for oral
administration in 1984, broadens the anti mi ¢
lactamaseproducing strains ofStaphylococcus aureudgscherichia coli Klebsiellg and

certain anaerobic bacterial spedigichelow and McCracken, 2009)

1.2.4 vancomycin:

Vancomycin acts on pepti dogl -adamainhfbiPcBllwalmet ab o

synthesis. PG is essential for bacterial survival, as it acts as an exoskeleton, weethtin
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rupture caused by internal pressyBoneca and Chiosis, 2003l is also reported that
vancomycin alters the cell membrane's permeability and inhibits ribonucleic acid synthesis
selectively(Watanakunakorn, 1984Yhe main resistance mechanism for vancomycin is via
altering cell wall precursors, glycopeptides do not cross link witdaDytalanine, so it is
changed to Ealanyhlactate. In Granpositive bacteria, glycopeptides inhibit cell wall
synthesis by attaching to-8lanytD-alanine residues in peptidoglycan precurgiiapooret

al., 2017a)

1.2.5 Tazocin TZP (tazobactampiperacillin):

Tazocin has broaespectrum antibacterial activity against most Giaositive and Gram
negative bacteria. | tlacamn and tazolbagampwhichas carrermiyb i n a t
used in clinical settingd.awset al, 2019) Piperacillin acts by inhibiting cell wall synthesis,

and the possi bl e r es ilastammase aesistanoe.cTo avercene this s  a |
resistance mechanism,t i s combi ned wi tldctamaseznbiltefoting m, wh i
and Plosker, 2001) Hy per product-i @aant arha steh e(adibeiabEdde i r a D
Angelis et al, 2020) has been established as the most common resistance mechanism

associated with organisms phenotype against (FE®bardet al, 2020)

1.2.6 Amikacin:

Amikacin belongs taaminoglycoside (AG) antibioticthat target bacterial ribosomes (30S
subunit). Thee broaespectrum antibiotics interfere with protein synthesis. Many Gram
negative and some Grapositive bacteria can be treated with these antibi¢Bbskil et al,

2008) The primary resistance mechanism involves the deactivation of AGs through a group of
enzymes callecaminoglycoside modifying enzymg®MES). AG resistance can also be
accomplished by ribosome target mutations and, finally, by modifying the ribosome using a
group of enzymes known as ribosomal methyltransfer@SameatiTsodikova and Labby,
2016)

1. 3Anti microbi al resi stance

AMR presents a significant risk to the over
under mining the effectiveness of preventive

Wit hout carefully planned ef faorttisbitot iad drir essis
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https://en.wikipedia.org/wiki/Aminoglycoside

a systematic manner, there is a potenti al :
estimated annual de@$ina lodftc rladlR® 6nli Bl hlei odnr abmya t 24 @5
AMR has been primarily atusiabetedntvebeaoappr
agents in healthcare setbadcgestaaadMRh@taygr scw

mi croorganisms such as bacteria develop resi

el i mihame This resistance causes traditional
il Il ness, with high costs of medi(cParle settirnea cas
al. 201Bbn the clinical context, antimicrobial
from an infection caused by a pathogenic mi
treat ment withmiacr ebpeeggdwan aand Sur vehd | an

|l i popolysacchari daeecgetlilvewaddctefr i &Gr pmses al
mechani sm, prevendedrngitnh an pievaedcroaftyldadohcrioaf la s
2021)Resistance to drugs that target t he ¢

effeessvemhe high |l ipid content of the | ip
hydrophilic drugs that depend on hydrogen bo
bonding capability (cKeampeopogaBOfil Zbe the cell wa

1.4 An overview of Metabolomics:

Met abol omics is the comprehensive analysis ¢
bi ol ogical sample, including their detection
small mol ecul es that are t hees pwiotdhuicnt sl iovfi nvga r
mol ecules include a wide range of substances
aci(dlsdl e and Gonzzal elz9,9e8t2 0 @ n ivteira |l | vy i ntrodt
"metabol ome,"” and Fiehn further elucidated |

recemns,yea@searchers have debated the exact ¢
refers thmolealclulsemalolmpounds, known( @lsiemegmbbol i
1998; Fi.ehhhe2de& 09t abolites are vital i n met
mai nt enance, growt h,hiamda nopaemail f ifwngkhy oind Inag |
stage. The <chemical and physical character|
compared to those of the proteome or transcr
makes studying |tohme earitailrleenmiengbaue t o [ (
|l nvestigations have Dbeen directed towards ¢
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vol ati-VYelkat inloens ,

mani fest
Consequentl vy,

hi nders the

Tabll ®efinitions of

notogwanreti iy het éot h
t he
syst ema(tDucn ns taunddy. Eol fl inse,t a2b0o0l 50)mi c s

gl ycosi des, i pi ds, and i

physical

n
char ac

abseareomnda sas i sntga nndeat r hdoi dsoel d

t er ms

commonly

used

i n metabol omic

Ter m

Definition

Metabolic

fingerprinting

Thi
identify

s method is cdmgiodgrhedita gqg
characteri
t he i fi

appl idecdatieorst

met abol ic

subjects where dent i C @

has potenti al
fi

Goodacr e,

cl assi cati on, and miniBal I i

2006 ; Dunn and EI I i

Metabolite
profiling

Identifies and quantifies a set of metabolites within a spe
metabolic pathway or category of similar chemical properties
lipids, carbohydrates, and amino acidShromatographic separatic
before detection and an appropriate sampling procedure ca
empbyed to isolate metabolites from other cellular molecy
minimising any potential matrix effects during instrumental anal
(Fiehn, 2002; Goodacet al, 2004)

Metabolic

footprinting

Refers to detection and measurement of the exometaboishieh
includes metabolites released outside the organism of intere
addition to compounds from the microbial culture media present i
supernatant (i.e., unused components remaining within the g
medium(Pinu and VillasBoas, 2017; Elli®t al, 2007a)

Targeted analyses

Analysis of one or more metabolites associated with a parti
metabolic process involves both qualitative and quantitative met
The focus is on the metabolites linked to a specific metabolic path
To eliminate interference from other cell constituents and compol
a thorough sample purification process may be utiliggd et al,
2023; Elliset al, 2007b)

Recent

transcriptomics

i mpr oveomeinct s pliant f omu ms | [

ud.i

us

ncl

and genomics can be

26

ng me

ed as



identify key hbisempokseses aiss ofclhar gglde wi & rhd sWorsg
Met abo-bamedsapproaches can bé pheyhhpeoardtabin
comprehensive understanding of how antibioti
the metabol ome demonstrates &g pHeomrset yapses,o0 cd lau
the primary responses aptaniobsoéesseprieabuf e
of AMR mechani sms. The primary goal of this
patterns associated with a given pathologic
guantify metabosysteemi nThheywiodmgheatat egor i :z
met abolite profiling, Dféiinngicetriporhi ens & ncgo n caenpdt & o
in Tahle 1

1.5 Sample preparation and treatments in microbial metabolomics

Sample preparation is a <critical component
metabolic flux in biological systems, and th
proper selections of procedursesamd et hcer urced lail a
concl SaphmskenelaR00@t , aRO®OA)gr aphi cal repres

typical workflow used in metldboBami e sairset ud iae
di verse due to their size, physiology, cel |
requirements; therefore understanding quant.i
both extracellul ar (exomet abol)oneet acdbrod i it esst
preparation of mi crobi al samples differs ac
met abolites, basic methods such as filtratioc
the detection of i nt raalcvedd uarad stmervhea o prbee s

requ(iractdetj, kaoR 0179 obtain a representhei messtna,
cruci al aspect of any sampling technique 1in
efficacy in stopping enzyme activity and me

met abol omics experipmemptas at e Quii qMmeygo &wo g€ enmpal eqtud |

(guenching) of metabolism to accurately repr
with biological materials or cell (cQllwares v
S8ncehte,zaRP0O010¢gl | ul ar metabolic activity is usu
temperature typically to high or | ow temper s

KOH or NaOH) or acbgi addongdi tpiearcsh!| bei g. ,aci
trichl or d Maesdeieg aDiOEY me techniques feohvquenc
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Me OHOH a4BA C wi t h HEPHESejbhyalf 8 ; eWi, tatlndaOndnp 0 %

(v)v Me QB /E4tB C wi t h et ha(nPuiajntienre abnadh t\Ve usssienrg, | 1i9c
nitrod466 ABjagejt , all998; Ght a, sasagby vee v e r col d r
guemghi a common met hod for quenching bacter
into 60% methanol in -4@&at©e€ @2y pScimaladi)medienr es b
al . 20T0h8) next scepei metabelxitras fromhashe ce
besmopped by quenching). This can be achieve
permeabilize (Maskeey bl ihiblsream@gent s must not
mebal ites physically oMorcehcews rc,altlhye deuxrtirnagc tain
aim to recover the maxi mum number of metabol
any dilution effects caused by cdrtraiextpracde

intracell ul ar met abolites from the cell s.

Sample preparation
(quenching and extraction)

@ | Sample analysis

Data generation
and statistical analysis

Biomarker identification and
biological interpretation

Figure 1.4 Gener al metabol omics workfl ow
bi omar ker identification and biological in

Exampl e sexotfr atchteisoen techniwuwest haocd | Go@mtzad @afC"
al. 1997et Hall 9%8%et VaBR8e&0 Hv met h-48 o(ACiantb al | an
Rabi nowi,t zp,e r2coh0 6@AICc aB@i @T lmeé ;eltaladt 997 ; Chassa
et,@B2)ethyl acetate(&&aoamambjca@0dpepkpPpErat uambi
tempen&&thassagnal2d 02 ; eTheaobRn9 I; Rui jteur and

Determining which metabolites are present ir
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optimised for specific classes of metabol it
met abolsomempl ex and diverse, a single extrac

metabolites at once.
The procedure for conducti ngMSmeutsaebdo |iommitchsi se x

il lustratt®d in Figure

GC-MS Workflow (CMR)

Extraction,
pooled QCs &
addition IS

Sample
collection &
quenching

GC-MS
analysis

Derivatisation
& addition RI

Drying

Sample collection (quenching protocol)

Sample storage

Extraction of metabolites

Preparation of pooled QCs

Addition of internal standards

Sample reconstitution

Chemical derivatisation (methoximation and trimethylsiylation)
addition of retention index solution

Analysis using GC-MS

|y ey Ay Iy I Iy Iy A

Data analysis

FigurtehetM@&C gener al wor k f I owmiforolsiaanp | ee Iplr £ pfac
used in centre of metabolomics research ( CMR)

1. 6Analytical platforms and applications

To comprehensively monitor the ard abds @mtei alo

to the high chemical diversity and the chal
amplification as (AtheaneRO0O0OBdoimeuantaeé ylsmisqu
in a metabolomics study, I nc-l Bdj niRamany i e

magnetic resonance (-NNMRusisprcmaescap),ct diome
mass spectrometry (MS) ycouplleidgutiad gasr oarart mm:e
effective analytical techniqgue should be ca
using mini mal sample volumes, deliver high |
efficiency, anadl de dgpersRd 0@ pbt egleetl protocol s
and characterization of the entire metabol or
devel opment of novel technol ogies aimed at

mi ni mal concentrations.
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FIT R and Rbaumen grwhol e organism fingerprint

phenotype, representing the interaction of t
envir onimemats o udl202nlt)i bi oti cs' mechani sm of a
modeé&l. cowas investigated wusing both technig
mul tivariate analysi s. For i nst ank.e,,comhmen ¢
increase in nucleic acids was detected wusin

bads and DNA in the ifXuame dds ppecdtlr7aNu nfeir noguesr
studies have reportRdspdet appdoxyat h ®oma @ @ @t

met hod to identify and discriminate plathoge
( Muh anmatd,ad B0Matidgt , aR017; eAl, nalsOb2uld MR spectrosc
can be used for profiling and quantitativel
bacteria to di(fHioesrten a 2.8 A BN)MRi ome tcadb ol omi c s |
di fferentiat es-oiprediaviidweali snfwiatmmapg o othwi tbhut nc
bacteri al and viral I nfections. 't al so di st
dysfunction in( GraedlcwmB8 0 3MAaislsl sipnefcatnrtosmet ry i s
to investigate metabolomic and proteomic alt
"omics" t eclendalhegiuenst agmelled characterizatio
proteins present in biological samples from
met abolites could potentially offer a more r

(Ludwig and Hu#8Sorm,asz2z@Irhglehed metabol omics a

to assess the antibiotic's mode of action, &
drug @YitneteanalPO1l®MB i s cruci al for metabol omi
the idandi fuvangi fying diver se medtaballsietde SGCi n
MS f or early di agnrsasiaamaefu sdientfeercniiinoant i forno no f

resi s(thanrede, al2018) more detailed discussion o

techniques in metabol omics investigations ar
1. 7/Vibrational spectroscopies

Vi br dtisopneact r oscopy, mai nly represented by F
i mportant mol ecular insights into the main b
bi ol ogi cal samples including |ip(Gba@rnthadt ei n

2022)Enabling the rapid and accurate identifi
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applications for stwudying biological probl er
anal ysis for clinicahvasgiawe o dsiiabginlgagttoivedsd pvoi ga
spectr al mar kers in various biofluids such a
ease of collection make them an ideé&aBalderagno
et ,akR016)heavi brezthinoh ogi es empl dyRe da nidn Otph ii < ¢
Phot ot her mal I nfrared Spectroscopy OPTIR, ar

1.7.1 FTIR spectroscopy

I nfrared (I R) spectroscopy hasihbheeni tisedomme

availability in the 1940s, using a prism f
technol ogy at that ti me, such as |l imited se
ti meunn and ,EladvsanczaiEn)tspeict rBFcopy have n
anal ysis time and i mproved the quality of |IF
generation infrared spectrometers replaced c
during the | ate 1960s and early 1970s, |l ead

efficieneyR sTpheecster oFnfet er ssqu alpeé dyrya gley ee mp leo i
Fourier transform to convert signa(lLsi niar oam dt h
Goodacre, FZDR3)spectroscopy relies on the i/
mol ecul ar vi brations within a sample (the
mol ecul ar motion induced by atomic displace
producing a unique spectral f i(nBjaekreprraibnOtl 4t)h at
This absorption induces vibrations in the intermolecular bonds, allowing for direct correlation

and detection of chemical species and generating distinct spectral fingerprintiebatheir

biochemical compositionMuhamadaliet al, 2015) The distinctiveness of vibrational
frequencies associated with specific molecules enables the molecular "fingerprinting" of the
biochemical composition of the sample, and provides a methodology to detect its chemical and
strucural constituent¢Confieldet d., 2021) Infrared light spectrum is categorised into three

main regions: near, mid, and far infrared. Metabolomics studies predominantly focus on the
mid-infrared region, specifically from 4000 to 600 ¢(fFigure1.6). This range provides rich
biochemical information within the biological samples. These include crucial wavenumbers

for major biochemical classes such as the fingerprint regior080@&m’, vibrations related

to carbohydrate ring vibrations 9a@00 cm', and a mixed region 126600 cm?! that

involvespol ysacchari des, p r (Ndvassien al, 2@19)dthe aegionn o ac.
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corresponding to amide | and amide Il region I30®M0 cm?, while the range for fatty acids

is between 280050 cm® (Naumanret al, 1991; Elliset al, 2003) FT-IR spectroscopy is
widely preferred for preliminary experiments as it provides an overview of the experimental
direction before more advanced tools are integrated into the metabolomics investigation
process. Théndings obtained through FIR analysis play a crucial role in understanding the

impact of different experimental conditions on the outcomes and the composition of

compounds.
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These insights serve as a guide for designin
efficiency and saving valuable ti(nueftmoralr.ese
2005)

FT-IR spectroscopy, despite its efficacy in various applications, faces a significant challenge

due to water absorbance in tmed-infrared (MIR) region, leading to broad bands that cover

unique biochemical fingerprints (water can present huge absorptitmsgver, this issue can

be addressed through various methods, such as drying the s@halehet al, 2013) using

attenuated total reflectan¢e A T ®Jghnique for direct and nedtestructive analysis of liquid
sampleqSchmitt and Flemming, 1998Although FFIR spectroscopy has lited sensitivity

and cannot provide detailed structural elucidation of metabolite characteristics present in
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complex samples, where achievable by other advanced analytical techniques like mass
spectrometry coupled with chromatography and NMR, it remainasuable tool in the field of
metabolomicgDunnet al, 2005) Raman spectroscopy is often isees a complementary to
FT-IR as it provides high sensitivity and accuracy analysis of samples in both liquid and dry

states due to water being transparent in Raman. This method is discussed in the next section.

1. 7RazZznan spectroscopy

Raman spectroscopy is a widely used quantitative technique for identifying spectral biomarkers
and a potent tool for examining the composition and functioning of biochemical sykigms

et al, 1998) It is a technique involving the detection of scattered light from monochromatic
radiation as it passes through a transparent material. In 1928, Chandrashekhara Venkata Raman
and K.S. Krishnan observed nefastic scattering of light upon interaction witlatter leading

to the Nobel Prize in Physics being awarded to Raman in 1930 for their(Rankan and
Krishnan, 1928)When a photon is inelastically scattered by molecules excited to higher
vibrational; this phenomenon is referred to as the Raman effect. This causes changes in the
molecular bonds' polarizability, hich causes wavelength shifts and provides important
information about the structure and composition of the mol€Eiliset al, 2012) The Raman

effect measures the exchange of energy with electromagnetic radiation and is typically utilized
with a monochromatic light source such as a visible or-iméa@red laserln recent years, the

use of Raman scattering in biologl research has significantly increased. This growth is
mainly due to the widespread availability of advanced laser technology and-cbapied

devices (CCDs) detector integrated in Raman sys{Butter et al, 2016) The majority of the
scattered energy, known as Ragtescattering (elastically), shares the same frequency as the
incident radiation. However, there is also Raman scatterirglgstically), which represents a

small proportion and exhibits discrete frequencies above and below the incident radiation due
to inelastic collisions between photons and molec(asnet al, 2005) Inelastic scattering

is typically divided into Stokes and ai@tokes scattering. Stokes scattering occurs when a
molecule gains energy, whereas &tthkes scattering occurs when it loses energy (Fidje

Raman scattering is a relatively lgwobability event because ordysmall portion (only one

in 1P - 1% photons) of the incident laser light undergoes inelastic scattering and interacts with
the sample's molecules. This makes it challenging to detect and analyse Raman signals at the
singlecell level due to the low intensity of the scattered photons. Neless, this level of

intensity typically proves satisfactory when arsalg bulk materials characterized by densely
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packed molecule€Smus, 2016)Raman signals can be amplified by adjusting the excitation
source, detection method, and molecular scattering. This amplification improves sensitivity
and provides specific information. techniques like ResonBaogan offers a crucial adviage
compared to FIR when analysing substances in water because it experiences less interference
from the presence of water. However, it has limitations such as weak effect (low sensitivity),
potential damage to sensitive samples with highly focused lbesens, and interference with

fluorescence when studying biological samgfgshie and Huser, 2013)
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Compared to Raman, infrared spectroscopy offers sensitivity and a lack of fluorescence
interference. Integrating both techniques into a single technology can be a powerful tool with
potentialapplications in clinical microbiology. Thusew technologies suds OPTIR, can

be used to provide both Ramam d i nfrared signatures simulta
spot. This has not been reported previously
optics in conve#dtRi ecpalc{Roananch&d&AdMdeleai | s abo
this integraPTloR) teacédndigaeugOed in the next
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1.7.3 Opt i-Pchaolt ot her ma kP TIInR)r aSrpeedc t(rdscopy

PerkinElmer first introduced the infrared microspectromet&53, but it was not widely used

until the mid1980s when microscopes were integrated withIFFTspectrometers. This
combination enhanced the efficiency of data collection, allowing researchers to gather infrared
spectra from microscopic areas of a pemas well as explore the distribution of chemical
components in diverse sampldsma and Goodacre, 2023Modern FFIR systems use
infrared radiation, Michelson interferometers, and array detectochieva spatial resolution

of ~10 um in a sample antthe scanning speed of chemical mafa innovative faifield

infrared imaging system utilizing the photothermal effect of infrared light was recently
developed to quickly and efficiently generate chemicaages with submicron spatial
resolution(Lima et al, 2021) This novel approach, known as optipalotothermal infrared
(O-PTIR) spectroscopy, assesses a sample's photothermal response when exposed to a tunable
mid-IR laser beam. In current-BTIR spectrosapy displayed in Figuré&.8, there are pump

and probe configurations, the pump beam is a pulsednfrated laser that is tunable and
based on quantum cascade laser (QCL) technology. The use of a visible probe beam (a
continuous wave laser is commonly ds& wavelengths of either 785 or 532 nm) provides
high sensitivity, overcoming several drawbacks found within conventional infrared imaging
techniques, and allowing for wavelengtidependent spatial resolution in the infrared
spectrum(Lima et al, 2021) In O-PTIR spectroscopy, infrared light is used to illuminate a
sample and detect the photothermal response. This process results in specific IR vibrations that
raise the temperature and modify both the surface and refractive index of the safpl& O
overmmes diffraction limit and Mie scattering effects by measuring the infrared photothermal
response of a sample when exposed to a pulsed infrared beam. It provides wavelength
independent spatial resolution by detecting changes in sample reflectivity traougible

probe beam(Klementievaet al, 2020) Recent research has also reported the effective
application of GPTIR spectroscopy as a highly promising technique for the detection
antimicrobial resistance at the singlell level. Thisnovel approach displays considerable
potential for enhancing our understanding of AMR mechanisms and microbial behaviour
(Shamset al, 2023)
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1.8 Mass spectrometry

Mass spectrometry is the most frequently employed technique in metabolomics for analysing
chemical compounds in biological samples. The popularity of this technique is attributed to
important features like high sensitivity, rapid analysis, and selectalgajive and quantitative
capabilities (Willard et al, 1988) In order for ions to undergo separation via mass
spectrometry, they must firgxist in a gaseous state. The technique employs electric and
magnetic fields that separate gaseous ions according to theiorasmge ratiori/2 values
(Vadakedattet al, 2022) The ions produced are transported through the massangdythe
detector within a vacuum condition. In the configuration of mass spectrometers, three
fundamental components are present with a PC used to collect the data: an igrasoiase
analyser and detectdiLuzzatteKnaanet al, 2015) It is noteworthy that due to the operational
requirements of low pressure for the mass aealgnd theletector, the instrument necessitates

an additional vacuum systeme( to avoid the oxidation of the filament and reduce the
scattering of the electron beam GC-MS) (Rockwoodet al, 2018) This vacuum system,

responsible for gearating the required vacuum, allows the resultant ions to travel from the ion
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source through the mass arssly to the detector, minising interference from other

compounds in the procefsross, 2006)

Electron ionsation (El) is commonly employed in mass spectrometry due to its capacity to
generate reproducible fragmentation spectra, thereby contributing to the generation of
comprehensive librargefor qualitative analysis. El is primarily used in gas chromatography
mass spectrometry (GMS) applications for volatile compounds or chemically derseati
compounds. The process involves thesation and fragmentation of molecules by an electron
beam (abeam is generated through a metal filament such as tur{@ishye, 2013)The
resulting ions are then separated through antradefteld before reaching a detector. The
resulting mass spectrum shows the distribution of frequency or intensity for each ion type based
on their masso-charge {n/2 ratio (Wei et al, 2019) In contrast, "soft" iorsation methods,

such as electrospray ionisation (ESI), chemicalsaiion (Cl) (Capelladeset al, 2021)
negative ion chemical iogation (NICI), matrixassisted laser desorption ionisation (MALDI),

field ionisation, and atmospheric pressure chemicalsaiion (APCI), are utilied to address

these challenges and facilitate more straightforward identification proce(@Deesasce
Pancorboet al, 2009) Electron and chemical ionisation are mainly employed for ionising
gases, whilst ESI and MALDI are utilised for samples in a condensed (Makamadali,

2015) Electrospray ionisation is a technique commonly used in liquid chromatognagds/
spectrometry (LEMS) applications. It includes the formation of charged drtgfrom a liquid
sample, allowing the ionisation of biomolecules or other substances present in the liquid phase.
Upon ion formation, the ions are directed toward the mass analyser, which separates molecules
based on their mads-charge ratio /2 values. Mass analysers have different types with
unique operational features, includimgiadrupole mass filter (QMF), ion trap, tiro&flight

(TOF) and Fourier transform ion cyclotron @#TR) analgers (Li et al, 2021) In
metabolomics studies (particularly in untargeted analysis), a TOF analyser is commonly used
to separate a wide range of molecular weights related to both polar and nonpolar compounds
in a single sample. In this method, an electric field accelerates ions to the same potential. The
ions then travel through a "flight" tube to reach the detectat tlae time taken for them to

arrive at the detector is linked to their mass. Utilizing TOF for broad spectrum analysis offers
several advantages such as enhanced mass accuracy and resolution, improved sensitivity, rapid
data acquisition, and extended dymamange when profiling across a wide molecular weight
(Stewartet al, 2015) The time of flight is calculated as
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Wheretror, represents the ion's travel tinigfom the ion source to the detectbmepresents
the effective length of the TOF ansdy (i.e., flight tube length)y represents the pest
acceleration ion velocitym/z refers to masto-charge ratio the ionUacc stands for full
accelerating voltage in the TOF that accelerates ions following leaving the ion sour¢es and
the charge on the igi€hernusheviclet al, 2001)

The third important part of a mass spectrometer is the detector, which generates an electrical
signal when analyte ions with a specifie/z ratio pass through it, allowing for their
identification and quantificatiohe detector operates through the ptgisdetection of the

ion current generated when mass ionsahitetection plate. The ion detector identifies the
separated ions either in the space or time domain. Electric signals generated by the ion detector

are then processed to generate mass sgkitran, 2016)

Mass spectrometry is a highly sensitive technique used in metabolic profiling studies. It can
detect metabolites at low concentrations, ideig lipids, amino acids, fatty acids, sugars, and
nucleotide bases. However, there is a significant challenge in fully characterising all the
detected metabolites extracted from biological samgldsabiah, 208). Due to the
complexity of biological samples, MS is commonly used in combination with chromatographic
separation techniques likejuid chromatographyLC) and gas chromatographyGC). The
integration of various separation techniques with MS offers many advantages such as enhanced
sensitivity, selectivity and allows for the detection of a wide range of metaliMitdgmmadali,

2015) The two hyphenated techniques, ®IS and LCGMS, used in the present work are

discussed in more detail below.

1.8.1 Gas chromatographymass spectrometry GEMS

GC-MS is a widely used technique in metabolomics, aiming to detect and quantify all the
metabolites present in a biological system. This approach's reproducibility, robustness,
separation efficiency and high sensitivity allow for the accurate deterrmnaftioumerous
substances within a complex sample in a single anglisissoret al, 2004) An important
advantage of this combined technique is the ability to access compound libraries for the
identification of metabolite¢Schaueret al, 2005) It is highly effective in separating and
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precisely detecting compounds, making it a valuable tool for analysing complex mixtures of
volatile and semvolatile (after derivatisation) substances qualitatively and quantitatively
(Soriaet al, 2009) For pobr nonvolatile or semivolatile compounds, chemical derivsatiion

is typically required to enhance the volatility and stability of the metabolites. This is because
in order toachieve optimal separation and system suitability within GC, the compound needs
to be volatile and exhibit thermal stability. Derigtion is a common technique used in-GC

MS to increase method sensitivity, modify analyte properties for improved sSepaaatl
volatility (it change the polarity of moleculejand enhance the ability to identify compounds

in various analytical method€. Moldoveanu and David, 2019Jhis procedure includes
changing the chemical composition of the compound to make it more appropriate for analysis
(Halket and Zaikin, 2006)Some metabolites meet these requirements, including small
alcohols, lipids, hydrocarbons and esters with low molecularhiueitpwever, a significant
number of metabolites such as sugars, carboxylic acids and ketones require chemical
derivatisation prior to G@1S analysigBedair and Sumne2008) Trimethylsilylation (using
N-methykN-trimethylsilyltrifluoroacetamide (MSTFA)) or telutyldimethylsilylation is a
commonly used derivatisation agent. Additionally, keto (pxpoups are typically oximated
(converting carbonyl groups to oximes using alkoxyamines) to enhance their GC properties
(Halket et al, 2005) A common twestage process involves oximation followed by
trimethylsilylation, which alters functional groups such as hydroxyls, carboxylic acids,
ketones, thiols and amindge enable comprehensive coverage of metabolites. Oximation
converts ketone groups to oximes, allowing rapid desaatin with TMS reagents (without

prior oximation, ketone bodies do not undergo rapid reaction with TMS reagents). TMS
substitutes activeyrogen atoms with a trimethylsilyl group via an esterification reaction.
This reaction specifically targets hydroxyl groups present in metabolites containing carboxylic
acid, resulting in the formation of TMS estéPainnet al, 2011) Some derivasation methods

are designed for targeted analyséth greater specificity. However, it is important to note that
performing derivasation adds an extra step in sample preparation, potentially leading to more
technical errors in the experimelrabiah, 2014) Samples are introduced into the gas
chromatograph through an inlet, usually using a split/splitless injector. The sample solution is
transformed into vapour within the glass insert; however, overloading the injection can result
in challenges with aceate quantification and contamination of the inlet. The volume of the
evaporating sample increases based on the pressure and temperature of the inlet and the types
of solutions use{Sugita and Sato, 2021)h GC, the mobile phase consists of a carrier gas like

helium or nitrogen, and the stationary phase (knasaincolumn) comprises a liquid or
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polymer layer on an inert solid support inside glass or metal tubing. Itacgmblumns, this
stationary phase usually involves a finely powdered solid support coated with a nonvolatile
liquid. Components are effectively separated as they pass through the column at different rates.
As the sample leaves the GC column, it isseahi(typically EIl techniques are used) and then

its resulting fragments are separated according torieio generate a fragmentation pattern
(Hussain and Magbool, 2014yhe chromatograms obtained from ®AS analysis display
numerous peaks corresponding to various metabolites, which can be characterised using mass

spectral libraries available eitherluse or commercialliMuhamadali, 2015)

1.8.2 Liquid chromatography -mass spectrometry LGMS

LC-MS is a powerful analytical technique that separates compounds based on their polarity.
This is usually achieved through dissolving them in an appropriate solvent using liquid
chromatography followed by generally electrospray ionisation and the deteutithe
separated components according to timér The technique is commonly employed to asaly

a diverse range of semblar substances, including various secondary metabolites that are
important to plant researchers and nutrition{gtbvood and Goodacre, 2010)LC-MS, in
contrast to GEMS, does nohecessitatéhe analytes to be volatile and separates them at lower
temperatures. This simplifies the process of sample preparation typically in most cases without
the need for derivadation. The stationary phase interacts directly with samples through
different furdamental modes based on factors such as affinity, size, and electrostatic forces.
These various interactions between compounds and the stationary phase lead to the separation
of compoundgRusli et al, 2022) Compounds with a strong affinity for the stationary phase
exhibit longer retention times, whereas those with lower affinity will experience quicker elution
resulting in shorter retention timg#éllwood and Goodacre, 2010)he wider range of
applications of LEMS in comparison to GBS is due to its ability to effectively analyse a
wide variety of biological molecules and the increasing popularity of liquid chromatography
(LC) separations in clinical laboratories. Electrospray ionisation (ESI) is widely used in LC
MS for biomolecular mass analysis, owing to its wide mass range and excellent sensitivity.
Consequently, it is a favoured option in diverse analytical apmitatGiuzdak, 2016)ESI is

a soft ionisation technique that minimises fragmentation in comparison to hard ionisation
methods (compared to El in GC). Due to limited fragmentation in ESI, direct identification of
metabolitesby comparing mass spectra to reference libraries may be challenging as the

characteristic fragmentation patterns for identification are not as prominent. However, there
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are alternative strategies for metabolite identification such as accurate mass meatsuoé
molecular ions and tandem mass spectrometry (MS/M8yedi, 2021) LC-MS utilises
various separation techniquesatmalyse a broad range of metabolites. Reversed Phasleng

et al) is widely used for moderately polar to npalar metabolites, but it struggles with polar
metabolites such as organic agidamino acids and sugars due to the hydrophobic
characteristics of the stationary phase. On the other hand, Hydrophilic Interaction Liquid
Chromatography (HILIC) offers a promising alternative for separating polar metabolites owing
to its hydrophilic proprties(Buszewski and Noga, 2012)/hile not as commonly used as RP,
HILIC is becoming more widely acknowledged in the-MS analysis field. Furthermore, LC

MS also employs normal phase and lon Exchange for the characterisation of specific
metabolitegHarriederet al, 2022) The combination of these separation modes allows for a
compehensiveand detailed analysis of various types of metabolites within the field of
metabolomics. LC can be coupled with different mass analysers, including quadrupoles
(configured as either single or triple quadrupole) and Tofriight (TOF) analyser¢Thomas

et al, 2022) The TOF analyser is widely utilised in untargeted metabolomiegaliis high
resolution, separating ions according to their flight speed and arrival time at the detector. It is
ideal for biomarker discovery due to its extensive coverage of metabolites, capable of detecting

a large number of molecules in samglésou and Zhong, 2022; Muhamadali, 2015)

1.9 Data analysis and chemometrics

Metabolomics data are naturally multivariate and contain valuable information due to the
complex nature of the metabolome and advancements in analytical techniques. Therefore, it is
vital to use appropriaggre-processingnd statistical analysis approastte investigate the data
generated and minimize the chances of false discoResprocessing step plays an important

role in MS and FIIR spectral data analyses, acting as a main link between raw spectra
collection and statistical analygjRenet al, 2015) Metabolomics studies often have fewer
samples than measured metabolites, necessitating the use of statistical (sulthasate) or
machine learning analysis to extract useful information from these large data sets. These
methods can lead to new hypotheses and improved biological understanding, as visual
inspection alone is insufficient to complete the analfGmsodacreet al, 2007) The analys

of metabolomics data involves three primary stagespvolution andpre-processing, data
analysis, and pogirocessing. Initially, raw data undergoes -precessing to clean and

transform it into an appropriate format. Subsequently, dimensionality and size reduction
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techniques are applied during the actual data analyseddot only relevant input variables for
further analysis. Lastly, pegtrocessing involves converting the outcomes of the processing
into a format suitable for interpretation and visualisation and where appropriate, validation is
required(Goodacreet al, 2007; Trivedi, 2021)Metabolomics data typically includes two
types of information: Xdata, which is produced usingadytical methods such as peak areas

of metabolites or wavenumber intensities, andata/metadata, which contains known sample
information (Muhamadali, 2015)Multivariate analysis (MVA) techniques can be classified
into supervised and unsupervised approaches based on the level of information considered
during analysigGoodacreet al, 2007) For the initial visualisation afomplex datasets, it is
common to use multivariate statistical techniques such as principal component analysis (PCA)
and principal componefttiscriminant function analysis (POFA) to ensure accuracy and

comprehensiveness.

Unsupervised methods are usedatmlyse data without relying aca priori knowledge of
possible relationships between samples (regardless of experimental classes), identifying both
similarities and differences within the dataset. These methods are commonly employed to
classify metabolitedata into clusters based on similarities in multiple variables. The
information is presented to the algorithm, which then analyses it and visually represents the
patterns of relationships. Commonly used methods for performing this type of analysis involve
dimensionality reduction methods like PCA and clustering analysis such as Hierarchical
Cluster Analysis (HCA)(Alrabiah, 2014; Goodacret al, 2007) Supervised methods in
metabolomics use prior knowledge regarding sample classes. The aim of supervised learning
is to develop a mathematical model that provides a link between input variables (metabolite
measurements) and accurate target traits or ewpatal groups. This methodology is
particularly beneficial for classification tasks, wherein the objective is to classify samples into
predefined categories based on their metabolite profiles. Typical supervised techniques include
partial least squares disminant analysis (PL®A) and PCDFA (Gromskiet al, 2015)

These methods reveal patterns in the data and identify metabolites that make a significant

contribution.

1.9.1 Principal Component Analysis (PCA)

Principal component analysis (PCA), is an unsupervised data essipm method commonly

used for multivariate data analysis. It is widely used as a statistical method in spectroscopy and

42



mass spectrometry to analyse data, identify patterns, and perform classification. PCA aims to
reduce the multidimensionality of a dsgh or complex spectral data by extracting its most
dominant components, knovais principal components (PCs). These components are
uncorrelated variables that effectively capture the significant variation among the data points
(Boccardet al, 2010) The principal components can be subsequently used as input-for PC
DFA (see next section). The first principal component captures the most variance, followed by
PC2 orthogonal to the first one and so on in descending order. The results of PCA include
principal component (PC) scores and loadings. These results can be visualised using scatter
plots or bar line plots are used to describe the PCA data and can be used to detect outliers
(Goodacre, 2003)The scores plot provides an overview of the variability distribution among
samples, while the loading plot identifies the variables that cotgribuhis observed variation

in the scores plot.

1.9.2 Principal Component Discriminant Functions Analysis (PGDFA)

Principal component discriminant function analysis{PA) is a supervised method that can
also be used as a sesupervised methodl'he groy structure in thiscaseconsisted of
biological replicates, rather than differences in the type or level ofathedled substrates
utilised for growth. For example,fithe grouping structure is based on biological replicates
rather than genera or specieshe classification of bacterid is considered a sersupervised
approachlt classifies data by using principal components and the experimental class structure.
Its main aim is to reduce variance within groups and increase the variance betweenTgreup
implementation of this approach involves generating a scatter plot, commonly referred to as a
scores plot, as well as a loadings plot. The scores plot of the first tvFRAGcores allows

the visualisation of group differentiatig@romskiet al, 2015) while the loadings plot offers

to identifythe variables with minimal and maximum impact on the observed variation among
groups or classes. P@FA preserving relevant information from the original dataset. However,
caution is required when using sucheputstatistical methods to prevent overfitting of the data.

Therefore, appropriate statistical validation is cru(@abadhurst and Kell, 2007)

1.9.3 Validation approaches

Partial leassquaregliscriminant analysis (PL-BA) is a supervised learning method used in

this study for discrimination and classification between groups, thus it should be appropriately
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validated using statistical validation techniques. Some validation methodadencl
bootstrapping and permutation testifigfron, 1979) Bootstrapping and permutation testing

are resampling techniques that are commonly used in statistical analysis. Bootstrapping
involves producing multiple subsets of the initial dataset through the process of random
sampling with replacenme. A typical technique for validating supervised models involves
splitting the data matrix into a training set and a test set based on the biological replicates via
bootstrapping resamplinfAlrabiah, 2014) In this process, training data pairs are used to
calibrate PLSDA models and aids in building a classifier model. Once calibrated, these can be
challenged with a test set (e.g.,-FR spectra) that validates the model and a prediction made
(Gromskiet al, 2015)
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1.10 Aims and objectives of the thesis

The primary aim of this PhD project is to demonstrate the application of analytical techniques
based on metabolomics in the field of infectious diseases, with a particular focus on sepsis. The
key objectives of the thesis include:

1. To characterise and classify bacterial and fusgatiessolated frompaediatricsepsis

cases using FIR spectroscopgombined with chemometrics.

2. To investigate bacterial infections and identify them at the sitgjldevel. Utilising a

new technology that offers infrared signatures through optical photothermal infrared
spectroscopy and Raman spectra at the same time

3. To investigate the metabolic respons&idbsiella oxytocasolates upon exposure to
ciprofloxacin (fuoroquinolones). The induced changes in metabolic phenotype following
antibiotic exposure will be anagd using FTIR spectroscopy and MBased metabolomics
(GC-MS). This analysis aims to better understand resistance mechanisms and potentially
correlate hese mechanisms with genomic data from bacteria exhibiting known resistance
modes.

4, Using LGMS as an untargeted metabolic profi
response to various antimicrobial therapies along withRlIFETSpectroscopy as a high
throughputscreening tool. A secondary aim of the work reported in this chapter was to
determine whether metabolomics can distinguish between various scenarios, thus identifying
specific biochemical markers for clinical applications. Specifically subsets of psdiemies

were used to assess the capacity of metabolomics to differentiate: (i) confirmed bacterial sepsis
from nonseptic conditions; (ii) between different sepsis categories(i@ndacterial and viral
infections. The anticipated outcome is the idécdiion of a set of metabolite biomarkers for

rapid diagnostic purposes.
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Chapter 2

Rapid Classification and Differentiation of Sepsigelated
Pathogens Using FTIR Spectroscopy
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2.1 Abstract

Sepsis is a lifghreatening condition arising from a dysregulated host immune response to
infection, leading to a substantial global health burden. Accurate identification of bacterial
pathogens in sepsis is essential for guiding effective antimicrdi@ahggy and optimising
patient outcomes. Traditional cultdbased bacterial typing methods present inherent
limitations, necessitating the exploration of alternative diagnostic approaches. This study
reports the successful application of Foutransforminfrared (FFIR) spectroscopy in
combination with chemometrics as a potent tool for the classification and discrimination of
microbial species and strains, primarily sourced from individuals with invasive infections.
These samples were obtained from vasi@hildren suspected with sepsis infections with
bacteria and fungi originating at different sites. We conducted a comprehensive analysis
utilising 212 isolates from 14 distinct genera, comprising 202 bacterial and 10 fungal isolates.
With the spectral amgsis taking several weeks, we present, the incorporation of quality control
samples to mitigate potential variations that may arise between different gaaipke
especially when dealing with a large sample size. The results demonstrated a remarkable
consistency in clustering patterns among 14 genera when subjected to principal component
analysis (PCA). ParticularlyCandidag a fungal genus, was distinctly recovered away from
bacterial samples. Principal component discriminant function analysi®FAJ allowed for
distinct discrimination between different bacterial groups, particularly Gegative and
Grampositive bacteria. Clear differentiation was also observed between coagetgte/e
staphylococci (CNS) anBitaphylococcus aureisolates, while methicillirresistantS. aureus
(MRSA) was also separated from methicHinsceptibleS. aureus(MSSA) isolates.
Furthermore, highly accurate discrimination was achieved betvigg@erococcusand
vancomycinresistant enterococci isolatestiw98.4% accuracy using partial least squares
discriminant analysis. The study also demonstrates the specificity-tR,Fas it effectively
discriminates between individual isolatesSifeptococcuand Candidaat the species level.

The findings of thistudy establish a strong groundwork for the broader implementatior of FT
IR and chemometrics in clinical and microbiological applications. The potential of these
techniques for enhanced microbial classification holds significant promise in diagnosis and
management of invasive bacterial infections, thereby contributing to improved patient

outcomes.
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2.2 Introduction

Sepsis is a lifghreatening condition caused by an overwhelming response of the body to an
infection. According to the Global Burden of Diseases (GBD) study in 2017, the worldwide
occurrence of sepsis amounted to approximately 48.9 million cases annuailly, the
mortality rate attributed to sepsis was a staggering 11 million deaths, constituting 19.7% of the
total global mortality(Rudd et d., 2020) Notably, these statistics indicate that the global
estimates for sepsis provided by Rueldal are more than double the figures reported in
previous research conducted by Fleischmann and colleégeeschmanret al, 2016) Sepsis

can arise from various infections, including bacterial, viral, and fungal. Respiratory tract
infections, urinary tract infections, intedbbdominal infections, as well as infections affecting

the skin and soft tissues, are the prevalent sourcesgection that have been associated with

the development of sepgiSingeret al, 2016) Comprehensive knowledge and recognition of

the diverse origins contributing to sepsis play a vital role in formulating efficient strategies to
prevent and manage this critical condition. In clinical desgics, identifying bacterial
pathogens obtained from the human bloodstream, particularly in the context of sepsis, is crucial
for guiding appropriate antimicrobial therapy and improving patient outcomes. Bacterial typing
is a crucial process in microbi@y that involves identification and classification of bacterial
strains based on their genetic, biochemical, or phenotypic characteristics. Traditional methods
for bacterial identification have long been employed and relied heavily on cbhsesl
techniqies, but they often suffer from limitations such as tooesuming procedures, low
sensitivity (Blood cultures have a low sensitivity for the detection of blood stream infections),
and the need for specialised expertise. To overcome the limitationswkdadsed methods,
various diagnostic methods have been developed and employed to achieve accurate bacterial
typing (FranceDuarteet al, 2019) such as enzymliinked immunosdvent assay (ELISA) and
polymerase chain reaction (PCR), which are known for their precision, high accuracy, and
sensitivity. Nevertheless, despite their effectiveness, these methods also suffer from time
consuming procedures as well as the requiremensdecialised personnel and substantial
financial resourcegAlmasoudet al, 2021) Nucleic acid sequencing, including 16S rRNA
gene sequencing, provides ardiepth characterisatiaof bacterial genomes, enabling precise
identification and classification. While these methods have shown promise in reducing
turnaround times and enhancing sensitivity, they often require costly equipment, specialised
bioinformatics training, and extensivnfrastructure, limiting their widespread use, especially

in resourcdimited settings(Clarridge, 2004; Johnsost al, 2019) When it comes to
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identifying microorganisms at the species level, genotypic characterisation via 16S rRNA
sequencing remains the most widely accepted and reliable m¢ghodrinet al, 2013)

Whole genome sequencing (WGS) shows significant promise in clinical diagnosis by offering
precise species identification and the ability to achieve sieaal resolutio. Its potential for
routine testing in large hospitals has been confirmed as the cost of WGS continues to decline
and serves as the gold stand@fd et al, 2019)

Additionally, matrixassisted laser desorption/ionisatibme-of-flight mass spectrometry
(MALDI-TOF MS) has gained popularity as a rapid and-etisctive method for bacterial
typing allowing for the rapid profiling of bacterial proteins and peptides, aiding in speceds
identification. MALDI-TORMS identfies unique protein profiles or fingerprints generated by
bacterial samples, enabling species identification and differentiéfishfaq et al, 2022;

Bizzini and Greub, 2010Mortier et al carried out &omprehensive and broad benchmarking
study to assess the effectiveness of MAITIMFMS and machine learning methods for large
scale bacterial identificatiofMortier et al, 2021) They employed datasets containing almost
100,000 spectra and more than 1000 different species. The extensive size and diversity of the
data, enabled a comparison across three noteworthy identification scenarios that are commonly
undifferentiated in literre: identifying novel biological replicates, novel strains, and novel
species not present in the training data. The findings indicate that satisfactory identification
rates were achieved in all three scenarios. The bacterial spmaéglentificationoffered by
commercial MALDITOF MSbased systems is hindered by their inability to effectively
distinguish antimicrobiatesistant strains. Therefore, conventional methods must be employed
to detect antimicrobial resistance after MALDOF MS analysis, resting in a considerable

time delay that significantly impedes the timely adjustment of antimicrobial the(&gaet

al., 2022)

Vibrational spectroscopy approaches, including Raman and infrared, provide rich information
about the biochemical composition of the cell, enabling rapid and accurate identification of
microorganisms. These techniques have seen numerous potential apidgatexploring
biological inquiries in recent year@Imasoud et al, 2021) The initial published data
demonstrated the capability of dispersive Raman microscopy, when combined with suitable
chemometrics, to differentiate clinically relevant intact bacterial spd@esdacreet al,

1998) The recent advancements in Fourier Transform InfraredIRfFSpectroscopy have
shown great promise in revolutionising bacterial identification and discrimin@tiaamann

et al, 1995) IR and Raman spectroscopies, as stam#aland combined into a single

technology, has also been employed for the differentiation of bacterial species and for the
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detection of antimicrobial resistance at the sirggh level (Lima et al, 2022; Shamst al,

2023) Such methodologies enable the circumvention of the cultivation steps necessary in other
techniques, thereby decreasing the time required for diagnosis. Suntsova et al. demonstrated
the application of FAIR spectroscopy as a viable approach for identifyimgroorganisms

within pure cultures by analysing their infrared spectra; the sample set comprised prevalent
pathogens commonly associated with human infections and é8pstsovaet al, 2018) They
proposed an algorithm and method for creating a datab&amicrobial FFIR spectra,
employing automated principal component analysis, and a comparison algorithm for
identifying pathogenic microorganisms irrespective of culture conditions; testing on cBnical
aureusisolates reliably discriminated them from other infecto@using agents, includirtg.

faecalis K. pneumoniagekE. coli, E. cloacaeandC. albicans in both pure cultures and mixed

pairs. In recent years, there has been a growing interest in usitig) $€ctroscopy for the
identification of bacterial pathogens relevant to seseGalliardet al, 2024) Several studies

have demonstrated the potential of RTspectroscopy for the identification and differentiation

of pathogenic bacteriéQuintelaset al, 2018; Martaket al, 2019; Amialiet al, 2007)
However, most of these studies have focused on the identification of bacterial pathogens at the
genus or species level, with limited information on-spbkcies identification and unrelated to

sepsis (sepsis irrelevant isolates).

In this study, we report the application of R spectroscopy combined with chemometrics

for the classification and differentiation of clinically relevant invasive pathogens. Our focus
diverges from previous studies that primarily examine laboratorytésoket the species and
subspecies levels, and aims to extend the applicability ciREEpectroscopy to clinical
settings, specifically for the detection and characterisation of invasive pathogenic isolates in
sepsis patients. Furthermore, we exploretpability of FFIR spectroscopy in discriminating
between two distinct groups of isolates from the same species, with a particular emphasis on
identification and their specific antibiotic resistance characteristics. Our study not only
enhances the utilityof FT-IR spectroscopy as an effective tool for the detection and
differentiation of sepsigelated bacteria but also highlights its potential for guiding targeted

antibiotic therapies, addressing critical aspects in this field.

2.3 Materials and Methods

2.3.1 Chemicals, bacterial isolates, growth conditions, and sample preparation
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All brain heart infusion (BHI) growth medium required for the study was acquired through a
single purchase from Sigma Aldrich, thus ensuring the uniformity of the medium source
throughout the experimental procedures. In this study, a total of 212 bacterial and fungal
isolates were included, and their detailed information is provided in Pabldhe bacterial

and fungal isolates were obtained from children diagnosed with invasiveribhaatfection

within the microbiology laboratory at Alder Hey NHS Foundation Trust, Liverpool, England.
These isolates had been previously identified through clinical techniques including MALDI
TORMS.

T a b2l #&licroorganismsanalysed in this study. Each species represented by different colour.

No of
Organisms name Name of isolates Colour
isolates

Alpha-hemolytic streptococci
Bacillus 5 Bacillus species [
Candida 10 C. parapsilosis, C. albicans and C. pelliculosa @
CNS 28 coagulase-negative staphylococci and teicoplanin resistant CNS @
Corynebacterium diphth 4 Diphtheria o
eriae =
. E. coli, ESBL: Extended-spectrum B-lactamases
=2 = CRE: Carbapenem-resistant Enterobacteriaceae ©
Enterobacter 26 E. cloacae, CRE and ESBL @
E. faecalis, E. faecium , other Enterococcus species and VRE
Enterococcus 20 ; : : O
(Vancomycin-resistant enterococci)
Klebsiella 26 K. oxytoca and K. pneumoniae, CRE and ESBL O
Moraxella 1 Moraxella species O
Pseudomonas 22 P. aeruginosa and meropenem resistant P. aeruginosa @)
Salmonella 1 S. typhi (@)
Staphylococcus 28 S. aureus and MRSA (Methicillin-resistant Staphylococcus aureus) (]
Streptococcus 11 S. mitis, S. pyogenesand S. agalactiae O
Total 212
X Details about the isolates, including any pertinent information regarding antibiotic
resistance.
X The majority of CRE isolates originated from rectal sw&bsyphiwas obtained from

a faecal sample, while a substantial proportion of both resistant and seRs#wd@omonas
isolates were derived from respiratory specimens. In addition, a significant portion of isolates

identified as AHS, diphtheroi®acillus and CNs were determined to be contaminants.

Initially, these isolates were received on Protect cryopreservative ceramic beads. Subsequently,
at the Centre for Metabolomics Research (CMR) facility (UoL), the isolates were streaked onto
BHI agar plates as threéobpgical replicates and incubated at 37 °C for 18 h. Following the

incubation period, the biomass from the surface of each plate was harvested using sterile
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inoculating loops and resuspended in 1 mL of sterile 0.9% sodium chloride (NaCl) solution.
The opical density (O[3 of all samples was measured at 600 nm usidgnavay 6705

UV/Vis. spectrophotometeCambridgeshireUK). The samples were then centrifuged at 4 °C

for 4 min at 5000 g using a benchtop Eppendorf microcentrifuge 5424R (Eppendorf Ltd.,
Cambridge, UK). The supernatant was discarded, and the biomass was washed by resuspending
it in 1 mL of sterile physiological saline 0.9% NaCl solution, followed by another
centrifugation step to eliminate any residues from the media. Finally, the bacteria
concentration was adjusted to an &Dof 20 (Bacterial cell cultures OD20=30CFU/mI).

Quiality control (QC) samples were prepared from a singular isolate originating from the CNS
and were spotted onto all ninefR plates to correct amplateto-plate variation. The positions

of QC samples on the HR plate are illustrated in Figure3.

2. FTRR spectroscopy

A Brukeeerl 196 il i con sampling plate was cl eane
(SDS) overnight, followed by multiple washin
deioni sed water. Samples weredopmlepprendt oyt e
plate followed by incubation to dryness at 4

of 9 plates were used to analyse sampl es.

A Bruker I nvenio infraredXTs pneocttrrirocnseatjgd rat(ee o Leie
was used to -cRrspypeotuntogsdhepiFcl a#h Rl ppiectamd de
absorbancw naegdalR0ANdd) speobtai wedeind rtalme dmirédn
bet wee#0@d@@nge, wi taldd&4 adc eas odi¢ wdtunih @ meatd,ad i .

2015)Prior to initiating the measurement pr of
the silicon substrate were coll ecd1 &dspEcboma
were coll ected, consisting of ttesrred hbie@!l Ga@io

sample and four reading from each spot resul
the coll ectliRons poefc ttrhae,s ewiRTh QCs, took 61 houl
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2. MAL DTOF MS

Baci Islpuesci es (five I sol at es) -Assesriest e dd e nLtaisf
Desor ptsaatoindd-odfii imgh t Ma s s SpedtOFomd$r vy B MAd
Daltonics GmbH & Co, Ger many) . The direct t
preparation,e whelreny farosmngl fresh overnight
toot hpick, and a thin | ayer was smeared i n o
t he manufacturer. Subsequentl vy, 1 OL of 70%

dryingytthevaanaloated with 1 OL of Bruker HCC
temperature before inserting it in the MALDI
MBT Compass software (Bruker Daltonics).

2. Pad a anal ysi s

The-lRT spectrad wesiengot hec®ORBUS software and

processing steps and multivariate anal ysis
l nc. , Nat wi ck, USA) . The extended multiplic
empl oyed t octsfdsbalree etnled2 0R0gBle)l owi ng t hi s scal i n.
spectral regi oaviabdsrsacciidatzst QwhiadOh r@oved from
and replaced with a It@wlatetveaenidatiTonmi nhei s
were then alciognmean tawgred @l ate which i s pl af
1, a calibration transfer model( Dbtasal0bh) sp
met hod was buil't bet ween the current plate

model was then applied to all the spectra on

was performed using PLS Tool bhox Ifnocr. ,MAMamMsBo n,

PCA foll o-weM Wwegr é&Ct hen conducted on the proc
explore the clustering patterns and di-scr i mi
DFA are widely empl oye-tR stpatcit gtoiscalpy mdtohr o des
recognising patterns, and performing cl assi
uncorrelated variables <called principal com
variation. Thesew@enre ncseadlPC®BMppaemif®mg t o mi
wi t-tth ass variance whiclleasma xvidmei sainocged.ibreg svep ho

generated to identify the variables that <cor
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The nunporeirncoifpal ¢ osned cerncetnetds a(aPpGsB)deedr mnned p

of the total explained variance TEV% in the

2. Results and Discussions

2.40QC correction and data alignment

Foll owing thel RcgpesttabndafaFWhich took 61

the QC spectra was conducted as a prelimina
aligning these infrared data colilsecctreudcioan nti
the quality of the data (adequate si-goal i N
noise ratio in the amide | region. An overy

empl oyed in this st2ddy TiHsR psripoevcitdread oi bnt aF i ngeudr
samples revealed a characteristic partAern c
ana2B. These fingerprints capture specific

composi ti orne amfd bsitamcclteucul es present within

BCClUISItIOl‘I

Data pre-
processing
\ correctlon |
Genus and species Antibiotic resistance
level rofile
Data i
analy5|s T ——
Gram-positive vs. Individual analysis o
. Fungl and Streptococcus
Gram-negative .
isolates

Fighrden overvi eevR odfattaheanRT ysi s pi p:

Not abl vy, the spectra prominently displayed
fatty acid a00208/G0pfr dsagen pheteins/ peptides |
and ami de |1 1deMcDOM irmnger,e and t he i mgXx re
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phospholipids/ DNAtRNAyand eopbmpopuade, provi di
proteins and 150102 @ Ona @in(@Nqg ved insak B & 9)

Additionally, the spectra exhibited absorptdi
withinwahke de mIlr2a®d00igr a hgee, al ong with the f
t h9%eli? 0O®Mr ange, revealing unique and specific
cellul ar componen¢(¥WWomgtetam®POD2O®n alatrgred npusmlb e r
of i solates investigated in this study, eac
replicates from each), the samples had to be

FIIT R plates for sampler ahiakgli Boodnoftr odatta sv a

pl ates. This can be attributed to vari-ous f a
|l R instrument (including temperature and hum
gual ity wuacnidbirldpgryodof the collected sp-ectral

bi ol ogical var ipateivama,s | fyo Ipludwii rsd eaddecdGaatl al i parrodc
et ,al2028he QC samples were -utpéadteovacrcaunbort
samples carried critipbhhtenvarmation abduta
correct such wvariations by wusing caln birati o
il lustrat.ed wihrerki gthree PXA scores plot of the
22 D) exhibit a significant i mprovement comp
alignment @RR&cess Figure

Absorbance (a.u.}
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This is apparent from the PCA scores plot of
di stinct separation of the QCs, despite then
respective analysis batchepe¢platesht aHsWwe w:

22D, such wvariations are absent, and all QC

2.4CkPassification and discrimination of al |

Foll owing the QC correction, PCA was empl oye
spectral data of al |23i,solhaet ePsC A Assc odreepsi cptl eod is
significant separation was between fungal an
fungal Capdicgddadi stinctl y gsrioduep eodf otnh et hPeC 1f aarx il
explained variance (TEV) of 61.15%, and sepa

%8I CNS Bacitlus 5
E. Coli Corynebacterium diphtheria UAd
Klebsiella AHS

[ J

@®

O
Enterobacter @ streptococcus

®

@)

@

T
000000

Enterococcus Pseudomonas
Candida Moraxella
@ Staphylococcus

Salmonefla

=10.20%

PC 2, TEV

4 L L | L L !
25 2 -1.5 -1 0.5 o 05 1

PC 1, TEV=61.15%

Fi gurPeCA2 s or e sprpolcoets soefd psrpeect ral data of the o

are ¢liontae similar colour. TEV= Tot al Expl ai nec
represented using identical colours.
To identify the Dbiochemical features that S

l oadi ngs pl o(tFiwjausi2eg ethzemoartsetdr at i ng dodlmindant b
154 7ocnmt he positive side of the PC1 axis, wh
ami de | anEruk hbentoda RPOB®REh contrast, t he mo:
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associated with fungal samples is positionec
1045Ywtm ch is attributed to the vibrations o
the carbohydrate composition plays a cruci al
Thi s can be attributed to theimgdl stciendts ¢

characterised by a primary <cel/l wal Gapciedomi
Rubet, alRk018) compl ex polysaccharide that i mp
bacteri al cells possess a celll ywadrl aocomprisde

sugars and amino aCarcs.@@On atrlee kaotohwenr thoa mpd,o d
structures (a slime | ayer) at the cell wal |
it eMatswmo&a, 2004)

Notably, the PCA scores plot also revealed t
formed distinct clusters, i nd-l Ratsipregtt bscap
di stinguishing microorgani smsaati thkeagkwnwusi g
in clinical settings, where precise identif
cruci al for accurat e di agnosi s, appropri at

i nvestigations.

PEGDFA was then -suspedi asd ametehndd, W hi sciopa&ls
components (PC) as input data and the isol at
i sol ates) awegeoupi insedmati on fosupkasssedc:éE

at the algorithm is onlpiplowipdalt awietsh ainmf

—
O T O»

nus or speci es-opfami spnaD RA fltaud ABr€e sm@E@A) oot ( Fi

ovided further separation between the bac

o T @
=

monstrating the effective grouping of the

> @

itial cl d8ade ad visgnme mtup.inng tohfe cDeFrAt asicro r elsu ¢
tributed to the similarities oChasnedrsylgad i n

—+

hi bited a clustering in the negative side

o o D
X

t her I sol at es,wiwhhi cthhel sr ecsounlstisst@emttai ned fr
Furthermore, it 1 sStnaopheywod cudscycewrsedt cCNSeagdt o
the positive side of the DF1 axis, whlimh is

Fi g24B, ciBlal us species were <clustered separa

according to DF3 axi s.
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as Bianoislpleuwcsi es this C=0 stretching vibration
of the | actam functional group with murami ¢
commonly foundWantendondp8tedoweryer Bawd9é hjus t
species three clustering patterns were obser
factors, such as dicf fsd radBrac dodfd litldset hgr anvett ha b h
potenti al sporul ation. As there was insuffic
di s tBiarcd il d alsat es at the individual species |
BacispecSievseen t he var Batidlhwsstdertiercg eglafAner ns
scores p24oB 2%5B) guaed to address this concerr

al |l Baicvskpleucsi es using Bruker MALDI Bi otyper (

Standard Method 1.1) through Extended Direct
t hem. The MADLI Biotyper findings indicated
Baci(dmumot ated on t IBi.s mylcBot deasrsgresss bl by
technique captures the unigue proteomic fi

characteristic patterns with an extensive r
confirming the high confTiOde cper eosfe nitdse nat irfa pcia
and -efofseécti ve alternative to conventional me
t he-DPE scores2pBptsipFpogutr et he ¢ onellRusrieosnusl tdsr
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2. 4DBfferentiation bposeenvesaeigat @vaehpGr am
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positivenaqat Gueam sol at es.
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bel onging to the same species are represente

This tdicsltusntceri ng pattern arises from notabl
spati al di stributions of essenti al cel l ul ar

peptidogl ycan, phospholipids and I|bhapotped iyasla

spec(iSecshmi tt and .FIl Emeni sggniilBbB8ant i mpact o]
components on the spectroscopic profiles, f
di fferent bacteri al groups.

68



Il nteresKiagsipelctikes cl ustering patherngaeppeart
This observation was anticipated and attri bu
K. oxynk.capneuwmwiotnh iakel, et bhsg eenl ul sa. I n order to i
di stribution clusterHKlingb spipaliles hsaodtdtiseirveal ac
were performedK.onoxansegpapamoaegaéi ndi ngs dei
di scriminati &Kn e b sstpackeckiae st waol ongFi ¢ b4 )DE 1T haixse s

classification incl wekedek sitx | dsedi mcst i qirppau p sc
represent ekd iosxeyitidiceap n @i moxni we | | as both spec
specific antibioti-resiesi anhanErt eéoolCacb-apeaeea
spectht amt amases (ESBL). Furthermore, Kit was
pneumdnisaéayed a ynpuecoildh pchoenntor ast, the remair
of a single species with a different number

—

i ght clusteringe. Fddomltid e odrmklteel sgvied ti pas , cert

solwetrees al so found to possess specific anti
However, we were unable to differentiate th
respective antibioticet(dadthi evedmemnharn et
study when emglOdyiMSy pMAoLtDolc ol t o b-ldai cftfaemaesnet i
negative strains of the spekEnteer otbhaeatnBer xi aanci enas
aerugi nonsda strains pr ot aicn @ MaASE)Is.s (HMBde wmert ,al d
to our results, they concluded that the cur
standards required for(Sohuawemaemm@DAaghmstl acl wayf
t he cRseuddmotntaessr e were i solates resistant t
effectively di srcedingdneautdeodneforh@ameson However,

noti ngPsdadomdalast es were separ altled BAcocmrdhae
DF2. Variations in specific spectral r-egions
negati veP.baa¢ewmmmidnoscaolThe hi ghest spectral

Pseudoanod ast hreerg aGriavie bDbekatved tvetasned n9 0108 OcOm ¢
las repomaelé rhpa(A006). These spectral region
1650'ammd t he amide 11 Abdndi ahallb$%0 saimey Céincon
asymmetric andasyomset dacddp8s98rmeanpectivel y,

the stretching vibrations oft opo9 G OsAGanddtar i des
al . 20088vertheless, we employed the entire s

di stinguish metgweernwesiixsoGradms. The @gwvouWpant s
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along the DFDFAxisdid RatspeEPCoscopy' s efficac

in accurately -degati menatsbphgt &sam

Simil ar tnegtahd v@r a-ssiorhearn ismAal wtaRs® car ri-ed out
| R specctolalle cdtaestda fr om Ppeowven i greobmpsstefdDFAD amso
scores plot of these data revealed distinctd.i
(Fi ga6Bg, where 15 PCs were employed, twhich e
the expected Saseptigatoiopmswitthie obdbewmedytias
streptwdddcccimaegultd ve st aphyStoxmhcylioacfo@RS)st & e
positive side of the DF1 axis mpirgmptise fiumftlhe

by the detected specific cell component, pos
AHS and opbsertiGvembacteria. As described ea
domi naBadislplyucsi es, whcirloebiaalll soptehceire smipr edomi n
the positive side of the DF2 axis. This not a

originating from the ester d@&rallecaamyal2 0glr8¥up (
clearly evi debBeaceidlplieuwsst r lae Mootwoofer ,t HdleRDF2 |
data (BiCurad s  further validated that the pi
Baciflrlouns al | -potshieri ver smpecies i s associtated w
which are attributed t ovitbireatei sdbriearle pchaa mbdooncyd s
Enterogmpeciuss were distinctly clustered al on
Streptexbcbusing more compioteco@Bit®@@mBM.g cor
Simil arKlted sd heed ideisn wti h-B e gGatainv e s e2b5tAi)agn t(hkei g
Enterocmpeciuss demonstrated heterogeneity and
The <clustering Bmattereosnesmpwistshienx hti tbe t hi gher
comparSad etpd.o cPolctiuvser sity in clustering patte
considering the presence of specific isol at
resistance chaEmtcéerot s ¢ @ % e svEinttseurcohc oa s u s f a
EnterecdacacnidumV RE speci es. This distinction
i mpl ement &DtFiAomnaf yBCs, where the scores pl ot

t he vBREnmtioruescpeciusss and VRE species.

2. 4DAafferentiati oanc doeert dvieregh ti s otl mdiers anti bi ot
2. 4DAflerent i &t i canm skhedtaw eeesn
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Due to the contrasting levels of virulence exhibitedsbyaureusand CNS, the differentiation

of these bacterial species in clinical samples, has become a critical ne@essitly et al,

2007) Failure to accurately identify (misidentificatio. aureusas CNS may result in

considerable expenses associated with determining the true cause of severe infections or

resorting to unnecessary bregectrum empirical antibiotic treatments. Consequently, the

precise identification of CNS isolates has become increasingly important for assessing their

clinical significance and effectively managing CNS infection relapses. Fijokepresents
the PCDFA sores plot, where 15 PCs (98.89% TEV) were utilised as input. The plot

demonstrates a clear separation between CNSSaralireusisolates along the DF1 axis,

revealing two distinct clusters. Notably, tBe aureudsolates tightly cluster on the positive

side of DF1, indicating a high degree of similarity among them. Conversely, the CNS isolates

exhibit a more dispersed pattern of scores along the negative side of the DF1 plot, suggesting

greater heterogeneity angrhese isolates. Remarkably, despite bBthaureusand CNS

belonging to the same group, this - analysis demonstrated accurate discrimination

between them. These findings were consistent with those obtained by Atrahlialthough

their study focusd on a narrow spectral region (288868 cm 3, while ours utilised the full

range of spectra for analygidmiali et al, 2007)
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The heterogeneity observed among CNS i sol af
teicoplance TrTeslates among t heRn.i nThai feffefreecnt
bet ween CNS arditsgdiacndapICNiBi was examined, howe

successful discrimination bet @@®Bn the two gr

2. 4MRSA vs MSSA

To investigate -tResppptrostopyw bh &iITstingui:
MSSA wi tShiamp hty hgepecnoucsc,u 2 & .1 swleetess holsen f or an:
FIIT R spectroscaoSpy.aufsletbhaotuegsh dteip@iAc t edst er BEdguat
together, -D6Adanbal pgi Con the data R6OM t his
enabled the discrimination of the two group:
PCs, accounting for 9%®r34%W TEM.weTechne MRSpAa raantd
attributed to the physicochemical propertie
maj ority of MRSA strains (Weraa i mond eviogthBaOdibadmp f i
This variation has been corrdlHet edPRP@ilOpohhe
the |l oading plot for25DF2 iwasi sgeenveirdaetnetd t(hFaitg u
(P=0) andaries5assonci at ed wi t hp hvoisbprhaattieo ncsh aail no n(
biofilm production) and the <conformation o
separation between the two groups-l Rvawi tnhot

chemomethecsnvestigation of 28 bacterial cl i
bet ween MRSA and MSSA, even without antibiot
and encouraging results. This suggecltisnitdal c
mi crobi ol ogy, hi ghlighting a valwuable direc
agreement with a prior study conducted by S
MSSA phenotSypassebhal@s balsR ds pendNdrhaeti re IFelTs s ,

| arger sample size indicates that our study'
due to the increédSeadted gma®Redrl 89f sampl es

2. 4EAt 8rosp@eciuss and VRE

Anot her encouraging finding in this study i

Enterospecuss and VRE with a notably high
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di scrimination was ¢c¢l| e®rFIAy sewvir @ aindptl éod , it rla sF iglge
27 A, where 15 PCs, accounting for 91.68% TE\
underlying factors cont r ibBrutte rnogcroccocWitRiEe adihfi fee
throuBbRAPCwe calcul atedEnttlee cavds¥yRE, spaesct il ad
i n Fi2gA6r eThSe pl ot clearly indicated that diff

from variations in |ipids &odl, pB@Ephdt 20T8nt
cmtare the most prominent spectral changes o
t h fatty acid and | ipid region, as well as

associated with nucl eLat ,aacRiOd2skhen d i f d ley :2sand d ma

e
S
the two groups was plriekelngeatfricbhedtle dwatld tthe
p
n

peptidogl ycan, and | i poteiocfholiicpoatceiidc.h oNat aabc
l inked to the presence of thicker cell walls
of Gpasmm tiveSbhcneewimd and Mo sstim&magt h@® 1dQr
a standard purified |ipotei-cRosgea@atci a@dsdadagpn) w

wavelength -46a0d¢eamadf i460pectrum was col |l ect
bands align wibalwnt heomohbkbuaver@agdgd Thecspac
data from LTA revebdH esd rtehtec hpirnegs eonfc eh yodfr ocaxny 10 ¢
3300 (chii g6 R®) .S The pebdhkvasat adRédbikltmesd rted chhae
(asymmettry cgciich dmains. Additionall Yweweak b
associated with the @=R0O sbpoencdsr.u mMoerxeho vbeirt,e dt hae
at 12%iOncincati ng the P=0 s #prheotscphhiondgi elsatseyrnmsme tF
peak observetindacali®B8a0iGHeCrG ng vi brations of
(Naumann, TheO@pmparative analysis of the st
| oadings plot genEnmececds pediwves nr /\Reka laendd a s ul
The presence of key functional groups and &
spectrum significantly coincided with the p
provi ded substantthieal h yspuoptphoersti sf ot hat di scrim
Enterogmpeciusess can be potentially attributed

VRE i sol at es.

To evaluate the accuracy of -BFA)ssiidnidiasti omg.
bet werether oxpgrg.cuasnd VRE, a-dpactimlnheasanabuar
a supervised | earning method for di s-tRi mi na
spectra and EnbenoxpyeertdshiEi een:c @d gdairaa? &¢) e
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used to cRBAibho@eales PLS!I i brat ed twhdadeRFdame dter &
and a prediction made. I n order to validate
utilised, along with hpgeaYmuabalte oins treasnd ongi s(ewd
Gromestk.(&Ir oms k@ARS)
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- Confusion matrix
| B ey
;Z: Avg. CCR=0.984
é5400
300
7 Correct classification rate 1 2
FigureDEFEA7scBCes -pA ortesawmldt s PL&r a model classif
groups (class 1 = enterococchHmt esrppaamidecsy,R Ec Isapse
TEV=91. 6-B%A, i &QSekcenivi sed here and the class st
(3 biological replicates and 4 technical repl i
seceg es are represented DAIi hgotdémbipcamodedl sums |
distribution (blue) are presented alongside th
showing obsarswed icanrnents dlor each grodDp fodi vi
Fi g27B shows the predictions from the 1000 t
blue, with the null di stribution® Qgeomr pé e oL
confusion maag)i xt harfti gdemonstrates a notable
classifying observations for each group sepa
machine | earning for assevisdingg ctlesai fedat.i
predictions such as true positive, true nega
positives and true negatives represent accu
negatives i ndriocrast.e Tphreesdei cetlieorme netrs ar e used t
|l i ke accuracy which evaluates overal/l corre.
predictions and t2@dtBaldi epl @y mesh.e Fibgwrrered a

74



obt ai neldooftrsamap val i eat inmodefl g, twh @ h Pla$ av
classification -valtee o 0. Q@@%. abBachh Ipi stogr a
corresponding averaged conf2Zé €1 omhmatoucdme
the accuracy of the cl-aRsadg iaadiiagnotdied ti ;mol

bet wenretner ook cVURE , as it achieves over 98% ac

2. 4Dbscriminatiobstaret @l @xedudssgya aige s

To assess the disc+#iRmiimatdoirsyt i pnogtue nsthiianlg dfe t
within the Stametgef@aocdspdaci es were -DsFUAbj ect e
separ at e28A. i Fil gsnt-BRA essc arheBst PElpdtosfocmueses (15
as inputs accounting for 89.21% TEV)S. The
agal aSti ame &Sned pyogeepsesented by different |
structursupeéhei sedni meetdh oidt sd ecreopmasttirlaitt y t o i
seven spPpeciaegsadmbéct gmeup them together, wi t h
consistently placed in the same <class rathe
obtain®d pyymapnanemHSI, h di fferent cl ass struct
classification. Non&®t hmpilwssch whas ttlheassdeei E
within the AHS category and was assigned to
proxi mity ctloustthee , AHS di spl ayed some differ
di fferences Ibet waean BDARS loomddi ng pl ot was gen.
regions with spe2dtBr.all nchrermgesd biipwrhe m$ c al c |
t hattfy acid chains, | ipids, nu.| ehicgi2scd dS, a
(negative part of DF2 axis), possibly contri
I n the studyethyal\anstdenrctMesep exch seesr ved du sd werrisn gv

ofStreptepecctcas. However, it i's not®&womt hiyst
exami ned, three i1isolates exhibited a distin
cluster. I nstead, lubeerf &t med agic dms(r\daerd i
der Mei et al ., 1993)

A similar approach was employed to distingu:

di ffeardastpacG.esal(lCi. cagnsam@at aar apsiThesispectr a
from these sampl es-DwA,r ewlsaurbg et 0 e st o Pigs |
accounting for 97.08% TEV, Swerptopgokicaiaead whi
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di spl ayed noticeable differences
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corresponding to carbohydrates, phodpgB6&6I i pid
975'gmd 1596Tkense dissimilarities are common
CiO stretching as well as a carboswyl tcECo»0) ai
by Ti emi(dd meaitnaladad) 8t I(shdtv,;aaRP01Where i n the
studyRAFR coupled with chemometrics enabl ed
prev&Xlhaedt daci es, along with an aedsds t¢ommadn 1
Cands pea¢ Sedtv,aal016)

Study | imitation

The | imitation of our-IRtuoydiiféeriemtti ae¢ei cab
E. ,Kdleib sk retldrag b edustebewrd o,molmaassed on their resi st
ESBL, CRE, amaesmassteapednmohoaset hel ess, the res.

groundwor Kk for t he e % tRe nadnedd cahpepnhoi nteattriiocns oif

mi crobi ol ogical applications.

Il n t hee, fwet usrhal I al so assess challenging the
effects on the bacteri al phenotype to see i
spectroscopy as illustrated EHEergblrtetensiliyglbsg

| e &Slhams aRO02Bhi s approach can al so elucidat
usi ng Raman sPpecaterroosgcachppye aagred wi t h t he amino
ami kacipé=wrzr, aR005)

2.6oncl usi ons

In conclusion, this study demonstrates the successful application of infrared spectroscopy,
combined with chemometrics, as a powerful tool for classifying and identifying microbial
species in sepsis patients. We achieved high reproducibility in clusteaitteyns between
genera by analysing 212 isolates, consisting of 202 bacteria and 10 fungi. The incorporation of
guality control samples and the use of a ssnpervised method POFA further enhanced

the reproducibility of the data.

It is important to emphasise that our study successfully demonstrated the capability16¥f FT

to differentiate between isolates of the same species, wherein specific isolates were identified

to possess pertinent antibiotic resistance characteristics. However, it is worththatiirF
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IR was unable to distinguish between certain species, siltlcas, Klebsiella Enterobacter
andPseudomonaspecies, with respect to their resistance against ESBL (Extespeetrum
b-lactamases), CRE (Carbapenessistant Enterobacteriacéa@and meropenesresistant
Pseudomonas

The application of PCA revealed notable clustering patterns between the different genera, and
the subsequent implementation of -BEA resulted in increasereproducibility and clear
discrimination among the groups. Furthermore, CNS &ndureussolates were accurately
discriminated, and promising results were achieved in distinguishiagreugsrom MRSA.

Of particular interest was the remarkable discration achieved betwedfnterococcusand

VRE isolates with an accuracy of over 98% when the validation model was implemented.
Moreover, the differenStreptococcusaand Candida samples were discriminated down to
species level. These accomplishments furtingleusscore the potential of HR as a valuable
technique for investigating microorganisms, highlighting its sensitivity and specificity.

Overall, these techniques offer significant potential in diagnosing and managing invasive
infections through advancedigrobial identification, thereby leading to improved patient

outcomes.
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Chaplder

Simultaneous Raman and Infrared spectroscopy: a novel
combination for studying bacterial infections at the single cell
level

This chapter has been published in the Chemical Science Journal

Li ma, C. , Ah med, S.H. XuPa¥Fry, MChamMdghl | i ar d,
R. 202 2. Simultaneous Raman and infrared s
bacterial infecti€hematath®8Bds&dln/igde.e cel | | e

https://doi.org/10.1039/D2SC02493D

Contributing authors and their rol es:

Shwan Ahmed joint first authoExperiments andample preparatiordata analysjsreviewing writing and

editing the manuscripCassio Lima contributed as the firstaothor to sample collection and preparation, data
analysis, and writing. Yun Xu participated in data analysis. Royston Goodacre, Enitan D Carrol, Howbeer
Muhamadali, Christopher M. Parry and Rachel Mcgalliard camiib to this work through supervision and
guidance of the study.

88


https://doi.org/10.1039/D2SC02493D

3. Abstract

Sepsistihseatkeniaeg clinical condition respon:¢
wor |l dwi de. Rapid and accurate i1dentificatio
susceptibility play a critiahltyoftatens rebtat
Raman and infrared spectroscopies have great
and cful¢ee@recetecti on of bacterial infections.
to analyse bacteriisalt os adnaptlee sno tshteudy <col | ect
signatures from clinical samples simultaneou

report for the first time the use of an emer
optli cpaghot ot her-mal R) nspacedoéO®opy and Raman s
use this approach to analyse 12 bacterial C
negati ve apnodsistiixveGrbaanct eri a commonl y¥i&@®ansoamia
humans. To bench mar k t he -PsTilnRy | sep eccetlrlo sscpeoyt,
signatures were also collecteBTFRosmpéul kosao
OQur findings showed significanhte siinnfirlaareidt ys ic
obtained by all three approaches, including
clustering algorithms. Princi paPITI|dRo mmpman eRnatm ae
data acquired simultaokauss ydif spmabedkdbhteéeer
due to the ability of both methods to probe
signatures of microbial pigments were ident:i

de mo

a

and orthogomralmpianmfeadr mat iionf r ared, which may
nstrated that certain pigments play an i
a

infrared spectroscopy showed higher sensitiyv

Despite the different patterns obtained by u

clustering algorithms, our findings showed h
bi ol ogical replicates froer eaOhebalkht erwal siao
and infrared spectroscopy offer both advant a
techniques combined in one single technol ogy
in clinical microbiology.
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3.2ndueti on

Sepsisisalifda hr eatening clinical condition defi
dysregul ated host response to infectionbo
(Sepsis3) (Singeret al, 2016) Bacterial sepsis is a leading cause of death in both developed
and developing nations, accounting for approximately 11 millionhdeavery year, which
represents 19.7% of all deaths worldw({&uddet al, 2020; Jarczakt al, 2021) Rapid and
accurate identification of bacteria causing the infection, as well as its antimicrobial
susceptibility, play a critical role in timely diagnosis and treatment of bacterial infections
including sepsigHo et al, 2019; Almasouet al, 2021) However, current diagnostic methods

for bacterial typing require timeonsuming sample culturing protocols and thus, broad
spectrum antimicrobial are often prescribed as-lingt medications as soas possible in
order to avoid detrimental outcomes caused by delayed tredtifteet al, 2019; Martinezt

al., 2020) Unnecessarantimicrobial treatment is the leading cause of the development of
multidrugresistant pathogens, which have dramatically increased worldwide over the years
(FlemingDutra et al, 2016) The Centres for Disease Control and Preventiothe US
estimates that 30% of patients with bacterial infections are treated with antimicrobials
inappropriatelyFlemingDutra et al, 2016; Hoet al, 2019) If actions are not taken, it is
estimated that antimicrobial resistance will be responsible for around ten million deaths
annually by 2050ONeill J., 2014) New methods for rapid and cultdiree detection of
bacterial infections may help to reduce morbidity and mortality as well as preventing the
emergence of resistant strains during treatment.

Vibrational spectroscopic techniguegepresented mainly by Raman and infrared
spectroscopies, have been widely used to study bacteria by interrogating their chemical and
physicochemical properties in a nrmvasive, nordestructive, and labdéiee manne(Lu et

al., 2011; Harrison and Berry, 2017; Almascetdal, 2021; Paraskevaidit al, 2021) Both
methods provide molecular information based on kspetific chemical signatures and have
been extensively appld as wholerganism fingerprinting tools to study the effects of
antimicrobial agents in bacter(&harahaet al, 2017; Xuet al, 2020; Zhanget al, 2020)
classification and identification of microorganisdsrvis and Goodacre, 2004; Muhamadali

et al, 2016; Almasouct al, 2021) and biofilms(Holmanet al, 2009; Quilést al, 2010;
Wickramasinghet al, 2020) Although these two methods are used for similar purposes, i.e.,
to probe the internal motion of atoms from chemical igseio moleculegDiem et al, 2013)
Raman and iinared spectroscopies operate in completely different ways. Infrared spectroscopy

is based on the absorption of infrared radiation by molecular vibrations from bonds that possess
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an electric dipole moment that can change by atomic displacébDient et al, 2013; Baker

et al, 2014) By contrast, Raman spectroscopy is based on the inelastic scattering af light,
which the incident photons from a monochromatic source excite the molecules to virtual energy
states and then, are scattered with either higher or lower energies compared to their original
energy(Paraskevaidet al, 2021; Diemet al, 2013; Limaet al, 2021a) This shift in energy
corresponds to a Raman shift and like infrared is associated with the chemical structure of
molecules in the sample. Due to thd#éerent principles, these two techniques are considered
complementary as they offer advantages and disadvantages to study certain types of samples
when compared to each otl{Paraskevaidet al, 2021).

Raman and infrared spectroscopies are often used together for the comprehensive study of
bacteria. Nicolaouet al. used both techniques for the detection and enumeration of
Staphylococcus aureus milk (Nicolaou et al, 2011) as well as to study the growth
interacton betweers. aureusndLactococcus lactiéNicolaou et al., 2011)Tugarova and co

workers used both methods to study selenium nanoparticles synthesised by the bacterium
Azospirillum thiophilun{Tugarovaet al, 2018) Tanget al.used Raman and FTIR signatures

to discriminate mycobacteria and Gramegative bacterigTang et al, 2013) Adamou
employed both Raman and FTIR to investigate the chalcoplyatteria interactions and
jarosite biosynthesis. Atykyan and colleagapplied the two techniques to study the structural
differences of bacterial cellulose @Gluconacetobacter sucraf@entans(Atykyan et al,

2020) However, a key feature of all of these studeshat they were performed on two
separate instruments as simultaneous measurement of Rerdanfrared signatures is a
challenge in spectroscopy due to the difficulty of sharing light sources and optics in a
conventional Raman and FTIR spectrometeiashimotcet al, 2019) and especially the case

when one considers bacteria are typically jugtlim in size. Recently, a novel faeld optical
instrument able to provide Raman and infrared signatures simultaneously has been developed.
In this scheme, the infrared signatures@ollected via optical photothermal infrared POIR)
spectroscopy, an emerging technique that has been developed to provide infrared chemical
maps with submicron spatial resolution in a rapid manner, therefore overcoming the poor
spatial resolutionackived by a conventional (BE&tlalRR0®pectr o
Lima et al, 2021b) In O-PTIR spectroscopy, the photothermal response of a sample
illuminated by a tunable mitR laser beam is probed by a visible CW ladgma et al,

2021b) which also actas the excitation source for acquiring a Raman spectrum from the same
sample location at the same spatial resolution. This scheme has been successfully applied to

acquire Raman and infrared spectra simultaneously from mammaliar{Lécedisal, 2019;
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Spadeeet al, 2021) single cell bacteriunfLi et al, 2019; Xu et al, 2020) nanocomposite
interfaces(Wanget al, 2021) and atmospheric particl¢®Ilsonet al, 2020) Although G

PTIR and Raman spectroscopy have been simultaneously applied to analyse (haeteaia

2019; Xuet al, 2020) previous studies used neommercial instrurants and were focused

on analysing laboratory strains, which have different features such as low virulence compared
to strains isolated from humans, therefore hindering its translation to clinical setting to study
human samples. In this study we reporttfoe first time the use of concomitant Raman and
infrared spectroscopies using a commercial technology to differentiate 12 bacterial strains
isolated from humans in order to demonstrate the advantages of combining both methods in
one single technology tauly pathogenic bacteria commonly associated with bloodstream

infections.

3.3 Materials and methods

3.3.1 Growth conditions and sample preparation

Bacterial strains tested in this study consist of 12 bacteria isolated from clinical samples and
identified at AlderHey Chi Il drendés NHS Foundation Trust
microbiology laboratory protocols in 2012 and 2017 (Ethical approval granted by REC
19/SC/0306), and included six isolates of Giaagative and six Graspositive bacteria (Table

3.1). All bacterial isolates had been stored in glycereB8@fC since the time of isolation. The
stored isolates were swltured on brain heart infusion agar (BHI) at 37 °C for 24 h. After the
incubation period, the bacteria were prepared by harvestingdhebs from the surface of

each plate using sterile inoculating loops and resuspended in 1 mL of deionised water. Samples
were washed in water 3 times in order to remove any residues from the media. Bacterial

concentration was adjusted to an optical der{€if9so0) of 15.

3.3.2 FTIR spectroscopy

FTIR data were acquired from bulk populations following similar sample preparation and data
collection protocols previously used by our grqjuhamadaliet al, 2016) 20 pL aliquots

from each sample with an optical density of 15 ¢ée@Pwas transferred to silicon substrates
(Bruker Ltd, Coventry, UK) and drd in an oven (5%C) prior data collection. FTIR data were
acquired in the midR range (4000600 cm?), with 64 spectral cadds and 4 chi resolution,

using an accessory designed for kigroughput measurements (HK3) coupled to a Bruker
Invenio FTIR spectrometer. A total number of 16 FTIR spectra were collected from each

bacterial strain including 4 spectra acquired from 4 analytical replicates.
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Tab3dl & List of bacterial i-sspoel cai teesge ceixnaonmit i sgséspdygi es an

Bacterial str Original sour
Enterobacter cloacae VS1811 Human f aeces

Enterobacter cl oac Human f aeces

oy

Kl ebsiell a oxytoca Human bl ood
Kl ebsiell a oxytoca Human f aeces
Pseudomonas aerugir Human bl ood
Pseudomonas aerugir Human bl ood
Streptococcus pyoge Human bl ood
Streptococcus pyoge Human bl ood
Staphyl ococcus aur e Human bl ood
Staphyl ococcus aur e Human bl ood
Enterococcus faecal Human bl ood
Enterococcus faecal Human f aeces

3.3.3 O-PTIR and Raman spectroscopy
OPTIR data were obtained from bulk popul ati
from bul k sambdleswdOd spotted ¢ntsoubesalrcaituwens .

individual cel l anal ysoios, 1Bbaotaesr idall ugd @&rdp li ens
(1:1000) in order to obtain singl esuwhkdtlrsagt .
Sampl es were then dri ed in the OFkRototAheml
Spectroscopy Corp., Sant a Bar b aproa ,nkP TUISR) w a

measurements on reflection mode (Cassegrain
mi-dR r@nB® o, cAtspectral r esoleut isopne catnrdu nl)0 wsi
pump beam consisting of a tunable QCL devic
| aser was as probe beam. Raman scattering w
from the same | ocation onthheughmphe Gaseeqgt.
into a Horiba iHR320 spectrometer equipped
recorded ove&rs0ot0hcebanggrafi on time of 10 s,
pectrum, and spedé¢ltirradt alesdDb ut nbnamwmdéd 4amcdn R

n

o

oll ected simultaneously from bulk popul atio
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anal ysi s, 30 infrared and ®Ralmasn ismpetcatral ) 3we

from singllebiacdievi @l cel |l s.

3.3D4d4ta analysis

Al | statistical anal ysis was <carried out i n
Nat wi ¢k, USA) . Spectral data <coll ected i n
component analysis (Pe€wpowmsesmstewel Mmi aant of pncnj
( P-CFA) as clustering al gbFAt bmect Baf weere PEA

baseline correction usi ng an asymmetric I
SaviiGnpkway filter usi ng dar p oeproyirmotn?i vail n doof w, s eacnoc
nor malised. For comparison of clustering pat

transformations were performed using a numbe
avail abl ehitvti@ms :Gli /thiutbh.(b. com/ Bi ospec

3.4 Results and discussion

3.4.1Infrared spectroscopy

O-PTIR spectra collected from bulk and single bacterial cells were compared to conventional
FT-IR spectra in order to evaluate the reprodility of the infrared signatures provided by the
three different approachdsigure3.1 illustrates the average infrared spectra and their second
derivatives acquired from one strain of each bacterial species analysed in this study. Spectral
data from the@emaining isolates are displayedrigureS3.1 (Supplementary Material).

While single cell GPTIR measurement is performed on a localised region of a single
bacterium, FTIR and ®TIR measurements acquired from bulk represent the average signal
obtainedfrom several bacteria within the beam area (millions in the case-tR Kihere the
interrogation beam isa. 1 cm compared to-20 in OPTIR where the probe is from a 532 nm
laser). The spectra iRigure 3.1 show significant similarity and higreproducilility in the

infrared signatures obtained by all three approaches, which exhibited bands associated to
vibrational modes related to the main macromolecules found in biological specimens such as
proteins, lipids, nucleic acids, and carbohydrates. Speetyair over 170400 cm' largely
represents the amide region, which comprises amide | and Il vibrations from backbone of
proteins(Barth, 2007) The amide | vibration, peaking between 16%20 cm! arises mainly

from the C=0 stretching vibration from peptide bonds in proteins. This band is composed by

the superposition of sthands associ ated to the secondary
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helices (1656 cr

a rsliketsb(1637 cit) (Naumann, 2001; Barth, 2007; Linet al,

2021b)
——FTIR —— O-PTIR/bulk O-PTIR/single cells
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FigBrheverage FTRTRI R/irked)k (@®TleR/Mngi, n@lnal ®©el | s

their second derivatives (bottom) coll ectec
study. The plots are offstead f@irncdmrity. Ke

The signal int&heitygesosbiainsdalfrgymsuperior
bsheets in spectral data from bacteritdaye ther
to the proximity of both peaks. | n

option to assess ovVeFRilgddipe ¢ veimidscse s Ascgndi ng
cmM) were observed in the se®omppdoraicha&tsi.vdat
the signal babgetsedvabromre evident in
obtain®dlI Ry @i th the signal coll ected

indi vidual cel |l s. rTeneastee dd itfof etrheen caenso umaty obfe n
approach, since the polychromatic I R beam
individual cells in a community.

The Amide || band absbamd iion dtst rfiobuintde datt ol 5t

NiH vi bratiNostwitlkhCng

f (r Noamu npaenpnt ,i d2e0 Oglr;o uBpasr t h

such
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et, aP0RPHéd)band peakamiggianatlgst3f coom t he C=0 es
including phospholipidNaumamgn,yc2@(G d;e dKlamdla <

The peak dts 845 idbmted to the benéddgrnogu prs birmt
| i p(iKasredtasal201w«hereas the ban'darp esaeksi nfgr oart Cl
symmetric stretching of afmiNmaomaaoind &afd; cikKari
2014)Bands peaking over the | ow wavenamber r
generally attributed to carbohydprasemmatndi oL
and symmet rviichrsattrieothncshifmrgom phosphodi ester bol
in 12%aOndcnml O'80r esnp(ed ud man ry, 2e0t0,1g R K=a% hdea sb an d
peaking ditaslsOBdi @@ dsymmet ri c stret Qund of |
et ,aR01l0etKaRd@4dpgke)ct r al data coll ecFeddf eom al
anki g®i)ei spl ayed similar biochemical feature
whil e appearance or disappearargamohepéehksahb
of FTIRTAMRAdtO discriminate the 12 bacteri al
from spectra were subjected to principal <con

Fig3Zae illustrates PCA -BTcloR e@nuyRMD)tR o(fs itrhgel & Td
dat a, r e shhieg82iay, e Isyc. 03 lensa,Erreounsaaendda | ics VoSalc8alel

i sol ates were grouped dn atxhes, nevipat ieveal $i dod t
clustered on th2 DissddnBu spiydba.e hlars eBC gr oup e«
positive side and the remaining-2i.s oPCaA essc ocrle
obtaineBTF ROMbh®@3Bxpe) ( di siprialyeerd di scri mi nati on
to FTIRI gl8atad ,( wi t h s encergeast ifvreb nb alitlbeanci@acey (t o c a
ankRl. aerugionh@asa)ys for mihiggdxot,i PCIA clceATdeR .p | lont
(single cells) il lustrat-edgatiev eEalmaccltidacisadee (
oxyto@kadaer ogqi pdhen)i ve-lsadespf whR€reas the ot
grouped al ofdgvmaeégaetsi.ve PC

Al t hough al | three approaches have Il ust
reproducibil i ttyween escdrhes dfirsdmntclee beame st r

t hree met hods.
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Streptococcus pyogenes FT1623

@ Enterobacter cloacae VS1811 ®

B Enterobacter cloacae VS94 B Streptococcus pyogenes FT1403

@ Kiebsiella oxytoca VS1669 O Staphylococcus aureus FT1257

B Kiebsiella oxvtoca VS859 B  Staphylococcus aureus FT1340

@ Pscudomonas aeroginosa VS862 O Enterococcus faecalis VS508

B Pseudomonas aeroginosa VS1088 O  Enterococcus faecalis VS1282
Fi gurRCAic(?a anbdF ARE)d scores plot -BTI RMTHRI K a( =
PTI R/ single cells (c ampdot)ledatia. thlkee saame ¢
represent onspecdi ¢ehe Fiwlol sdibsymbol s represen
testing set.

OPTIR (single cells) showed the I|-BWeRt(belpk)
data. This i s expected due t-ondihei Gdbal i ¥ §r iod

bacteri al met abolism and hi gh-PTilgRhttso t (hen eprox
popul ation | evel information from single cel
to study the interaction between microorgan
mi crobi al communities. |l O-PErRst(ibudglky, sPOAe ¢
reproducibility compared to FTIR, as the sco

while FTIR scores were grouped in a more dis
to observe a tresndgadn et hSe. s latahnREa s d gmeeowahli icsh
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suggests varying quantities of a biochemical
unexpected as FTIR provides the average sign
i n-PODI R (Thhwlsk ) .i n order to i mprove the reprod
each approach to identify each bacterial str
used as input-DEBAY ai hoor dEA (®Cmi ni mi,sevhtine v
maxi mi sing the var i-amA ei sb ea wseuveme rcvliassesde sme tPhCo
takes i nto @ormpskimbewilagd ggpen amout t he i sol ates.
from each strain (class) wemeer am@omlogyesel ¢c
while the remaining data (t[RKA isnpgacseett)o wealei

mo d e |l as wel | as to test the occurrence of d

Fi g32de shoWBAPLcores pl-BTIRBRf(bOBK)FRI Radodgl e c
data, respectively. The reproducibility of t
obtained in all three approaches, including
PCA scofesaédanBmsf aenc &FITIIBR glRxtasg . ( Despi te the i
on the data r®pit&dy¢ci biglh et xedfl s c oFnpgaureed t
32c) , there is stildl considerable variabili
reinfor ciitnyg-PdTfh &0 aloi phmadbheiidemtaér vari ati ons in

Overall, DFA scores from training (filled s
clustered together, with only a few mnscl as
obtained is due to bacteri al phenotypes, an

overfitting. The -rtd gasttieve flna Gtearcilbila Gagmgt at as
anRl.L. aer pgievovasly obser¥Feddaa)t wasPGAosperde
positive-lsifdFad nRf adkE on t he-2p axiitsi vien stihdee DoFf
obtainedTfi RomMda®a (both bulk and s4ipogli ei cel
solBAtefg8calajus @&nd pyoggregmed ) al ong the opposi

-

espective DFs but notE.i ncla&.a doagdy t®#mallauvesr tuegri naoss

soliakiegB2@& Despite the disperse clustering

(op

acteri al S ptehce essa me ssod eactieess otfendeRi g8r3egr oup
hows t he DFA | oald)i nagast | fR-2()rD FReTd Ru r(dDrfe nt s, whii

ignificant similarities in the main vibrat.i

n

(7))

(@]

| usteont ai-me g@gt IGvea-masdt Gvambacteri al i sol at

o

i fferent approaches.
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Averaged 2" gerivatives DF loadings
O-PTIR/bulk DF-2 (O-PTIR/single cells)

FTIR ~——=DF-2 (O-PTIR/bulk)
= (-PTIR/single cells DF-1 (FTIR)
I I I | I
o © » S
& & S S
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1

Wavenumber / cm”

Fi gu3Aev e3r,raged second deri vaRTIvR/sb udlrk AR THETR /)F
cells (blue)i EpbmtlalloaBl&ntger if alo-h FT-®RI QLK
(green)2 afnrd®mMIFR/ si ngl e cell s (PFrAplse)rass
di spl ayuer@di.n Thkieg pl ot s are offset for cl ai

3. Radnan spectroscopy

Raman spectra from single bacterial cell s an
with infrared data from all bacterial 1sol at
obtained from single cellsoof (Wadsta maddct erhioavl

we could not even reproduce most of the Ramze
from bulk popul atiSonpy (@@ 68®o asdE&FTALABGB8RHI| B!
(VS1282 and VS508) watrestthkRatondgndrnaztedimaepr
Raman spectra Big®R2agl dcgeirihgv®&ama@an spectr
bacterium is often challenging by spontaneou

compared tpeectmfos@zoey @«s the mass of a singl
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picogtLamerr’eGbathall99Bési des that, il 1l uminat.

with relatively high | aseirnenengeesther | acat
resulting in photochemical effects, whi ch m
damage or even induce total cel l degradati o

Ramdbmsed approachevi wytBubhglier SERGBSsiitsi pref
anal ysis as it can Ppubévil de coemipamn e e md ot ss pofn t
scattf{dmarngs and Goedaake@e2 TG4 ; thiempresent s
anal Reamag signatures acquired from bul k samp

Il n contPTalsR stpoecG roscopy, where the spectral
(18DVD0 HecnmlueQCh wheel engt hs, Raman s p5elcOt ra w
cmfrom al |l bacteri al i siod3elit)ees anal ysed in th

Fri257 FT1340 f
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I
[
|
|
|
|
[
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Fi gurAeve3.alge Raman spectra collected from b
represents a speci-epeciwbs|l arehei spfFagedntins

of fset for clarity.

As in infraredaspesctorbczeaoumeyd, ithnheRaman spectr

vi brations of the main mol ecul ar constituent
PTIR contained broad features that were | ar

subtl eioh®dages i ntensi ties, the Raman featur
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highly distinct peaks compared to other isol

intensities.

Vi brational modes peaking in tterde iwitgddt whv ey

vi brations, which exhibited similar bands i
peaking &i s2@888r ciswtnermettrd cCHtr et ciinngdg iwiildrsa
294 1%icsmassociisatreed cthegm@pisi nf rHN | i pi ds and prc

peak seenliisn 2WesB 0t c Mmuc( kiata,acl W2 Ba)bdapeakbsn
166 7'acmses mainly from the C=0 stretching Vi
(ami g eautl )alRPPll)aerugohasas are the only two s
at 749 whm ch can bpeyrartalre bburtecadt htion (f Hheemed® ai n ¢
al .2008et OkBa@HA2Y addition to this, strong Ran
appear at 1128/ P318c¢riagalfdEda8daamP008e Okada
al . 20Rla2man spectr&.caubebsedsf pomsents two di
at 1158 alrdeskimbd iom carotenoid staphyl oxant
CiIC stretching and C=C st(Xrdlltéhii IndglaOvl de;t aMyiad nas ,
2018)St aphyl oxanthin is the pi gSnenaa ndeuspploanyssi k
an i mportant factor for the integr$tyawrfewsl
(Liu and Ni zeett,, a20107;t AgyadAth&)hough thelband &
di spl ays a $.t raonsgge lsdatgensa,l tifjnysi medknesrdog bo
not to staphyl oxanthin, as i tS.haast PAalassoa ade en
201he band peakomiggian a tlaEbfermamm n@QH vi br ati ons
and pr(oCheismasngal2,02 whihlee peak 'aits 18&80#®r iconut ed
phenyl al ani neChii ®ggnd@6atdhi ng

Fi g8 edi spl ays PCA results obtained for Rama
Fi g3ae, scdr.esaufrreaurs, VB886&2er agidnasPhewes u@hi e s
VS10i88 | ates were grouped owvhitlhee nposi toifv d hax i
P. aer ¥oilod8s8d the remaining isolates were
Il ntengby, the discriminlatiisonmgianlty rdu ea ctha etvhe
breathinly {F8Maamdact eri al pigments, as posi i
cytochrofMmesadrrionpb88sal1128) amd FuBpryn(ddsdd8 a
1526 fcrnem asitreasns were documePt eade.r upodnr@assa st r
grouped on di flf,ervemitc hs i sduegsg eosft sPGrarying cyto
two strains, with higher content in the VS86
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ud(ea )3.PCA scores plot of Raman dat a, sarl

)
S represent -sepaecchi eosn.e (obf) tPhCGA tlvboa asntihbg
ooftfss eatr ef or cl ari ty.

Al t hou&h bosblbates have beenlchussersedooasth
strains were also grouped in a gr adcoenmttenpat:t
alondg R&i s, with higher content i n the FT12
pattern ob2emaxéed wasPG&i milar to the groupi!l
spectroscomye,gawiitve. Gt gkaa cmey(tPadaer)ggion s a g
on the posi2,i vvehialxe sGtodfam& Ch a,d®r e pyaEgei @ecal i s
clustered on the negative axis.

Clustering patterns obtained in infrared ar
compaor eedacth ot her due to the different mol ec
di fferent techniques. To explore this furth:
compare the similarity in the pattherers i gd man
spectroscopy approaches in a quantitative w
Procrust esvaerrireosr ,f raohm coh t o 1; where O indica

compl etely differen3.)2l ustering patterns (Ta
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Tl eSB8m2l arity between different datasets wusing Pr

PC-DFA Raman O-PTIR/EOPTIR/S

scores cell s

FTI R - -

Ra man 0. 352 - -

OPTI R/ B 0. 196" 0. 3353 - -
O-PTI R/ S 0. 218: 0.3290 0.016 - -

cell s
OPTIR dabal Kramd individual cells displayed
Procrustes error of 0.0163, which is expecte
DFA sddrgag&e() . On the other hand, pairwise coc
of the t Hraese di mfprparoeacc hes di splayed the | owe
errors varying®. de2veedhé&ds829@riations are
diféeces in the principles of these techniqu
met abolites produced by these bacteria. Micr
cel |l factories to the produdt§éiKommygaqfal2relt9gb ol

anti fuUbeg aMeytncakk 00vi) t( BreMaorset nak026&n 4 WNmegsa m,
2013)and puUueméni &BO1ANDt hough these metabolite

their infrared sigematorebe hbhowe pooncesti gatil omn
bacteri al mol ecul ar constituents such as proc
the other hand, some of these metabolites di
near t he uwewelfeorgtelkci tati on i n Raman spectr .
of their Raman vibrations via resonance. As
these '"chromophore' compounds wi | | ul ti mat e

dicsi mination pattern achieved by each techni
infrared 9pddecmaag 1BDOd as input data to the

whereas the 1input data used peakHannga no vaenra |l tyhs
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wavenumber region and thus, providing extra
used in the spectrometer employed in our st
tunabl-pulGPe i1 nfrared ¢éraswav e omundhfpkeed d dileo nhi
2021 )Nevertheless these observed Procrustes
compare to NULL distributiopx Whd&rm astkbsjoenc,t eld 9
This suggests that the patterns of three IR
dat a.

3.6oncl usi ons

Here, we report for the first time the use
to staldiynilal |y i mportant bacteria isolated -
I nfrared signatures were col |-RTltRdspeotmr doud d

while infrared data from indP7VIi Rusagaepbyarcam ryi.a
Al t hough single cell measurements are perfo
compared t o BPUTIIKR HFrela® uaredneit s from sever al k
findings showed significant tshiemiilmafrndryedandi

obtained by all three approaches including
cluster analysis. These resul-RBlI Rigmhmddtgrhds d d
an emerging technolomgy dto sitnugllye mielrlookr gaal
previously achieved by FTIR spectroscopy due
conventional FTIR spectrometer. We -RPaTlIsRo 1 e
technol ogy t o @&dcagnainr es piercftrraarleddaamd si mul t ane
i sol ates samples, which displayed different
t he ability of Raman spectroscopy to pr obe
staphyl oxantripimmesand heytsagphri or ability of F
pi gments may be advantageous regarding its
demonstrated that several pigments promote m
obt abypwedsi ng Raman and infrared spectral da
findings showed high data reproducibility in
each bacterial strain clustrarcdd yowmeé ¢ tere 0 sbcod |
advantages and disadvantages, t herefore, h a
technology is a promising tool for clinical
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3.7 Supplementary information

Infrared spectroscopy
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Raman spectroscopy
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110



4 Albstract:

Rapid detection and identification of pathoi
gui ding appropriate antimicrobi al therapy ar
sep3hes.metabolic riesoplodsSleshodi ealXejxtrpoocsagld f ft eor e n |
concentration@ hef seicpmndf lgexaa @t i bwe rtoef c st uui dni oel
ordernvesutndatlkeying mechani sms associated w
resi sMeamcbheol omi cs wevespeghoumeamstongdliRnf r ar

(7]

pect raossmeotpaybol i ¢ fappgemrphi rttognaisg ncehdr owsmraat $posg r a |
spectr @@ rfyor ( met abolOua @dri ;fdii Inigrsg . dreem carbsotl ri ac
fingerprinE¥ Rpramwil d/esd sbyl | owedufsoept hbl di &he
i solGAMé&s anal yst begsal ifdatdtedgs, delkiplee ahserptae
the metabolic alteratciopwrsofdGoMME8edneh ywh @kipd 6 01
det elch6e dmet ab dlni d hfee ateskriuaist a v a ¢berdortahe,t BaHhld o f
could be identified to Metabol omics Standar
met abop80eksew and 10 unknown) were found to I
resistant isolates. Theoidentraledamboanbmet a
proline ;naeltaanbionlei,smaspartate ;and pyVuabathé s me
Uni variate receiverR®ceurravtei nagn acl hyasreaso tfreetv leset 3i e
met abébhl y-8phod phphesphoet hanol ami ne, asparag
tyrosine, hawve al amiurcea)al reteptinblde sfti mmur e&
(AUC>0an8do)nt r i baunttiinngi ctroo bi a&KIl. roexstOystrtoacsaic @ d i np r ¢
inval uabl e new insights into the mechani sms
i K. oxsyutgogceast s potential therapeutic tak.get s

oxytimmdaecti ons.
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4. 12nt roducti on

Bacteri al i nfections are a maj ¢Co eette saek 000f2 ) m¢
Early and accuwfaipae tamddg m thiefiirc aatnitarmi ot i ¢ susce
the I mpacts caused by bacteri al I nfections.
susceptibility Bbrecsapdercd rhuiASaE)retsi efstud ressphfee-e st i b
| iomfeedi chyi ohBnicians to treat suspected bac
to avoid detriment al out ¢tcPmesel candeBabwadel 34
al . 2020; aRlUhh)ecessary antamdcmiobusmé ofr ean mem
are the major causedgiofi criodbi(AWMReycp attatgens .
number of r eshsctoarsti dpatalbhd yensncr eas eadndwoirtl diw
estimated that AMR wil |l be the cause of 10

t ak(ee Keakearl2O0Ol1lBfcordiWog | tdo Healkt h(WIDQ ghaenti z at
decreasing effecithihvedoZelssswmey t anAMBRI bsi asserio
heald hmarnks t he b e gporantitnigb ioafh €ac epedirt@einetaicailath e d

mi nori eesapulrea@d Ot gadeadghidoanv,atl,0alBD an)

To prevent antibiotic misuse and the emerge
fast and accurate detection of antimicrobi a
t r adiAtSifeentahiosdesd i n cbi sudib$ laseéit t inu gdriodnya nbdy ro,t h
agar dinltuthiicetaincd ake more than(B8nkavpa@O28am
Al t hoegihme pol ymer aR@P CHmMaiyn bree aaicsteidon o( i nf er
pat hogens by det eateisn ¢ptthipescesp @sagptao v adl@als hbor
abouphehet ypi c r edissetrasrede i ;mr opfaitlheosge n s . By ¢
empl oyed in metabol omi cs appr oalchheesse rteepcrhensi egni
only endabreubghphbt differentsasceips dled wmwexenbui
of faerpehot overview of the underlying bioche
me c haniKsaits,.aR.K2 2)bsi elilsa aox@rgapreciav eb & la @ nog irt nhge mt
Enterobadtemi ligc amleloseKlyyebsel at ed paeumom o mMn
of nosocomaalui(med)pi t af ectcirons,capbhytiiddl!l apd
undergoing antimicr dllieaYert adasthd ahi Z)e tt,Daelm.qlr
201BhHhk. oxcyotnopclae x has the potenti al to become
its ability to cause a wide range of sever e
commby used|( &nt ialRi0OdtA;tc,saakn0g2 2 )

Vi brati onal spectroscopy has been empl oyed

antimicrobial susceptibili tRhourmi éracttreadsaf & MHm
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| R) spectroscopy is a widely wused analytica
l ight by sampl es unddeesrt riuncwd dvteicd actwiesatn .a nldt hiass
(Confeitelad 20DRRel ) absor pthroat il elmxdsi nt ot wva i nt er mc
enable the direct correlation and detection
spectral fingerprints that representatdel5s)
These findearrperispgesciddpmrx features rel ated t
bi omol ecul es, including proteins, i pi ds,

mi croorgdganmbdmd aulsderdi FTspectroscopy to assess
di fferent bacterial strains to antibiotics b
as an indicator( Jdv atetlafpdiRié)t adtyi ciongyueted b
alindicated a strong <correl ati owmi rbeedt wtelerno utghhe
spectroscopy and the mechani smscoowfeaantgingre
targets, including protein synthEeRilei DNAda e
et , alROF20r)t hegarsore®hr o Aamaatsosg r sappehcyt-M8 me & nhgd sy &aCIss o
been used for assessing antibiotic Masabptib

profiling aims to detect a wide range of met
upon eex ptoos urhe stressor. It involves the ide
prdet ermined metabolites, often associated v

analytical techniques can be usOeld;f oFri ethmi, s
Overdtoreavlal uated met SladImoty@l enfaisliseoso i aft ed wi t
across vatrhroausgih o0@@ g 10nvseiest gqra l2.0T2h2e)y demonstr a
i ncr easleeviel stalsgadrathnsseneea meé ci tric aci d, whi |l e
glutamate and pyruvate were shown to be dowr
I n a di fSaeygatl soicthmbgumes bot-MSFaAhRlexmins GE€o
the metabol isdc rebBangePsspamdeansnar piuns daort ol

findi ngsustawsftuli me b we eeaxnpmpocsned and exposed c

anadrnithine was identified as the mostl vseangtni f
exposuAdckditionally, it was obserpempddadmt ox
bacteri al cells into the external (eSmwddradanlme n
2016)

Thpresanutd gt @asmsmess t he mpéatealwdelsipm fKaa do xtya oc a
anti micr obuimlhtgwooh adilfefnegree n-t Rppech maompdr &b sF Ta
met abol i ci neghurgtea rpgeat tradgbdo |iincg parpopfriola ¢ hEhse, erfd sepce
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of ciprofKlLowxgitrotclme met abolwenstcisgdteark | i weo re
deeper understanding of the metabolKi.c oxltydamge
i sol ates when expidiee chytpm t dnieognias fgledsxealchianetsa b o |
wi || I dent i fy sbtiiomcatrikee t ogie. oAfdbRHys @lcah es and t h
met abolites provided sufficient i nformati on

di scriminati on.

4 Materials and Met hods:

4. 3Bacteri al i sol ates and growth condition

I n t hisKst oxkyltionsiacxa | i solates (Table S4.1) wi
withvasive bacterialwiithhiecttiloen mindr csluir wleo g y a
NHS Foundation TruBact et vavepkessapgrgp( % ngllseaoxr kod
at80 Me&f ore bhB8ampWenrse dst rbe ahesadntf ours(B )a g amn d

i ncubat edatov3e7h rAeCe gdni srielse tpour i & galvod i |sd &oxcekmsit ¢
colonies for s ubMieqgruelmital e xipreg d eviepdntt sdhn sovee ne

cultures of ®8déllbgarepl agtewn on

4. 3Dt er mi ncaitpiroonf froofxiamum i nhi bit ¢ My Cgoncentr :

Bactlers amwglres i noculBaHlerdotihn cfornetsahi ni ng di ffer
ci profadnodx atchieni r gr awtste sprealf iblye snomeérter i ng t he
ODousiafiBi oscspectCop@ygt GEmewe h LEWr. yediAld and)

procedeseriSneegl ementary I nformation.

4. 3F3l R spectroscopy

4. 3Sampl e preparation

Foll owi ng t he siantpulbeast i wenr ep ecrenotdr,i f ugedi ag 4
benchtop Eppendorf microcentrifuge 5424R ( Eg
was discarded, and the biomass was washed b\
saline 0.9% NacCl solution,t efpoltloo wed d nb yn aatneo tahr
the media. Finally, the bactesafall2hieort vee @at

bi ol ogi cal replicates per condition collecte
A Brulkwerl 1961 I i con samplinggpli%toal nwans doldearyd
(SDS) overnight, followed by multiple washir
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dei owased. Samples were preparetiocyptsegolomni n @
of normali sednhbalcda@&nm imllatsd ufrol | owed by 1incub

min in a standard oven.

4. 3F3I.R instrument setup

The -IFRE bactewieal spdht@mbss®d bance mode using a
spectrometer (-fumetpadimwct bpka8fesiga\a deltid)a ln.

200Bhe spectr ai wetrkeen &mmiqd e d e d a n4 &0 “breeannvgeee, n  wai Ot Oh
scamdades atr eas odl( Wdtmh@meatd,ad BPrS5)or to each sampl
background spectr @pof i tviesrne iAdlb)tcaoinn esdl.lRsAs pt aott ¢arl
from each bacteriead, icsoompartiesi megr et ha @®lel ebcito!l o
repl (tauesreadi ngsoviearolm pdpifrfge rpeanrtt snoonf t he s

4. 3F3I.RB data analysis

Al pestra were collected usinpgrOPESss0ft wadem
anal ysis in MATLAB version R2020b (The Math
mul tiplicative signal correction (EMSCektal go
all MaretenaRPOOR)t er scaling, thwetdhpEE&drrmali-omasgil
227a5n d -666800M) weespl aced with a |linear trend.

Foll owipmgpcpsei ng, Principal Cormprocniepna | - Ama@arhpy

Di scr ifruinncanitolny sDSA)( PlCer e conducted on the pr

statistical techni queR apectcroomsnmompy fusreddatn
recognition, and classification. PCA conde
copronent s, capturing significant duasteads epsitvar

f or PEhFeA t o semi wiictrhha sns vari agscebeaoitaemsa xvVan i an

di scrimination among different sample groups

4. 3GE&GMS anal ysi s

4. 3Qdetbchiexgt maadti on of intracellular metabo
BHI Hr5dtvmals) i nocul ated witheLai siocgl atc¢ oinohypol
streaked on BHI agar. There were six biologi

The samplheesn wenrcawubated at 37 AC with 200 rpm
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overnight were mixed with fresh BHI Ofyoof h an
0.1 wusing a 6705 UV/Vis spepsbdocochidoeudrinetessh ea 1 G
vol ume of culwawr & hweans iln7c ubla)t ed at 37 .RARiCe wi t |
sampl es wer e vtalr acrm mecxepnotsreadt itoon® . 8f aaidpraDL engd
h itnhteo exponenti al gr devt fho mpératsieal Duh d salf, ttelwrei «
antibiotic exposur e, 1 mL of culture from ea
normal i se samples at thel fmln ad @ |stt basdeds akfe ne X ton
t hFell R ainal ySi mut heanreeuts | ¢f tlh5e )ickud m EBarleec ¢sno |t uut bi
was collected and added to a doud8 eUGCuli wue |
chi) laedd mi xed r awiildll yg o €lend tea Ip rcoeclelsubloaurt prred cee
metabolites i ntvw nedbegra 8D Bluemaerctibkt ur e was ceni
48®man8 UC for 10 min to collect the cellular
pell et was furbmher toenemiovegadyf oemai ni ng su

collected super 80t &rCt § owe rmee t satfauirésdhealte/sti rsact i

Thextraction process involamddgusdngignengdarall
bact preil alet s were suspended 8i IJCH0 & n@L thfe n8 @ % al
tubes. An additi ona-¥850a0usCdwa stfo 8Was mett thea noorl i ¢

full recoveirgl ob,i dahmess scwantbe med wi th Thlee riesiut
mi Xt urteh awmeeasd we't i ce, foll owed dodiye tmiomwwueghoit
freezing i nantdhawiirmh gme tt rioggee,n t he sampl es wer e
30 s. To enhance the extraction of metabolit

thaw and vortex steps was-thaweatyed eswii e tma
suspemwsircensted bug 5 -Imi UC aand 1la30hPesdbodchweent |
supernatant g ra@mttddé ne ldadamdetput b eosnAl W e te xit ateshcetns  w
norseadk ¢ cor di ng O@odurseiiBnOg¥i mieltBhoaoid ceadl iqgt y( @QO@)nt r ¢
sampl easl sve rmry pcaamgdi In20 OL from each sampBle a
QC mi x hayi ded Q€ ts@ampl es, each cont @Doéetng 7 ¢
al . 201R9-MSaGCal, y 4i09 OL of ¢ ot €t0inalné snigd mdda od s
aci d, O.M&idmen/dmLO. 16 mgsimL MS ygrianckce wabem) | w
extg acgsampl espmpl es wemg dr isgpdk efdorvakd um DiIn
at 35 UC (Eppendorf 5301 concentrator, Eppen
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4. 3Dér Pswait on

A twibage dlRemivaeph cadeuvedas many cl asses of n

met abol pemarmrogndvol atil e. I nitially, car bon)
met hoxyamination reaction foll owed by a sil.\
condensation, -8@ampliCesvestkeorsaudbj@cted to a sp-

appraxelmy 90 min.diSieddeqaeest wer et le ssoO-ved i
met hoxyl amine hydrochl oride in pyridine. The
mi nsiangerlyock heatehr NdMed XNY,It r5 Onet Wy lusoirloyalc)e t tan
MSTFA was added to the extracts which were

hahour peri od. Foll owind REpilstisotepcomgtiesitr
nonadeeca@eoa ec agprecdt a d0e.canmegf ancn pyri di ne) was
bef or e actdadtnrligf8Dy® nrihre. resul tingLuwaesnatansf
2 mL ambeiMSghvaasas sGECi f oedS®Biatnlal iyss sr t s

4. 3GE&GMS s atnudp dapgrao e esi ng

GCMSdaadaaquisition and analysis parameters

GCMS analagsesnducted using an AgilentnBBRBME GC
Ulcapillary column (30 m x 0. 25Ge@)OHK narcd ng ukn
RTC 120 injector Theomx@PECiIi mealknli epar amet er s
volume, carrier gamiite!l auml wivt ha3debpfat imaij
temper at 80r eAG,ataonde map er at ur e p 700 gA QG n( nsatidmrtta inn
mi nt)hencreasi ng OA@&niihret irla t3e@@cflf ik § n taani ontehde rf o4
mi nh.e over all anaitWMSsiwsast ilideh &0 Tma s ed @ @ c twreu e
coll ected f408 Om/Hzs craammwgned dheeflan ac qu® g triad s raantd:
acqui sit L0oOns /td predichafuvhS was f it tiean iwsathir caren teh
was &t etwvoand a conasltoanngt weimihs soitohne rofs pseci fi e
speeduyrce temperatuemparma&MEraeahsdmat ogopemse dve
using MassHunter software (Agilent).

Prior-M6opGC€l ed Q€ 8ampérees Ysed to condition
al so run regularly through the ammo-ggtsqsi @ist w
gual ity control pur poses.
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Foll owi nMS tahrealG/Cs i s, t hceo ndvadtroat emaeX ML iunsiitniga | Hry
software, an N$ memoausEfgiors i coonMSfedrrdtleisn.g Sthieseq darn te
wersebj edeedol ot i onu spivnSd le Aviseirnsgd 8 n wWihawicde s 3r e a (
softwaared twawd | aunched d®racuanowmeatsghkaphbobgr
unt argeted metabol oniicgsle dalmatsigempeat edmehr gpu
supports various GCMSas umestc@ETdDwagd vhag iI2r0TLh5e)

deconvolution process involved peak piecking
perfor med using an idfht earnndal posotleesl Q@ e { hp It
Furthermore, prior to performing stasdstioca
ensure data integrity by assé@asbdinhgngndi ghi mi
within QCWedegtp 226l Ty pi cal Hyar giert edome tr &b @lt 0 mie
standar dRISDIiiast icoanl cul ated to addr esnsd warl iueets
25% RSD ar ea cccoenpsti adbelree.d nRR/YSD ugs e ai% rhwd rheande e m

unsuitable as features and consequently elin

4. 3D4at 4 Processing and Statistical Analysis

MATLAB version R2020b ( The weas humoirlkiss e ds cfoafr N
all acquired data. Following t-M8PdARcCoAIFAP Tt i
were conducted owsitnhge MATOLCAeBs saendd -lddaot mapeasilichck Sw i
stat met haordes commonly used f agrecdagtna te xoml, o raantdi ¢
Si multaneousl vy, the data were submitted to
procewsi eaglraghsf or ms @aa)lde dhail édtivari ate anal ysi
The initial datadsueatesc o mprhp foevd eolfiQathieenher pr ed
on the RSD, the number of Astectesufeapatartsct
were used for further statisticalteanbdalsysdi so,n
thenet ab o Btoammidoasr d ivaStainvdea A Ok nown) were observed,
di ffered between suscePphdMdll evalnd precvsdeant
classification to descrnbefit@®%u moersaildeOn’/c)e i n

4 Rle s walntds di s;:cussi ons
4. 4Détermination of the mini mal i nhi bitory <c
i sol aKt.e so xoyft o c a

Al six 1solates wercenchatltanhpgeds wothcwvpr gt
(ranging from On0O6ddeéon @B €o lingdien wib ineapsrscefsisleeads
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by

monODoedmi MA@ANdO®S9 isolates showed no gro
hi gher co¢dagmntrreatSidadsAef ore being classi,fied
t he rfeonmariinsionl@avtSelss 2 0, VS1617, VeSx1h6i 601 t eerdd MM 2

ranging

bet weerFi@8¥ edBtdhér Bf mgeLbeéei ngMkcCassi

val ues

4. 4 GPowt h

obtained for each strain are summari s
prkKaof iolxeyst accfas upon exposure to dif

ciprofloxaexpanahtmald phase
t o evadiumn ef dtrohxeb aicmpa dtas cfampl es w

I n order

varying

c 0 nOc. eOnlt,r a0t.i30,n sa nodf | 2e.voeebiwg / lwi tt &vi me p raer e

MI C r,amegpeclthigvelpwir.lof i | esK.ofo xaydlolceat s weaear & hi s
moni tionr BAH!I br ot h medi um
A V0114 K. oxyloca V8250 K oxytocs
; Control £ j== Control
E e 0.05 Mg/L £ = 0.05 mg/L
g ——0.3 mg/L ™ =panal
- L] e
é'. é==== Samples collection fg mglL 8oe 1 g o
3 e 2h e 2h
" / Antibiotic add /
L Time h
B” V§1520 K oxytoca
14 VS1617 K oxytoca
o Control
e 0.05 mg/L 12
_ ——0.3 mg/L
e f——2.0 mg/L o
£ 1h E
§°' ® 2h §o- Control
] = 0.05 mg/L
8us Samples taken 8., .3 gt
e 2.0 mg/L
04 P 1h
e 2h
02 / =
o 2 : 0 . T P TR T : ; . A - . . N—
Time h Tiass b
N V82210 K. oxytoca
VS1669 K. oxytoca
2 12
-0 =10 Control
tH £ ——0.05 mg/L
£ g e 0.3 MG/L
3 g” ——2.0mglL
s ® 1h
Control
Su —0.05 mg/L Bus * 2h
e 0.3 mg/L
b e 2.0 Mg/L o
1h
02j . 2h 02 y
[ 2 4 ] s 0 2 . "* ] 0 [ 2 4 6 10 2 " 3 " 2
Timeh Time h

Fi gurTey pdi.cla | growt IKK.c wrxiwgolcaaf e$ hexsi xi tir

to ciprofloxacin at three different con
These curves are the means BHff orhdaffisve ep
devomtaf five replicates of the first i s
for the other isolates.
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According t adiiegwree ed.fle.ctmmene gbowt ine ¢favwit €£th 1
hour s o(fomea ohwdths uaffedrisit rax pe etxlproesee dc d wicharstl r a

was as expected as the cells were challenged
all owing the cell to continue thaAtr oggrnoad eebdi i
sampling time of 120 min, there was no note

contr ol group and the grHddp sasmgepad btk | ain@rs
exhibited comparable growth rates and final
t he fafr sitnQuthati on, making it visUddlel g xdgiefr fi ime
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