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ABSTRACT

This dissertation explores how nucl ear mag
applied to st udiyn sepnigriende esryesdt eomso fiin menvironment
Two systems were investigated: (1)t easrwshad igm
wastewater treatmenduceddc@lfrimimccabbahlye pr
bi ofbialsmd sealing strategy applied to lsneal fra
the first system, magnettsedresoocoharcec-i emmgtagt
wei ghted contrast of model bi ofilms (or Aphan

pol ymeric substances (EPS) fwama 3§thu dRiGE&d Kery
contr i b'¥d n"enosn ttiroacslt u dfi onrgmigned pol ysaccharides,

and bacteri al cell s. Results revealed that bi
rol e i n MRddmaomosttrratsitng t hewepioghetnead aMRIo ft a ed tawce
heterogeneity without limvtalse veed ambae !l s yngt em, sl

and magnetic resonance vel adiGtiPre eiay megMRW) ewas
actures at elevared akempemapuonés | e680AChCcked
i omi neraaldi Bt iveet oci ty mapping provided insig
anneling and tort uNOWR t g dueesaydésseoant pi | negm efArt oegdr ebsys
y microtomCG@g)yapmgg(amgadCtaoabyscebic | aw (LCL)

i mul.®t e oeafsfle,ct i ve per meabil ity hpoauldyyhme i oad d iwte ir
d surfact antma kvdleGtRr eeaxtpoleoart eedl btgpoet et , t hese s
ighlight the versatility of NMRvientasasasep®iIrmng
ocesses in opaque systems. Future work shou
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I NTRODUCTI ON

The subject of this -raesedrsyhstiesms.e nfetf ifciirast
concept of a fAbeneficial bi ofil mo might seem
embeddedpi odaces@dutahern xand, 2001; Flaenmdmianrge & \
wi dely associated with being harmful, destruc
biofilms include dent al pl aque and Adpeaardnlay & hr
Yadav,. 2ZIhCe8)scal e of otkdi byhahmirsubndersg; bi
al most every environment on Earth. They are e

catastrophic biofouling aboarMetetigecarRB 22y nati o

D

However, the fAigoodod or fibado | abels appli
biofil ms are just surviving and persisting in
them to thrive for billieessofdiyeasstyFoandna
researchers have realized that soMmBhhbeitopapll.ms
2024)Thexgpwairdi ng | i st of applications includes
industrial (Whiotpe olcie ¢ e elyn calPlORYEH ot ot rophi c bio
energy and environmental @RQ@¢ seetlgeaiRPOOBNEAgr een
engineered biofilms as (fHecet a0 2maalBi@R2aby a
This dissertation contributes to thissmgirmoevd ng
systems that show promise in solving pressing
bi ol ogi cal syatmgman,g wirtolpewitd eist amdomppil gltlay i v
noinnvasive methods to study their behavior. I

magnetic resonance (NMR).
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Aerobic Granular Sludge (AGS)

The first system involves aerobic granul ar
usewwashewater treatment. AGS are unconvention
bound to surfacesf|l oRat hgr, comepemd e f @gr medée &€ s 0 (M>
activated sludge that cont ataccuimpgd et gimamg s mde
work in concert to efficiently remo¢EKickraoad,

et, aPQPWibyg dense and fdiwelrlse ico manulneg ttyo ocoe xi s

biofilm matrix whhicehhsengunbive Babemhe extracel]l
(EPS). The EPS is fundamental in granule deve
functional properties ( tooroleuxnemprlaet,i otsh eanrd hsiegt

charact(edBremtnt at 996t , BBO2HOwever, despite its il
surprisingly not well characterriceh8dyetahalc.h i s

2019)A deeper understanding of the EPS makeup

inside a biofilm is necessary f or -biamsprdo wiyrsg et
Magnetic Resonance | maging

To address this challenge, innovative i mag
visually study biofilms include confocal | ase

infrared (FTIR) i maging, Raman sKEeayr 0STER) C
mi croscopy, and mass spectrometry imaging ( MS
of fer high spatial resolution and moHecowwllar s
i nformation and/ or r eqcutiiroenisntga i nwhnigc,h dael htyedrrsa tt

bi of(fiAzmeedalR017; vaat HoPQ23gtaZdeBdMPBQ over come
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these | imitations, magnetic resonance i maging
anal yzing Db(iHefrieltmsa BiOnLM®dRiIlt u s based on the prin
magnetic resonance (NMR) and (oCaflelrasg haa nd,ralnigde® 10)
the other methods, MRI has virtually no depth
eliminating the need for fluorescentwdiaghetlesd o
MRI has been i ncmeaeisreq@lry hugade itro bitesfislensi ti
physical environ(méndéiofa Iwead 9%;re Pe sokb@Os; e tH,ea Ir.l i n
2019; Kkitr, lalkaarYdA b'Wr el apatoicersses are influenced
including water mobility, chemical exchange,

inclusions. These mechanisms may all ow MRI to

di stinct propettiresansiuc¢hgos | gyelclr oslsis nked bi

understandi e i gfhtreadl awRdt icomtrast will all ow t
more specific biofilm visualization techniqgue

However, since multiple EPS components con
rel axwetiigdhnt ed i mages can be difficult to inter
biofilm fiphant omso wehar aotnet ir 2 epdr ecsoenn@ dant & nvtese lor

EPS of aerobic granular sludge (-AGEMI nGhese i
polysaccharides, bovine serum al bumin (BSA) f
met hodol ogy cannot repriatabeofhémBet etogpenei d
setting to explore how specific EPS component

shaped b¥9 CO&d4thri ctions, which I imited sampli:
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ri sks. Despite these constraints, the biofilm

efforts to interpret MRlordadnton @gt | imn symet & msom

Mi crobhnduked Calcium Carbonate Precipi

The secomndspiored mystem i nvolndas etdhe all e uor
carbonate precipitation (MICP) to seal subsur
recently commercialized f or ¢BeaolSqgnugexfztcB8Rit sir es
was preceded by countless field studies demon
sandstone rock formations and cement casings
(bdLuteben013;etPhikIOIli6bpesitPa P 018; etKjak02aba)
Given its record of success, interest arose i
deeper shale rock formations. Natural fractur
|l eakages of trdmRuaeadvearnthor 0di2qg x iIEéd e, nhoyzdar o&g eSna n
(ZiwtarakRp02dn nudlHaaetemaB D EAJ di,t iaorntailfliyci al fr ac
created duringthyemadlaicaafl hegmet poiomgaptr ®erd utch & v i

initial .sMl Q| aasopotential t o mabxyi nsiezae itnhge u

fraest uerteohemerad est abl e geboogsoctaa adjnear bnaet i noonrse
productive refracturing operations.

However, there are challenges applying MIC
temperatures can be harmful to bacterial cell

bi omi ner(Blaichateij@@ 002; Whi fefti, m,P02®BQ ¢ {Ho&nkn@m2 O ;
Wangt , akR02Bndeed, while MICP ilsaodddaensadalsicmrg bse

(Phidtl,igplsQ13kk)s application under harsh subsur
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whet her or not a biofilm actually forms in th
bi of il ms eff escurifvaec,e saudchhe saisonceand | ocali zed bi

in this process.

NMR Rel axometry

To study t he -terfefatcnaecnyt oifn MsIhCaPl e fractures a
anal ysis wasf molvé dNMR +Hmad¢meat sylsawms mini mi ze
gradients common in rock sampl es vhhitchhe yc an sion
have diogiemdi sas(SN¥nd are often not equipped fo
However, there is another magsetiedresoocaharcaeac!
fracture sealing: NMR r el axdnmet royf. aB epcraout soen tihs
how it interacts with its environment, measur
can reveal information about the distribution
(Call aghadfhi2a0t®xhnique is much faster and c¢ch
changes due to mineralization at the macrosco
ray computed mici«€Cd)omwhpi aphpffmreradi rect visu
depas &nr letl aanl@ 0 1®9t h qaunadn tviitsautailvei nf or mati on c.
the extent of biomineralization. Together, th

flowr ough amadipfoil gdneiil i GiRre eaf omraf aster sealing

Magnetic Resonance Vel ocimetry
NMR relaxomenvascael yomonitor bul k changes
during sealing, but MICP i s( Warhg,r. e2(Qoln8s)ea ureend d

this approach ovewonlckokantiempaetti amts fwhuicdh dri ve
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prefepanbhsal pfbawmity to the inlet, and <ch

NMR met houdi wed lto study these dynaniMRBV)i s mag.l

al

mo

so known as pulse fi(eCdl Igapldam®yntz @BEF)GNI vg | m

tion encoding with imaging, quantitative ve

NMR provides a uniqgque opportunity to directly

fr

r e

ma

Th

r e

ga

Bi

Me

actures beforeaamenafter MI CP

Outl ine

—
=
o
(¢

hapters are dedicated to establishing
search. I n Chapter 2, basic NMR principles
gnetism, the processes of excithdds,n ROWr ireer
ansforms, and how i mages are made. More adyv
including a deeper treatment of relaxation
e firsbhspipédl mystemjigaerA®S)c, giranutlwadi esd uwi
sonance i maging (MRI) in Chapter 4. EPS pha
in further i Aaseiigghhttse di nMRol rceolnat xraatsiton fi ndi ngs
of iTme next two chapt eirms pixrpd d rsey sitheadnuscesndomrdc
l cium carbonate precipitation (MICP) applie
mperatures.-fial @hdMRerebaxbmwteyttvasexnsedtt

acstewarla ng alagngoimpertXd mi c4CdY) o mp g iméd pRooyc &k@d mi cr

chanics and .Rolcnk CEhnagpitneerer6i,ngmagneti c resonan
ed to characterize changes in flow -and stru
eatment. This research has been prepared fo
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The author was fortunate to receive a 2024
(SCGSR) award from the U.S. Department of Ene
him to spend four monChsmappbgsngoadihaonaetdemi
sealing at the National Energy Technol ogy Lab
appointment occurred during the | ater stage o
worappae Amppendi ces B and D

Appendi x A is a conference paper that was |
Mechani cs/ Geomechanics Symposi um. I't contains
characterization of shale fract Roe ks eveelcihmag,i cve
and Rock pragieme € ) Cihimgttiemclbuded here for compl e
preliminary manuscript showing how surfactant
treatment in shale at -@T edatt & dwh ieantpoeraqa i @fa retsh; é ¢
wor k that was completed at NETL. Appendix C c
whi ch shoYwevadl)v enddwCtPr eagmenat shal e por oYs medi ¢
changes as dried guar is rehydrated; both dat
Appendi x D showca€dssanal @i iractuoemsenbdbi ng ex
NETL. The evolution of shal eolfutaicdeurrieC&de afl ri ancgt
aperture maps and coupled fl ow shonwd et i mandi, f iwe
| ocal cubic | aw (MLCL) model . Notably, the ch
compl ement experimentettétduwdt memagnemenot seso

(MRV) (Chapter 6).
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CHAPTER TWO

FUNDAMENTALS OF NUCLEAR MAGNETI C RESONA

Nucl ear magnetic resonance (NMR) studies t

cont ratld minas miurc lWwsett aht esst adviac yamad) tmameet i ¢ fi el d:

underlying this phenomenon are investigated i
origina€Ckas¢iSemi Description), how it can be
signatutiredaand analyzed (Signal Detection and
forMfeadgneti ¢c Resonance | maging). The stage 1is

applications in chapter three byxbqtriehd)y Rxwl
rel axation r at éPsuraMed Ibeoafi€ll M@&d d( Caarvrer si on Reco
how magnetic field gradients influence spin p
& :Space). This theory section draws heavily f
of Nucl ear Magnet i c( 1R9e&u0)n afinTcrea n\il cartoi socnoaply 0Dy n a n
Resoné@ag@o,&dwitthhearl uraebfl eerfendeersn har d Bl ¢ mi ¢ h, I'1ya

James Keel er.

Senrtil assical Description
Background
Nucl ear magnetic resonance (NMR) is based

examH€, %Gf)d have properti Bl gmi a.h nlfahgidse 6gicv edsi [
to a quantum mechanical property called spin,

guantum mechanics provides a complete descrip
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individual spins cannot be observed directly.
of 2wQcl ei (pBelre nmoclhe, By2 0t0&bKi ng a macroscopic app
seqil assi cal approach can be used( Cal degltampbe
1991)Thi s approach is particuamyiggumegguétforf
the form of radiofrequency (RF) pulses, excit
obtain a particul.ar form of NMR signa

Throughout the foll éHvinnugcd tehi@ o @y e clt iboen s ,

considered, due to their 99.98% nadbasead abund
samples which is tlHewiflolcuse of ntdichargeablcy.r
Aspinso unless otherwise noted.

Excitation

Quantum mechaniltesarsitmg ersu d lheit lgpven a magnet
aligned i n( @Qalyl agh®are,t mMayghle)t i ¢ moments are ran
gi ven asnadmamice | e ac hr eostuhl etrieogurhiag nZ2eénn @ mo ment . H
placed in the presence® )af Bahtembenndli smagbet.i
align in the spin upCadrl asgphifasnl,d g2idnl 18va giong ytthget a f
| ower eneragye goittalisaas naerte ma¢Nesi emeanbad al ong t
of the applied field. Unlike quantum mechanic
1l appears continuous and can be treated as a v
theory, a magnetic moment wil |l experience a t
equal to the rate of chandeBlooecdam@@dlalra gnloane nt

1991)
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Alroo rd (2.1)
whed anflare inri[sT]t haendgyr omagnetic ratio, a
uni que tbeaachgspucl ei in [(rad/s)/ T]. This e
magneti zation behaves in the preselﬂte af seat e

magnetic fieddpplfi enddjinme widieo r:

| m (2.2)

The sol ut ischromtshwEY ! Pnexypbasameound the direc

the appliedwmagnmaigaet fadsépeci fic rate,

116 (2.3)

wheres the Larmor frequency in [rad/s], pr

strength of the applied magnetic field.

't is not possible to measur editrheec tnieotn nbaegcna
is overpoweredfbgCdhbkaghaamsakad) itd,isethe p
t xeandc omponents of the net magnetization, tha

componlemutsst, be ti pped away zarxom, e gvhiilcihbriisurm cal
applying aeddipteindreanlt, maigmest i ¢ fi el ds in the fo

( Kupr ov,, 2024a)
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Spin dynamics is easi er ctooorvdisnuaatfer areeefbeyri eandc
which the observer orfoitaltedsatartohien@dCathimapipon ¢ o @

I'n just thed pirésingde apfpetalre t o be| sitsataipep.| i Needx ti

the transverse plane in resonance with the La
Ai100 -
| o 6 O6BTo - (2.4)
T
However, in thel|l frioelad i mlgsd rapeearnrshestatic:
Al O
| 8 OEd (2.5)
T

*is the phase in [rad],| fwihélch iconapmplised hier
frame OKupi ew, ipRehy has transverse componen:
X, XWoryd# redtCadhsaghan, 199 1Af tKeurp rsoevt,t i2r0R 4tae p
t hlefield, the equatidwibf mbarbntprpdecessthn

t hlefield at a particular frequency,

T [ 6 (2.6)
Wheran [rad/s] is pr optﬂrftiieolndala ntdo tnhaeg ngiytruod
ratio. For example, in the rotdtfiingl drwimel, =d

applieddi net tlewinl lanmr ece s@sxias oamd wiFFE2g#& war ds
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B) . In the statdionapyedeamendfard dmwhibdirte qulee c

t hlefield at (fF2g@&®ncy

(@ (b)
+z +z
M M
Bl
-X N +X -y +y
-7 -Z
(c) (d)
+z
M m 1

> +X

p

N ———@umamn| > &
<
<

1
N

Fig. 2.1. Schematics of thel atsr ajtecttioprsy doufe tthoe

|, which is precessing abguandthe tmanheeroe¢ ap
frame depictéddiips ¢(@wdaampedrsansdt atic, pointir
direction. In the stationaryd (babhbeatargidntrasn

direcfiam@iaf a fAcor ksfcnewdosmawngr (

Il f the RF fielod itsheapamlgilféed ioffo rf iChiemenlgyh a (0,

1991)
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10 2.7)

Changifnigeltch esa pelnigedct toirme Wikl ratmaéeedt h&oan
to tip the magnetization 90A, x-a nymargdeert itzoatad botn

0 ,0), the RF puldmovestiiroamdequizamiisi umtal ong

reaches the transverse plane, and then the RF

Rel axation
The RF pulse used to excite the spins is t
pl aced around the sampl e (athadl laa g hgandefdt B 99 it fhe 9 (

pulse is complete, OthapldlsameilRFekleis)lse sméasdhe

plane at the Larmor frequencgy, nwiutch n magmilttwua

coils which is recorded as signal
HoweveriYodudpteice relaxation, the net mag
equilibrium. During this process, the energy

surroundings, classic@GallyagrRiierrirke@ditml lays z dreo
the 90A RF pulse, grows ungaempl i0tiurd etdlicdhest t ber
without any transverse coMpehaxassigonk etied pati d re d3

Anot her prYacresspicmlirdeldaxation is used to de
anid. WNs s restored, the transverse components
interactions t hgtCadd usgger asHao rnl ®dxebpnmpalse ,n gt he magr
one spin can slightly alter the | ocal magnet.

to precess at a slightly different frequency.
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contriMand®rseltaoxati on, but under certain condit
(Keeler,Co9e€Ygu¥EntA ydet ai | edr eleax &t igdnv enh aopft e r
3.

Since the transverse magneti zation compone
collected from a 90A RF pulse decays exponent
waveform known as the fr eiesx pnrdeusasta dopnh edxe csaiyg n( aFl
since quadrawaunyRotenbgetienuetd (see fAiSignal D

Anal y(sGaslol)aghan, 1991)

Yo YAoDuho®w 0A@PO. (2.8)
"Yis the signal i mmedi A@®¥%ys fao | g A8 gb a chteo rR,
i s xtamgdkc o mponent s eefx ptrhees sseidg mmasl rreeml and i magi n

signal/i\ﬂé)ﬁ’q?ttehrem indicates that the si¥Ynal dec

Not egftihsatt he Lar mour frequency offset with a r
heterodyne demodu(lsaete ofinS idgensaclr i beetde cl taitloesi™® and Foc
i ncl™rdelsaxati on caused by inhomogeneities in t

signal to decawy edwxytfioant erautstelanpe@naleud saicwk @ loyn sh

Pul se Sequences

Pul se swaruy ntclreeRFt ipwmilmsge gmmfangcati gbtdsr at e

speci fsot NBMRmMsignal . The most c¢ommont hpiusl ssee cste
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96Pul se
The 90A pulse sequence is the simplest NMR
excites the spins and tips t(hFi gna dghet)isz agtniad n

collected -isdoatl ed detage(FI D)Y. which decays

/2

RFJ_‘—btime

Acquire AWMMM—»

Fig. 2.2.se0AeRFepulsductisngdwbhghédbedDhys at
1°N.

Hahn Spin Echo

The Hahn spin echo pulse sequence begins w
magneti zatxymlnafmFengé¢ CB8h&8aghanni19al)y the spins
each other, but they gradually | ose phase coh
i nhomogeneixysiegnalangt darmteg, tao 1d8eOcha yRF Apu lts emei s
inverts the spin vectors in the transverse pl
direction and kgriand walally gnameenthad e d €Ciah ¢ atgd aa , A
1991)After this point the spins dephase again
is called a Hahn spin echof, &awhsochknewochas 8@he
Y) . An i mportant feature of this pulse sequen
caused by static magnet i cYrfeil ealxda tii notho pceaguasneedi thiy

interactions or other irreversible processes.
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/2
RFJ_I I P time
HTN 2T
< >

Acquire MM\WWWWM

2.3. Hahn spi A sphpop paobhys ea pspelgyaienage attvead RF

Fig. .
90A and a 18@pdarspaced ti me

CaPur Meli b&Goml|l ( CPMG)

The -Ear-dMel Ibdo ml (CPMG) pul ssepserqeehoepubksa
sequence followed by additionatl, 11388 A tpcul)s, e swhe
generates a At(rRiiqQOCDIfH sephaWechDdDEB h subsequel
the spin echo amplitude becYomé axamalolner Homwe ve
dephasing caused by inhomogeneities in the ex

Arel axation envelopeod of tHWe mpkinngcho possinbl

At r'Yred®l axation timMeal Desanalse erthawted from t|
found in Alnverse Laplace Transformd in Chapt
T T
il | |
RFJ_L ; f f »time
HTPI 27 41 6T
>
TE

Acquire WM\WWMW WMWW e~

Fig. 2P Wr. MeClialb 450 | (CPMG) .pullhsee eGReMGdacehe Hah
echo pulse sequence with additional 180A pul s
echoes "Yhegpc owwtwi t hout the influence of magnet.
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l nversion Recovery

The inversion recovery pulse sequence star
magneti zatizaxi ) oivgiet h&EEFitimgg Cal baghalft E991) me

t, a 90A pulse is applied which flips the mag

remaining |l ongitudinal relaxation is rfecorded
unti | "Mrhee ofvielrly curve i s mapped outyY, $Ehnsepuhs
sequence is commonY.y DesadlYeabomdaswwuri mgtract e
inversion recovery signal can be f.ound in Aln

s

ﬂ /2

RF 'rl’l_l —»time
Acquire Wﬁw —>

Fig. 2.5. |l nver si afihmaegmerteirsgya tpiuid rsiea il st ey umemiceed A e

RF pul se before recovering maglnetTiha st ipaun swi tste
can be repeated|l weshtoadmgpogaetytberve.

Sti mul ated Echo

I n mat er‘Yias smwd e r Yhasrttiemu [tahtaend echo pul se s
used to store the transverse réFag@CBbbagbmpo
1991)An 90piutl B@RF( pul se appdxied ian otnlge triviet at i ng
i ntogakhe, 'Yawhdrel axati on foctlexs , fkian oa gymeicedd
rotpaes of the trawvngivetr czptl meaguhetriezati o Ef fec
l ongi tudi nal Atafgtfiemea e@@Gpludse i s applied which

magneti zation into the trandaferesr tpohaafegastangul
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totabflt ithe A homospoil gradient isptulypectadly

el iminate | mteaitfdheaandsnwceer sfe omagne siez &fpdwlns ec.r e at €

(10/2)5 (0/2)5 (/2)x
RFJ_L |_| [ [ » time

homospoill
€ . i p >
< 21+ 1’ >

Acquire MMWWMWM

g. 2.6. Stimul at AAch ectho bpywslagpep hyea gaigeerdcher ee 90
i s pulse sequence is often uséewwMs a substi

Fi
Th
Phase Cycling

Asgdli scussed-Clnm stshiec afl SkeDpeisacl rtieprtiinogn ot,he phase
t he magneti zation can pKupi pyp.ecd2dsiatd aN MR eerxepnetr i
wi || repeat pul searsdk gawarcege stehvee rvad | vitadrgysg ss i g n &

the phases of the pulses in order to amplify

(Call aghan, 1991)

Sigbettecti on and Fourier Analysis

Signal Pat hway and Quadrature Detection

A fddowgram of the i nstr umeinst shhaorwiw arTeh ea n d
synthesizer unit provides the radiofrequency
highly stable asaipasoidal &wvpft b ageRH® glcengt h of
pul se is controlled by the modul ator, which ¢

|l ength and timing of the pulse. Since the RF
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t hrough aanidsamapilNddte.d t he RF pul se passes th
di pl exer, which directs it Kteceltelre DRPIO0O@Rgi Ir el @
t he magneti zation induces a voltage which 1is
the weak RF signal to the preamplifier, where
Because the NMR frequendcdyvei sigoal hiaghutrateil gi
resonate at a treguancéyTomagoeét Md field), the

process call ed hdgtCarld dadyrea nde mddul; atkieedl exr ,t hd G0

step, the RF signal is Ami xedo with a referen
frequency (typically the Larmor frequency). T
the RF signal frequencg iwn tRF as il gorwalp asts ffa fl ft e

enough for sampl i ngt-adicgiutralt e(tAeD®)y ddreveamal og

e = i

Synthesizer —| Modulator

ADC «— Receiver —<]7
k\—‘ M J\,J”NM
—/\M J\/y‘

Fig. 2. 7. Schemgt imodaff i MR 210 @2dWKdunpe gwency syn
generates the RF signal, which is figatedo by
being directed through a diplexer to the RF ¢
signal and del i vteor sbei tampol iaf iperde a napnidi ftiheern t he
signals occur at high frequencies, the signal
digitized by the ADC.
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An issue arises because the offset frequen
i nformation i sx-ogcsotmpwmesm to molfy tthhee magneti zati o
determine the correct sign, the RF signal i s

signals that are 90A out of phase. Txheny esul t

components of the magnetization signal. By ¢tr
complex signal, tHetEBEomrnertheransfoemtcangn o
This is the essence of the quadrature detecti

i nstruneatlaltagohnan, 1991)

Fourier Transform and Frequency Domain

The Fourier transform all ow) osibgen alo mpH att eil
represented as signaill)dsaamadfuhnceiverséda. fTegquk.

transf or m )preomdd cies Kduepfrionve,d 2a0s2 4 b))

[ ] W l OAQDQ ®o (29)

The backwards Fouriioearn dt riasn sgf Kofirprm epdr, cad®u0c2edshb )

i1 AgH &
e oW @ (2.10)

The (forward) Fouri er -donanisnh oNMREqsfj grhadl) c om

which camsiostcs |dfat or wied psoeatithaed apileeryf, r eque
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domdiKupr ov., TP 4rbdal and hiimaggpreargaphedst bé al

and dispersiohimedéapepespekddliverd,yTROO0ZHPsor pti on

has -wi 8Bhudhh&d xi mum ( FAWHM)he ff aster the decay rat

the peak appears. The integral of the spectra
precessing a(tCatlh aatg hfarre, qsubedmpclye may al so cont ai n
of spins pr ecfersesqg unegnicactle scciofnfterriebrutt e t o t he over
linearity property of theofmaiumieirgnalaniss oc onmp |
mul tiple functi dmrse qgabtegheai 1 ogied haelr , witlhle be a st
transform of( QGahlolsaeg Bl atliteOnly)f tbomphphei acspeéet
of sample nucl earc anm elte sEgpomivp ghstepdi,enadc i ®n abou
di fferent spimhesvisohmedament al in the field

spectr(oCGaclopayghan, 1991)

Magnetic Resonance | maging
l ntroduction to Gradients and | maging
Magnetic resOMRIiIng et hemaprioncgess of |1 magi ng me

applying magnetic field gradientCsaldmd hutni,| i129i9
The basic principle beh(ikwup rMRI &.sUAZtIeu2sOt@rdadtce dn
tube ofsiwet NIVMRgnmemiumg@ xperi ment, anidntdghau rsii ggrn atl |
onebtsai single peak in the frequency spectrum.
(Eq. whi 8h, sspiwhsaemhpati ence t hed ssatmee indaggmeest s ¢

at the same r &taene pHeorw eweanrgi,pneiaftheéedhepcesasehaat of a
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magnetic fwlkildh goraaaveasrdyiand i madgnfdftye rce nfti epl adr,t s
sampl e wil/l resonaigde patn ddinfgf eme n th efi .r e T hoex rart é oWl
ia-DL projection of the tube Thfi swatxeampilre tdlreenofnrs

t hadnsmagmeti c fceédtpanadilenetpendanme,whicédquer

calme expressed as

1T » [6 [710% (2.12)

whefes the apphi ¢adnmnbadihentposiitni dm]of t he ¢
(Call aghadhi2a0fundament al relationship is the
i mportantmagneobteatiihabhtds, though varying al oni

al ways waltihgnendai magmntenmcalfi eld (Fig. 2.9).

(@) (b)

s U w

Fig. 2d. i8me nGsnieo n a | magnetic-fnddemdanaudesiugmrdealr afi
magnetic fiel&)caomdfilitedodn,$ carlrh nucl ear spins pr

b hornw

frequency, resulting in a single peak in the
magnetic field gradient, spins at different p
oedi mensi onal projection of the spatial di stri

modi fied from2R2g)ov & Ut z
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Z-Gradient
X-Gradient Y-Gradient
z A A A A A A A
e A
y y [y - A
X i ii”“l u/lu
/ / / d
A A A AVM A A '
4
“
Fig. 2.9. MRI orientatiahtbbugpbhgmagnetfcefdedl
strength along their respective axes, they ar
fiel.d,Figure modi2f0i0eed fr om Nol |

Phase Evolution in ti#SpaPcesence of a Gradient

This section will analay e ga didseetvioed uprn @e nd ¢
magnetic field gradienO)lalhmegdieadtlednyidilyd aed®@en d
the presemcfei ewlfd,a spgiarts cpr ecess apth atsheed swainieh fer
ot {e&rn g. .I2. a0graydient is turned on following e

magnetic field stremgitphl edtees st @att(lde igrf eR adhitet, ir dn

Spins arods tneopw wiutth each ot her, acquiring diffe
l ocation. Since the magneotned tdai eilhde |ii sc adr orpaari ta
phaseo, which can be seen by tracing the dire

(Call aghamdhiizxX hdef) phase has a characteristic v

e
- 0% (2.12)
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wheries | As [ tpilamses e s gwiatdh etntheebdnsehghh, the wa
decreases and the helix ofipladbeciosnewonome taing
phase with each other, causing signal to deca

wavel engt hv é s\t anhiraobuld

eh fcdal dtedi ntroduce@@l®y3Mans

~ | ©
Q CT (2.13)

s the _iamwWwaessenots of[ Macd pro®calasic plat@wan :

frequwksnctyhe wavel engt beeomeass ¢ arwierh  Tr meger si
spacevi |l | be i mpamtmangte faomd swvcig sPsDebienriging efi

Acqui.sG tion
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(a) (b)

/2 /2

RF J_\—FWWWW_’ time RF J_I s time
Nogradientu

G, G, I |

= = = O D

—-— = = <> =1

= = = T O < >

= = = O

—_— —_— -— S

= -——) -—) =
Fig. 2.10. Effect of a magnetic field gradien
(a) After exciotfateilodn ismpiansumirfeccrenss at t he san
initially in phase. (b) When a | inear magnet:
|l ocations experience slightly differemimtmagne
rates, resulting in a helical) pahlaosneg vtahrei agtriaodni
direction. As time progresses, the phase hel i
due to this dephasing. (ROddne modified from C
Spati al Fourier Relationship

NMR signal acdepeedewttmagnmeic field grad
terms of the maximum signYal amef ¢ he& Cmipd mgrhdmdis e
2011, Kuprov & Ut z, 2024)

Yo YA g ®edn (2.14)
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whefédis the phase of daan ds ppidnaionm gfawtshde] zah i

rotating frame, the phase can be expressed as

« G 704 0 (2.15)

Combing Egs. 2.14 and 2.15 yields:

Yoo YA @®oa o (2.16)

Eq. 2.16 can be wr

Démat mome (Egmpa2c i3y : wi t

YQ CYAg® Qa (2.17)

The net signal will come froexphebeespibygbu

dendigt ywhich describes howzapisns &edreeddingt tiobu

expression for t'Ne (normalized) signal|,
Y Q Ao Qa” aQa (2.18)
This is a Fourier integral which forms a F

functi on:

" Y Q A@D Q0§ I (2.19)
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The spin density represents the spatial si

invéFéoseier transform of

ithesspesoinBéd s uicaf urmeet

density distribution and obtain an i mage:

S (2.20)

|l maging Pul se Sequences

To coll eg

s$pacgnapuli me seeaguenecrdosh utisetdh e b e d
presence of magnetic field gradiepis(€dbe cl a
2. XXCal |l agharm, raa@ lelx)yci t ati on pulse is applied,
umhel i x of phase. Next, a 180A pulse inverts
winding of the phase helix. This is foll owed
which unwinds the phase hel i x.Samd alle accsgutic itth
occurs during the application of t hTlihse sienrtaogned
contrasfrolmt aihmnedsequ¥rneclea xiast idanc,t astiendc ebyi t r er

of magnetic fiehHeifMhbmogeneities



w
N

S|
~

N

S|

RE | YL A time

AT

Gread |
o o e 8o =
o = ooy &5 =
Fig. 2.11. 1D spin echo90hmaguhgepeksetssquarc
induces spatially dependent phase shifts. A 1.
winding. When a matching gradient is applied,
for med. Fi guoen @a(d2 Oalglé)@d n

Anot her common i maging pull e gs(e@Qaildl@ygehars, t

2011)As with the spi

=]

echo pulse sequence, a 9
However, to unwind the phase helix and form a
opposite sign as the first one, sesiappbieddi nn
sequence, the echo time is much shorter, and
the spin echo sequencewi |Ho vweev &ri,crt eaht eexda theyg @ , c a

not reverse the effects of magnetic field inh
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/2
RF J_‘ - \/\\/ﬁuﬂuqbﬂﬂup \Uf\v/\u time
Gread |
<<=>
= o oo =
-
= o oo =
D SO =
Fig. 2.12. 1D gradient A&chmA ipmmalgs en ge ail tsees stele
read gradient that induces spatially dependen
is applied, the phase helix is unwound, and a
Cal | g@an)
2D 1 mage Acqui sition
To acqudreeasi waoal i mage in real space, si
di mensions (pf spaceprdbabk will be described he

sequence. As

spacened tmnavVeesed witll

gradi en:

determi ne b

sphawefmas traveled, while the sign o

After the 90A pul sedi megtriadn emftr eappeén ey e mcadi

pace posi-t Bsdcpupsi ttiram

snp a coe .t hMNee xetd,g et hoef

through the origin and to the opposite side o

gradient isdapetiiedni nDu npga cteh ipso ssitte poino arso vtehs

right, spins refocus and the sigg
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which the spins start to dephase again and th

bel ow thfspaceg, naodgr adiydntr eicd i @amp l(ipehda sien etnice d

With each phase encég

gdpagesisepcobhethed, rawdof

is filled v tFhoudratea. tBYa nted koirmy odh e h2

Bspacd®, ianalye in reaAn siplalcledt s amsidpdprd inogfe dv.i t h t h

spin echo imaging pulse sequence i s shown in
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ky
I”/z
RF > t
@ G, = I(x
G,
ky
/s
RF I >t
®) g, — Ky
G, [
ky
™y n
RF [ [ >t
(© G, = ——— A kx
G, N
ky
™y n
RF t
@ o— — =
G, = e

Fig. 2 . . £ SSpcahceemattriacv eorfs a | during .a (22D -sAp iprh aesa
encoding gradieditrectiapp)] sphhicenipopetiyenkyert.i
freqgetecoyi ng r-cidn eatti o-mp andheee xo kKKt ipsnpaoe.t he
(c) A 180A RFEppdcse poawvietriten.t kel odi sgcognddi e
applied, and signal i's collected as-sppices r ef
Repeating this seqearcodiwgl ispaipef dndaktsbpyhasae
modi fied from2R@2g)ov & Ut z



36

ace &Splacaeg eRel ati onship

A pi Ipaice does not correépahtdagbaRaph2ell)

a singlesppaicxeelcomt ai ns some frequency and phas

Neverthel ess, si pf af ceer ecna n trreighi wotnes toof di fferent &

igpaoade contains high signal but | ow spati e

for providing a bulk of thegsipmzge conntan ast | ow
high spatial frequency information, which is

{ 's pawted einmbl es higher spatial frequency

reconstructed i mage wihtehntiamertad® toanislh.i pT thied wle

resolutiofviamwd (ft ®glpccenand real space, where t
determines the FOV in the other:
s P
ya Q (2.21)
yo P (2.22)
¢O
whevVmn¥d s the pixel width in real Gpasce an

the maxi mum di stance O vier @d ei s praena Fed¥ 1t shcea ni dna
M is the maxi mum spatial fr eqgqCenicsyOtchbpever ed i n
Resolution in the image d@pendbioh thpemdsi mno

avail able gradient strengt hys el @Qtxladrn oinm@padt i d
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effeCakl aghann P9%rxtice, the absolute Iimit f

mi crons.

Slice Sel-Bcitmagi mqnd 3

To acgqui-diemean stiho reael i mage, one spat-i al axi s
encoding (readout) direction, while the other
(Call aghamull¥9B)lampling al | -ecnocnobdinmag idimnse cotfi ot
consumi ng, anaeadionfetnesni oonnally iamatgweo sl i ce of the s

accomplished bghappdyuhgea fWwehothoonly excites
frequencies in the fr eaqauegnrcaydideonmai nl,hiisn itnh et upr
specific region of the sample along the gradi
thin slice is chosen to minimize volume aver a

size of (evaochunveo xeelle ment ) .
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CHAPTER THREE

ADVANCED NUCLEAR MAGNETIHE®REYSONANCE

AND APPLI CATI ONS

Chapter Two introduced Nucl ear Magnetic Re:
| maging (MRI). This chapter builds on that fo
i ntegral to tihne nporrees ednetp trhe,s eparrocbhi ng t he ori gin
how a continuous distribution of relaxation r
decay (Il nverse Laplace Transform). The chapte
systems, showing how gr adilent snocdam nb g Pwsl esce dt o
[ PFG] NMR) and how this technique can be comb
maps (PFG Vel oci metr yt)h.e AscCakedf @ Prl raere®@ 1 & hc e s

abundant i n thi st icakaepetffeero,D @ig)n ha cdittriean neant of

Rel axati on

Il ntroduction: Bl och Equations

I n Felix Bl ochdés | andmark paper published
constYamidfs, t o desbei bet hmagpih)s zraettivoonmnsoft o t her

equilibrium f qIBll ewihmd O¢/6)et dtiberenti al equat

QD oG 1 0
Qo 'Y ° 7 Ty
(3.1)
1 0

e 0P T
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D o . 5Ty
- L ) 0
Qo0

whebeis the magneti zatiionn dafdi ¢ htelhenaflr eqque i d

precesnsifolhae/ spl utions in the rotalthiinsg fr ame &
phenomenol ogical description shows how the ma
but with some exceptions, does n@Calalczahan. el ¥
To do this, one must account for the origins
(a) (b)
A A
M,(t) Mxy(t)
_ -t
M, (1 —e t/Tl) Mye /1,
5 » time 0 » fime
Fig. 3.1. Relaxation of net magnetization com
Bl och e(@Bladt joanls9 489!l | owi ng excitatioin, the | on
r e c oivtesr sma g (le)tait z aat pfeE(t @) ofwhi l e the Or amswagr se

wi trhatagf'Y¢ b ) .

Origins of Rel axati on

Rel axation is the process by which spins ret
Equilibrium is reachedKwekrérrtw@00@nditions ar
1. There is a Boltzmann distribution of spins
2. There i s no phase coherence among the spin
This discussion wi |l consider a spin state s

nucl ei wilt2 tghueng pimn AH)mb €lro (exwcd lt eass pi ns, spin
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transitions from the | ower to the higher ener
pulis.eae.secondary magnetic field in the transve
to the entire sampl e. For relaxation to occur
until a Boltzmann di st Diubbutnigom edfaxsapgiimsn,i ¢ rrae
because of an external RF pul se, but rather b
spin interdaomtiBomswniRm motion, the orientation
causing | ocal magnetic fi almgpds iatmddethiameg.e Whenrd ot

| ocal magnetic fiel d¢d healywrantodatie emiuegmicryf r equ

ori emttehtei am andspreeepeéngyey | evel transitions ¢
There are many different types of spin inter
(Keel er ,FOOQQ3yampl e, paramagnetic species sucl

strong magnetic fields due to their unpaired
However -1/f2Zornucplieni , the dipol ar coupellianxgate fofne c
This interaction arises becaus e marhatghn estpiicn fhiaesl
whiicrmt er atches magrhet acnéighbdobping spin. The siz
strongly on the orientation between the spins
gyromagnetic ratkKeelodr t h20@ 2o nucl ei

Just as there are many different types of
there are also many types of molecular moti on
(Keel er ,F@O0o&yampl e, mol ecul ar vibrations cau:
magnetic fields. However, this moti®nabobecur s

transitionst athe,r tmaé(QI¥in guaiggsl ees¢ wl aisnder go r ot at i
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di ffusironatThins di ffusion mol ecul ar motion o
cause relaxasianecathées naguodeldICaeggamban, 19

Keel er., 2002)

“YRel axati on

Rel axation by:"6rpalnaxTetmpemr aitsurtehe process wkt

bet ween the energy |l evels until they reach a

described this phenomenon usSilng httlree WharicreBghte o

spins are in thermal equil i,btrhens prin ht enhpedrra tet
to the |l attice temperature and the popul ation
statistical mechanics:
n o ©
— = 3.2
whefneangare the thermal equil i br ntuhm rprhdo bab i

energyOlaem@dg | &+nids t he temperWhemenof itheedailkiik

the | attice, the spins ar— dhartadtseruinzeegduady ta
n o 0O
A /S\QE;T (3.3)

“Yrel axation captures the energy exchange p
environment during relaxation. For example, t

spin wild@ require energy fromethtoehovweoneapeat
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spin wild.l release enetygel agat henengspraoaeméheat
until the spin temperature i s equadand da@ he | a
Boltzmann disdisi beacbedofl|l spmast be noted t ha:
physical environment, but rather the motion o
provides a comparatively much | arger source o
Withsthhermodynamic appPrehakat aondsSgn ekhdieder i

1978, Cal l:aghan, 2011)

(3.4)

pBid® O ©
C

L
Y B O

wheweis the rate of tr@nd sti dynest h en daurcweidr d rn

PerturbatTihoen tTrhaenosriyt i on rate cdepkadealcul a

perturbation theory, treating the dipolar int
| arger Zeemaneitheei actteiract{ on between the spi

(Call aghamBghde®dme s :

P A G"O’O ' ’ 3.5
N T roC P U L ¢ (3.5)

wheres the magnetic per meaibd Itihteg rodddaedk &I
consfasntt,he spin qwaabwWmrreumiperc,t raald densi ty f

from the dipol afCabluphghadgpiec@8bdictdiearsi ty func

the or’Yrgelnasx atfi on, measuring the amount of r arl



44
frequency to cause trafeeiensTROOCWel spbhba ex

furt hGCeorr rien aft i on Functions and Spectral Densit

“YRel axation (Spin Density Matri x)

Theresence ofd filebdespepiepagraless around the di
applied field. The phase of a spin is the arb
nuclei makheggl amethe a particular point in tim
spins align and there is a net magnetization
ofYrel axati obectomaispbpswsth each other and eve
coherence is lost. At thermal equilibrium, th
net transver(skeaagm,etd®®2) on

One cannot deriVvYeebaxaexpoesgsiongi¥bhei saeane
perturbation thetelegr aoies motZegmpdry i nteractior

i nteract iYorre.l| alxmdtieoand ,can be derived using the

Cal | gL )resul ting i n:

A o, . p, v, P,
— [ 0 =00 p -0 @MW -0 ] -0 ( (3.6)

P
Y “ C T C T

~—

Compared herEqi s3ahb, additi onmalt hapeappalrde

whi cahl sos due to thleutdi poYrqailea xateircarc.t i on

Correlation Functions and Spectral Density Fu
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Spectr al density functions help account fo
amount of random mol ecul drKemd teirqg R 1 @:tA)r |fieeardns
t hat rotational diffusion is the type of mol e
Rotational diffusion can be chwhacheirszddftihe
average time it takes a nioAbe cawglaem,tMd Bnea@2wd etsh rwa
short correlraapioddymmesc moeee with | ong correl:
descri be a sotionc htahsitsi cc apsreo creasnsdom r ot ati onal di

magnet iodanf aetdsorrel ati 6Kubaoné&t Sbol ean be68¥e

"ot UBO P06 ot 6 06 o t E (3.7)

The autocorrelation function takes the ens
magneti c Owietlthd tahe tliaoneal thaagneet)if@irhiadlild ath et isr

This can al savikee awnitimtgtieom :usi ng

oot 6 06 o t (3.8)

in which the over bar rTelpirse sfenrntcst iaonn embseynsb |t
stationarity, meaning the functiagmatdteerendisamn

when is MEasluerdTROD2)i t can be expressed sol

Ot 6 mno6 *t (3.9)
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e autocorrelation f @iscd@ndongoheass tthAez € raor geet
e form the aut oc e rBfrelwantiiacya nfloetciaoyni 0@ e€&ampo

er, 2002)

Ot oOnAgb 8fe (3.10)

e reduced carsr enloatmdden zaeowgnldityiuvadhe f act or

Qt A@D $ (3.11)

te the decay rate depends on the rotatio

mount of random mol ecul ar motion that ca
er, recall for energy | evelvitnrgamgi ttiheng i
ency. By taking the Fourier transform, t

a function of time to a function of freq

~

oL S o (3.12)

is a spectral density function, which re
enthe Fourier transform ofQftrlked udecsaywi ng

tzian with an absorption mode | ineshape:
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Q A AQDiS pL (3.13)

Recall from tYaheYequakanbonsenfohat there are
functions that appear after accounting for di
occur, two spins must inseiacstwtehsgatkemot he

di ffereaveksetrpggt!|l ari se depending on( Rihge. sP.i D)

(Keeler ,BeO®R23e the dipolar interaction can cC:
pairs of energy |l evels, three autocorrelation
transitions. Dipolar coupl i ng aiyntier actei csmsnew e

state ar e'Od,estcrrarosidt iboons whi ch causes one of t
state ar eOd,esanrd bterdarbsyi ti ons which cause both

are desOr(ikbedl diy, A22O90OR)ng that all three autoc
same reduced correlation function (a decaying

derived by modeling a spBEereht etratsi(dGall)imp gahravni,

2011)

) T T

0 ] s (3.14)
pbp 1 T

. T T

0 ‘ (3.15)
pvbp 1 fT

, T

0 ] P e (3.16)

pop 1 T
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wheires the distance between the mAgnetic m

results from the di(p®dlalraghmamn,r e2®F1)t he coupl.

1B8)

laa)

Fig. 3.2. Energy-spehnel sggtdgnanubpy)n! @ ddwavn) ,
modi fied {(ROMm2puedndrum transitions (green) occ
opposite di-geahtomstr &heagteons (blue) occur w
remains unchanged. Double quantum transitions
di teon.

Next, the spectral density functions must

their specilfarmsittriacarsd twlenrse one spanh ftheps to
Larmour foreg.drearcyi,ti ons where both spins flip
twice the Laomqgqur Lasdgfulgqpdftirigpnsi ti ons occur
O m. This | atter component is referred to as

as it describes static | ocal magnetic fields

“YanRel axati on -Namr rMonmeido nalmit ( BPP
Theory)

Th¥rel axation profil éYrseh cawsa ta ormi npfi nmudi vghne nt h e
3..3)Here, there is maxi muiNmrepagttalbndedwdtdi &f
moti onal regi mes can be chaYacterized relatiwv

1.tLpM :Fambtregi me (Aextreme narrowin
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2.7T1 p : Smotwi on regime (fextreme broa

fast
motion

slow
motion

log(Ty,T;)

T,

02 10 1¢
log([worc]™)
Fig. 3.3. Dapdnédlaxatiodbn ti mes ontatotatfiionad
Larmor flr@hg&enmcye exhibith mi di mueohi ngat he b
into twd amaygi(folaglh: ,"extr eme narsd awitn(golnpf and
"extreme broadeni fivygl mesl marleot ongegiumes 0 mol ecu
too slow to efficieMprlof iiln&iunciern Aswridn aadtr ans i
gi me but ditrdeegés &ahel ongeeasing influence
[
e

1 | |

ch cause dephasing witWoetomasergqyc Bsismmshange
-md toiwon regime. Figur(e2told)i fied from Call ac

or
re
w h
t h
Both thel mwmdtr egndnes eXrhalbaxatlioomm ti mes, t hou
reag&Krese!l er , R2O®R2I) t hat spi n-stercaunsairt idanpso |l oacrc urn

which depend on mol ecular motion to cause the

f amat regi met)(assmailnbétauwuses,t he mol ecul €¥ ar e mo

rel axation I ssheonetafefgiicaeeinthedtusgai,emol ecul es &
very sl owlythleomrgi s | ess mol ecul afYrrdtaixan i tom
takes |l onger. 't i s betrweeins tthhees ep etrwfoe cetx tar neomen

obttahe "Mosltaxati on.
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Th&rel axati equp maedfiern §tahivadt regi me, but as the

time gets | arger an@KealrgeyTRiODR2)praode |tec fda ot

noswnecul ar and secular dipolar interactions col
spins (observe the presence of allYthree spec
relaxation). When spins Aflipd to new energy
thus, anyt hYmgl axhatti ciuslesx acawsaes Spins can al
coherence i f they start to precess at differe
| ocal magnetic fields. Recall this is describ
or | ocacl fmaegindestiosci |l | ating at =zero frequency.
cause spins to dephase but cannot induce spin

right frequency. ThuY¥rehakatvefyyehaaogqthbaesdtc al
f amati on regime, the molecules moving around
experienced by a spin. Consequently, the secu
negligibl e, -sa&mdl idtru ticioontt tetyantotht e bdgsat sbow | n tFh
mot regi me, because there is |l ess molecular mo
magnetic fields and the seYuéhaxabhoni bution
Since the linewidth in the "¥,r etqhuee nrceyg isnpee cwirtu
s horYteismiedehdel onwt regi me) wi |flr encaweeradoys o adleuw s, it
deemed the fAextremMBEeblend®e®® 0l@Po ac gliimeewi dt h i
range of resonant frequencies found within th
magnetic fiel d-moQoinovne rrsealiymel tdhivegs fdeataryo wi impmeask |

the frequenicy daolmaadcd tamal Aextreme narrowingo
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moti on averages out the | ocal magnetic fields

found within fheqgwopemdkikse aared sthhag p .

“YanWRel axation OuNasrrdewdibti onal ly
(Ande&Veams s Local Field Theory)

A different approach is required to €harac:
olids. For nuclei in a crystal |l attice, ther
nd their orientations iar tfhieelldd tviarey oComsiede
aturally there is very Ilittle molecular mot.i
oherence to be quickly destroyed f(odalldwaigrhg ne
991) i n the dtrreqm,e ntctyersegpei s a smearing of the
nhomogeneous broadening, reflecting the | arg
ampl e. To ssvencnudrairz ed,i prodmar i nteractions are v

nNnteracéeivaesy strongoiln dtdwmdl dgaa hiadn ,0 rl 9s9%ln)i

The previous eYuatawmatdenised| foapplies ou
arrowdc€al il mgharc] &a®el®)xation will be very 1 on
f molecular motion. A differenv¥reéelra@aameoann, i &S
nherent assumptions in the previousamamawgdi s
i mi t. Ilnattthieceirrieggidme o, the ti mescale of the

orrelation time of thdedemelsdf ¥lad e dhiisss & i mesc
he |inewidth(KifmmhehyTlyo ertjtgitcdei mendr mowednal |
egi mes can be defined as:

Yo t1 p(rilgatdtice | i mit)
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Yo tLp(moti-nmaatbwed | imit)
To char™rcdleax a&tei on within the rigid | attice
applied. RWeiAmrmddr=esanMealk axdasiconbies terms of
magnet i(cKifmmalcdhs, R&©8IlF)) t hat s pi]npsr opproercteisosn aalt ta

strength of the magnetic field they experienc

1 16 0 (3.17)

wheboes the main madrmettihe flioelad armadneti c fi
i nteracdei.panlsar( i nteractions). Of course, the

Larmor equation:

1 ) (3.18)

The presence of | ocal magnetic fields crea

relative to the resonance frequency:

m 1 o (3.19)

whemies defined as the offset foegiukhcy. Bec
fl ucamattehngwielfloraesThvee IflukWe Ardet sent mémt char a

relaxation in terms of these(Kimmntahti bg97) eq
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Yo AgbPo O o tQtQt (3.20)

whetYéis the nom@lsi zehce FRINB embl e average of
frequie.hebspecond moment) oM@ftihse tihenerwdaduched corre
This approach correctly predicts that the dec
FI'D i s (Gaalslsaggmadmdhe2@fb)ye, the | ineshape in t|
Gaussian as well . Thi s aplpartotaicche allisnoi tw,o rdkesmoonus
magnetdeaadayons sl ow when the molecul ar moti on

exponential with a Lorentzian | ineshape in th

Pulsed Field Gradient (PFG) NMR

Il ntroduction: Motion Under a Gradient

I n Chapter 2, it was shown how spin phase
grad{(€atkkaghamkor2@kxbBmpl e, in the gradient ech
gradient wound up a helix of phase foll owing

a gradient of equasli,gmwgnchudeadut ooppesi bemat
However, the perfect2.reeforcmes -htghhate pgpcfinmxdelden &
in place in the diréecactoiugmowuft tthe @spmluieeid egr d ch
di ffusion is bound to occur, especially with

accumul ated phase and | eads to attenuation of

on the finnalhe nmatgheeer hand, the echo signal con
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occurred during the experiment, which demonst

gradients can be used to track mol ecul ar mot.

Aspace and Propagators

The normalized transverse d@naguhetcihz atniidn ad fl

at powsdand omoved »op pesdEeCalnlealgman, 2011)

~
1

—— A% (3.21)
U Pt

whetwei s the accumul ated phase »wfimhtehspin.

presenceva)rfyianglig‘meadihentthe phase shift i s:

%0 [ | o »o (3.22)

This expression captures howr a hgepianp pacigeudi r
gradient over time. Spin phase is made sensit
gradient (PFgG)CANIMRaAghann 20Ek1)pul sed gradi ent
experiment, a gradiQemd @Emudrsreo w)i tsphualapspe i lieadru giten |
the initial qQ FA ge x Br. 8Bht2E2d h ep alccamul at ed phase

posimiison

% [ o »ow 1o (3.23)
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Next, a 180A pulse iWdvetrlies ddme prharsreo s hg rf d

applied, and i f t#®e tshpa np hmeosvee ss htiof tp ovsiiltli obne :

% [ Jo ow»ow o> (3.24)

Therefore, the net phase 3siBRIt:24s simply t

3% [ or» » (3.25)

/2 T
RF |_| » time
G, [ [ :

- <_— _ Residual phase:
Z T @ @ ,. @ @ A¢) = )/69(21 — ZZ)

= o ! -—

- ! —_—— -—

- N | =

= D /) -—

= / = =

= Eo ’ IS =

o> = = > _——
Z4 > 0 Ty O —-—

> G T O —-—
I g.l 13l.As.t rati on of t he &fGISEc t( Paufl see dmdvwiardg e i
Xper.ipnBennst ac qu itdreg ean dpeavdh iestpihoees @ ow  girsa dda pemlti edi |
fter a 180A RF pulse and a second moddmtgi c al
pins accumul ate a residual phase proportiona
n t he fsopri nr aencdhoont ingoutri eo nnCoad il fgidat@ELrf )r o m



56

Of course, the echo si'Oglﬁ})al Wrbm aomM&SEr emip
accumul ated phase shifts from all of the spin

term by its probabilr rrfoeYymoVimey probhalpiolsii ty

o LV S )| (3.26)

whet efimti s the initirandmes)nidenhiet yyehaetppagat or

conditional prokiabi btj @gl odgmavhezy@bhb)e mbl e ave

all displacements is given by:
ofre " st 0 oserie AgEfio»r > O (3.27)
Egq3.2@n be rewritten in Hemm>anfid the apien ad

propalgf¥ ordefined as:

0 4Ry " ph 0 pe» 4V O (3.28)

Eq3. 2@n al so be more convedi &pl awaeveeavpercet sosre C

A ﬂ (3.29)
C
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whemies in units ofllGepmbi mil ndg r tyieeladsy:e [ at i on
O Aw 04 Ag®3 Qf (3.30)
This establishes a Fourier reatpacenahdpt be

averaged propagator t hadi sdpelsacdreitmieenst psir,lod adp & ¢t 1y
di stribution of sp3nCdlilsgpdEbremehki) cebet Fmer |

conjugate to d

issp | tahcee nfeonutr,i grusctomjsugate to pos

how gradi ent s _&srpeacues eidn tiomasgammpgl,e r epeating the
gradient str eng4&shpsacies. UNsostdeu stohaastb mpmeni mi zed s
assumed spins do nét hmozlel edirnamgr a wep plus s eapp!
is also a similar reciprocal relationship bet
domai net he reasplaicteedmei Mi fferasneeshetded emr mi me
FOV in displacement aspace ,denharlmi nese tFOe/ ries ol
di spl acediespbk aochédsheernvtat i 3 n i Bixmedw m@ardt alsl yener a
much | ohgewi t Balhonegeral | owi ng ttoh e ndeir.goO nmmat @ otn

Aspace is sufficiently sampled, the propagat o

transform of the Ceashopwltsensaqui omBc)di gmawn i n |
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T
/2
RF—J_L >i€ > »time
T T
IAI
B,
0)

Acquire W‘WWH

Fig. 3.5. PGSEs pruelpseeatseedquaetncveilrty)ingsylda(dai,ent S

whea er 1' C“8

PGSE Signal and Propagators for Diffusion

St e jTsaknanler :Fcerl aspgioms undergoing free, 1sotr

a Gaussian functi-danner v(eOallH yaigthhaen , S t2e0j 1sl1k) a |
Oa 1

i “ A - 3.31
o AZD1* A0 w S (3.31)

which corrects for motion du+finBhe hRGSE NI t ¢
met hod enabl es t Hd odibfef wail @rul ad eefdf ibgi -drntndi ng

Tanner ip+ovstox w - (Callaghan, 2011)

Diffusionl PropagRGS8E gradient pul ses are a

echo attenduaBtéi §@BtNnAG®qg. Consi st3e.nx0tvhiitsh fBg.ms a
Fourier transfokmowmidi fwiushi adrheprwe&fagavghanal s

2011)



59

5 1y . Ll
04 1 83 Aab N (3.32)

PGSE Signal and Propagators for FI ow and Diff

Coherent Spin Motiomhhendmpaeti ehtsMeadnt 61

came derived by revisiting the expression for

timarying gradi)Aaylioel & PDE@anhey, ,20@41:aCaldl ae

%0 [ | o »o (3.22)

A Taylor seri d¢d mex maspsingdrepnmeds,i ttyhoml, d s :

>0 » 00 §+o E (3.33)
in whiehand —.For simplicity, only station
in tdheextion wildl be considered. The phase ex

® N
% (6 QO TL "Moo FT Moo E (3.34)
whedéeés the initiuiag tslpe nspiosivdlemcipt,n,aadcel

the time integrals of0 théQgo@di Snnsearf é owheé sm

acceleration and the higher order terms wil!/
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mani pul ating the gradients to make the echo s
derivaCavkbeaghamBgB8ahlble rewritten more conveni

tempgopmradi ent moment s:

% [ G0 0D (3.35)

whebe s the zer dtihs momenti asdr mdmemnt . of nt e
experiment, it is standarr dt d hlmg nmdiree gpraadiesnd,
effecti Je«grakdiemtconsiders the effect of RF

0 m So the phase becomes:

% [0 0 (3.36)

The first mo me nt i s evaluated over the tim
0 Qo o0 QO O (3.37)
0 Q3 (3.38)

Therefore, the phase shift in a PGSE exper

% T TQU 3 (3.39)

Or more generally, i n vector for m:
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% [ | Y (3.40)

This result demonstrates that there is a |
t he PGSE signalTaayn drt h&e Dw eaalncecyi, t. 20 0t4h e Cparl d saegrhca
flow and diffusion, uniform flow i mparts a ph

St ejTsaknanle r (rCeall d taigchman, 2011)

04 AGEQ ADY 1“ RO 1 3.41
on TnNoow - (3.41)
resulting in phase modul ation of the signa

random di ffusive moti on.

FIl ow and di f flulke otnotpalo pmrgaag @gat or when there i

convolution of the (tGweol liangdh aviir @u2a@ hipfr opmagfalt ow,s

propagator is a d®l ta function centered at

04 1 = (3.42)
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ARTICLE INFO ABSTRACT

Keywords: Biofilms are a highly complex community of microorganisms embedded in a protective extracellular polymeric
Biofilm substance (EPS). Successful biofilm control requires a variety of approaches to better understand the structure-
MRI function relationship of the EPS matrix. Magnetic resonance imaging (MRI) is a versatile tool which can measure
:Illj\ik spatial structure, diffusion, and flow velocities in three dimensions and in situ. It is well-suited to characterize
AGS biofilms under natural conditions and at different length scales. MRI contrast is dictated by T; and T, relaxation

times which vary spatially depending on the local chemical and physical environment of the sample. Previous
studies have demonstrated that MRI can provide important insights into the internal structure of biofilms, but the
contribution of major biofilm components—such as proteins, polysaccharides, and cells—to MRI contrast is not
fully understood. This study explores how these components affect contrast in Tj-and To-weighted MRI by
analyzing artificial biofilms with well-defined properties modeled after aerobic granular sludge (AGS), compact
spherical biofilm aggregates used in wastewater treatment. MRI of these biofilm models showed that certain gel-
forming polysaccharides are a major source of T contrast, while other polysaccharides show minimal contrast.
Proteins were found to reduce T2 contrast slightly when combined with polysaccharides, while cells had a
negligible impact on T but showed T; contrast. Patterns observed in the model biofilms served as a reference for
examining T2 and T;-weighted contrast in the void spaces of two distinct AGS granules, allowing for a qualitative
evaluation of the EPS components which may be present. Further insights provided by MRI may help improve
understanding of the biofilm matrix and guide how to better manage biofilms in wastewater, clinical, and in-
dustrial settings.

1. Introduction

Biofilms, a consortium of bacteria ensconced in a sticky slime, have
existed for billions of years. Nonetheless, in 2019, global leaders in
biofilm research boldly declared biofilms were suffering from an
“identity crisis™ [1]. This uncertainty is not related to the contradictory
impacts that biofilms have across multiple sectors; many biofilms cause
deadly infections and foul equipment, while others can be harnessed for
beneficial purposes, such as biological wastewater treatment. Rather,
the identity crisis lies with the slime, more technically termed the
extracellular polymeric substances (EPS). The microbially-produced EPS
consists of a complex mixture of extracellular DNA, proteins, lipids, and

polysaccharides, and is crucial for understanding how biofilms operate
[2-4]. However, surprisingly little is known about the identity, function,
and distribution of individual components inside this complex matrix,
leaving questions such as how deadly biofilms resist antimicrobial
treatment, or how to optimally grow wastewater biofilms, incompletely
understood.

1.1. Magnetic resonance imaging
To increase the scientific community’s understanding of biofilm EPS,

researchers called for improved extraction processes to isolate and
identify individual biomolecular components [1]. However, this
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approach is prone to bias, as different solubilization methods can alter
the EPS composition. Therefore, imaging tools are integral to confirm
the identity of the EPS as well as to observe how EPS components are
spatially distributed throughout the biofilm matrix. Viable approaches
include confocal laser scanning microscopy (CLSM), Fourier transform
infrared (FTIR) imaging, Raman spectroscopic imaging, scanning
transmission X-ray (STXR) microscopy, and mass spectrometry imaging
(MSI) [1]. Since this 2019 call for action, advances in the aforemen-
tioned methods have led to many breakthroughs in EPS characterization
[5]. Noninvasive, label-free magnetic resonance imaging (MRI) com-
plements these techniques by studying the structure and function rela-
tionship of biofilm EPS components without being limited by biofilm
size and thickness.

MRI is an imaging technique based on the nuclear magnetic reso-
nance (NMR) principle of spin, a quantum mechanical property
describing nuclear spin states of atoms such as H, ¢, and "F [6,7]. An
NMR magnet supplies an external magnetic field (Bg) which causes a
slight majority of spins to align their magnetic moments together and
generate a small net magnetization. The spins also precess at the Larmor
frequency proportional to the strength of the external magnetic field.
After being excited by a radiofrequency pulse also at the Larmor fre-
quency, spins return to equilibrium in a process termed relaxation,
during which signal is collected. Due to their high percentage of water
(95 %), biofilms are visualized by exciting 'H nuclei. Images in 1-, 2- or
3-dimensions are created by using magnetic field gradients to localize
spin signal [8]. MRI has no depth limitation on biofilm scales and images
can be acquired in any spatial orientation by applying slice selection
gradients. Moreover, image contrast arises naturally, depending on
proton (spin) density, molecular diffusion, chemical shift, and relaxation
phenomena. Proton density imaging does not supply strong contrast in
biofilm imaging, since water in the hydrated EPS dominates over much
smaller populations from intracellular water and protons from EPS
macromolecules [8,9]. Diffusion-weighted imaging detects changes in
random spin motion, providing contrast between regions where trans-
lational motion is restricted such as pores, channels, and intracellular
water [10]. Chemical shift arises from changes in the magnetic field
experienced by spins on a molecule due to its electron cloud and serves
as the basis for magnetic resonance spectroscopy (MRS) in determining
the chemical structure and composition of a molecule. Different mole-
cules have different chemical shifts, which can be used as a contrast in
MRI, i.e., magnetic resonance spectroscopic imaging (MRSI), to create
spatial concentration profiles of specific biofilm molecules [6,11,12,13].

However, the predominant NMR method to characterize biofilms is
relaxation-weighted imaging [9,14]. Relaxation occurs due to dipolar
spin interactions, which create local variations in the magnetic field that
fluctuate due to random Brownian motion. Fluctuations at the Larmor
frequency induce spin energy level transitions which lead to the return
of the spins to equilibrium, a process termed T; relaxation [6,11]. Spins
which experience varying local magnetic fields due to dipolar coupling
will precess at different frequencies and lose phase coherence, leading to
a decay of the magnetization signal, a process termed T relaxation [6,
11]. When this decay also includes contributions from static field in-
homogeneities, it is termed T2* relaxation. The structure of a biofilm can
influence relaxation rates by limiting the rotational mobility of protons.
This restriction occurs in various biofilm components such as the EPS
matrix and cell clusters [4]. The chemical environment of a biofilm also
affects relaxation, through mechanisms such as chemical exchange be-
tween protons in water and functional groups on large EPS molecules
[15,16]. Also included in this category are susceptibility artifacts pre-
sent in the biofilm matrix, such as accumulated minerals or other
paramagnetic ions, which will influence To*-contrast. Ultimately, it is
the complex chemical and physical environment of the biofilm which
leads to a divergence of spin T, Ts, and T2* relaxation times. Parameters
in MRI experiments can be adjusted to either emphasize T;-, T»-, or
Ty*-relaxation contrast, forming images which can readily differentiate
between bulk water and biofilm EPS.
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1.2. Characterization of biofilm EPS using MRI

The extent to which MRI can distinguish between individual EPS
components has not been fully established. Diffusion-weighted MRI has
been used to characterize biofilm heterogeneities to varying degrees of
success. Wieland et al. made diffusion maps through a phototrophic
biofilm, observing a decrease in diffusivity in zones attributed to high
density of cells and EPS [17]. However, in another study, little variation
in diffusion coefficients was observed, despite the complex internal
structure of the biofilm [18]. Chemical shift methods have the greatest
potential to clearly contrast different EPS components. Preliminary
work using techniques such as chemical shift selective (CHESS) and
chemical exchange saturation transfer (CEST) [6] imaging to target
biofilm molecules with specific chemical shifts or exchangeable protons,
respectively, is promising [19]. However, there are well-known chal-
lenges using MRS for carbohydrate characterization [20] and MRSI has
been primarily used to visualize and monitor the distribution of me-
tabolites in different biofilm regions to enhance understanding of bio-
film growth dynamics [12,13]. Hoskins et al. first used MRI to visualize
biofilms in porous media using relaxation contrast techniques [21].
However, in this and many subsequent studies, relaxation-weighted MRI
has largely been used to confirm the presence of a biofilm and broadly
characterize its morphology [8]. Kirkland et al. considered specific
sources of contrast across Tj-and Tz-weighted images of heterogeneous
aerobic granular sludge (AGS) biofilms used for wastewater treatment
[22]. It was suggested that lighter pockets in T maps could be from void
spaces, darker regions from more tightly crosslinked EPS, and the
darkest regions at the center from solid inclusions.

Despite the prevalence of relaxation-weighted MRI to study biofilms,
research is needed to clarify the relative contribution of major biofilm
and EPS components to MRI contrast. Biofilm constituents all play
unique roles and have distinct relaxation behavior. Polysaccharides,
particularly gel-forming polysaccharides, often provide structure to
biofilms [2,3] and may strongly affect T; and T relaxation rates by
restricting rotational motion. Proteins contain multiple functional
groups which can interact with water through mechanisms that can
affect relaxation, such as chemical exchange [15]. Additionally, a large
portion of biofilms consist of cells, which represent another fraction of
water with characteristic relaxation behavior [23]. While
relaxation-weighted MRI cannot independently verify individual EPS
molecules or all of the details of the EPS, better understanding of dif-
ferences in NMR signal intensity and relaxation behavior will make this
tool more effective for complementing more specific imaging techniques
and helping combat the “identity crisis™ of biofilm EPS.

2. Approach
2.1. Aerobic granular sludge (AGS) biofilm models

NMR is well suited to study biofilms in situ, though practical con-
siderations are needed when establishing a system capable of growing a
biofilm and integrating it into the spectrometer. Some biofilms are more
amenable for NMR analysis than others. Aerobic granular sludge (AGS)
are large (>200 pm), spherical biofilm aggregates formed from flocs of
activated sludge for wastewater treatment [22]. They are of high tech-
nological interest and fit into standard NMR test tubes. To explore the
influence that EPS components have on MRI contrast of AGS, artificial
biofilm granule models are created using model representatives of
different EPS components. Relaxation-weighted MRI of these model
biofilms can then be compared to MRI of AGS granules. The subsequent
sections will elaborate more on the roles of polysaccharides (PS), pro-
teins (PN), and bacterial cells in AGS, and the criteria for selecting model
representatives for the artificial biofilms.
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2.2. Polysaccharides

Generally, the role of polysaccharides in the EPS is to provide
structure and mechanical stability for the biofilm consortium. In AGS,
the “structural EPS” is thought to mostly consist of polymers that cross-
link together to form a hydrogel [2,3], which protects bacterial cells and
encapsulates proteins, lipids, and other extracellular substances. Due to
the high complexity of the composition of the EPS, not every poly-
saccharide has been identified, nor do all polysaccharides play a role in
hydrogel formation [1]. To date, only two gel-forming extracellular
polysaccharides have been isolated from AGS: alginate-like exopoly-
saccharide (ALE) (trade name Kaumera Nereda® Gum) and Granulan
[24]. While hydrogels can be temperature or pH-induced [25], these
polysaccharides form gels exclusively through ionic interactions.

2.3. Alginate-like exopolysaccharide (ALE)

Bacterial alginate was first isolated in 1966 and is produced by a
wide range of Pseudomonas and Azotobacter species [26,27]. They are
widely considered to be an important component in Pseudomonas bio-
films [28]. Alginate-like exopolysaccharide (ALE) was isolated from AGS
granules in 2010 [29]. The biomass was extracted using sodium car-
bonate and heat; ALE precipitated out of the supernatant by decreasing
the pH with HCL It is no surprise that the exopolysaccharide identified
was “alginate-like” as these are the same steps used to isolate alginate
from algae [29]. Both bacterial and plant-based alginates consist of two
monomers, f-mannuronic (M) and a-glucuronic (G) acid, linked by 1-4
glycosidic bonds and carry a net negative charge due the presence of
carboxylic acid functional groups. The monomers can be arranged into
hetero- or homopolymeric “blocks” within the biopolymer (i.e, MM,
MG, and GG residues). According to the “egg-box™ model for gelation,
GG blocks form cavities which carry a —2 charge that fit/bind to diva-
lent cations, particularly calcium, bringing biopolymer chains together
to form a hydrogel [58]. Although plant-based alginate is distinguish-
able from bacterial alginate by the absence of o-acetyl groups on the
monomers [29,30], it has been recognized as an excellent model for ALE
[31] and was used as a model biopolymer in this study.

2.4. Granulan

Granulan was isolated by Seviour et al. [32] from lab-scale granules
treating abattoir wastewater. Like ALE, the biomass was extracted under
alkaline conditions, using NaOH instead of sodium carbonate, and
Granulan precipitated out of the supernatant with cetylpyridinium
chloride and methanol. Granulan is a complex heteropolysaccharide
made up of repeating sequences of a-galactose, f-mannose, f-glucos-
amine, N-acetyl-f-galactosamine, and 2-acetoamido-2-deox-
y-a-gal-actopyranurenic acid with an attached disaccharide branch of
f-galactose and f-glucuronic acid. It is not known exactly which microbe
synthesizes Granulan. Indeed, it might not be unique to any bacterial
species, however, it has generally been found in reactors operating
under conditions that enrich Candidatus “Competibacter phosphatis™
bacteria. A gel is formed when strands of Granulan form anti-parallel,
double helices stabilized by hydrogen bonding; the gel is strengthened
when helices are connected by “interhelical bridges™ formed by elec-
trostatic interactions between divalent cations (calcium) and terminal
carboxyl groups on p-Gal—p-GlcA residues. Because of the complexity of
Granulan and its murky origins, it is difficult to isolate and study.
However, there are many parallels between Granulan and gellan, an
exopolysaccharide produced by pseudomonas elodea consisting of four
polysaccharide units: two p-glucose, one p-glucuronic acid, and one
L-rhamnose residue(s) [33]. Although comparatively much simpler,
gellan has a similar gelling mechanism as Granulan. After the applica-
tion of heat followed by slow cooling, gellan strands form anti-parallel,
double helical structures stabilized by hydrogen bonds [34]. A stronger
gel is generated when divalent cations are introduced, creating
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interhelical bridges between terminal carboxyl groups on glucuronic
residues that link the helices together. In this study, gellan served as a
model for Granulan.

2.5. Extracellular proteins

Extracellular proteins are the most abundant granule component
[24]. Some researchers have found a strong correlation between the
ratio of proteins to polysaccharides (PN/PS) and granule hydrophobic-
ity, suggesting that proteins play an important role imparting hydro-
phobic properties which promote granulation [35]. Furthermore,
proteins may help reduce the negative surface charge density sur-
rounding bacterial cells, minimizing cell-cell repulsion [35]. In actual
granules, PN/PS has been reported between 1 and 8, with larger values
often observed during granulation [24]. The molecular weight (MW) of
proteins in granular sludge has been reported to be 20-97 kDa [36].
Bovine serum albumin (BSA), a well-characterized protein standard
consisting of 583 amino acid residues and MW of 66.5 kDa, was chosen
to model extracellular proteins in the artificial biofilms.

2.6. Microorganisms

There can be no biofilm without bacterial cells, so it is no surprise
that they represent a very large percentage (+15% by volume) of a
hydrated biofilm [37]. Microbial populations in AGS are diverse,
encompassing various bacterial and, in some cases, fungal species that
vary based on substrate composition and growth environments [38].
While filamentous microorganisms can be present in AGS, floc-forming
bacterial cells are typically the dominant component in stable AGS
granules [39] and are the focus of this study.

With respect to NMR, cells are considered a highly restricted water
population trapped inside a semipermeable membrane [9,23]. It is
therefore not necessary to closely model any specific microorganism.
Bacillus mojavensis, a gram-positive, aerobic rod-shape bacterium, was
chosen to represent bacterial cells in the artificial biofilms.

3. Materials and methods
3.1. Alginate sample preparation

Medium viscosity sodium alginate (Sigma Aldrich) derived from
brown seaweed was dissolved at concentrations ranging from 1 to 3%
w/w in 0.1 M NaCl (Sigma Aldrich) solution prepared in deionized (DI)
water. To incorporate protein into the alginate, lyophilized bovine
serum albumin (BSA fraction V, fatty acid free; Caisson Labs) was added
to alginate solution and allowed to fully disperse for several hours at 4
°C. The final concentration of alginate was fixed at 2% w/w while BSA
ranged between 2 and 4% w/w. For cells immobilized in alginate,
B. mojavensis culture was first spun down, supernatant removed, and the
volume recorded (cell culture procedure outlined in section 3.5). Algi-
nate solution prepared in 0.85% NaCl and 10 mM HEPES buffer was
added to the pellet and mixed gently. Alginate was not supplemented
with any nutrients to maintain metabolic activity during encapsulation.
The final concentration of alginate was fixed at 2% w/w and cell con-
centrations were prepared at 10% and 20% v/v.

3.2. Alginate gelation procedure

Alginate solutions were carefully loaded into a 60 mL syringe to
prevent bubble formation. The syringe was fitted with an 18G needle
and then loaded onto a syringe pump. Alginate was added dropwise at 1
mL/min into a 0.5 M solution of CaClz (Acros Organics) prepared in DI
water at room temperature. Gel beads formed instantly and were
allowed to mix with a magnetic stir bar at low speed for 1 h before
removing for storage or NMR analysis.

The gelation agent for alginate/BSA mixtures was modified in order
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to create a chitosan-alginate membrane around the bead to mitigate
protein loss, adapted from a procedure by Takka et al. [40]. Chitosan
was dissolved in 5% acetic acid at a concentration of 0.25% w/v. Next,
0.5 M CaCl, was prepared in this solution and the pH was adjusted to 5
with 0.1 M NaOH. Protein encapsulated alginate beads were formed in
this media following the general procedure described above.

The gelation agent for alginate/cell mixtures was also changed to 0.2
M CaCl, prepared in 0.85% saline and 10 mM HEPES buffer. This media
was also sterilized by autoclave (120°C for 20 min),

3.3. Gellan and gellan/alginate sample preparation and gelation
procedure

Gellan gum powder (MP) was mixed into DI water at concentrations
ranging from 1 to 3%. The solution was heated to 90°C until fully dis-
solved, then cooled to 45-55°C and loaded into a syringe. Gellan beads
were formed in 0.2 M CaCly and were allowed to mix with a magnetic
stir bar at low speed for 1 h before removing for storage or NMR analysis.
For alginate/gellan beads, alginate and gellan were combined in DI
water with additional time allowed for alginate dissolution before
following the same procedure as with plain gellan. Beads were prepared
with varying amounts of alginate and gellan, but keeping the total
amount of polysaccharide fixed at 2% w/w.

3.4. Encapsulation efficiency

Protein encapsulation efficiency was calculated using the Qubit™
protein assay (Thermo Fisher Scientific). BSA was extracted from the
chitosan-alginate beads by breaking down the crosslinked biopolymer in
0.5% w/v sodium carbonate solution heated to 80°C; full details of the
procedure can be found in Felz et al. [25]. Encapsulation efficiencies
>90% were measured from the alginate/BSA beads.

3.5. B. Mojavensis cell culture

One mL cryovial of B. mojavensis culture was thawed and added to
100 mL of modified Brain-Heart Infusion (BHI) broth (36 g/L Brain
Heart Infusion (BHI) [Becton, Dickinson and Co., Sparks, MD], 3 g/L
NaNQj3, 0.75 g/L NH4Cl, 40 g/L NaCl) inside a 250 mL flask at room
temperature. After 24 h, 1 mL was transferred to fresh 100 mL of growth
media. After 16 h of culturing, cells were harvested for alginate
encapsulation.

3.6. Aerobic granular sludge

Samples of aerobic granular sludge (AGS) were collected from full-
scale Nereda® sequencing batch reactors treating municipal waste-
water in Utrecht (PNU reactor) and Vroomshoop, the Netherlands.
Utrecht granules were imaged four days after sampling, while Vroom-
shoop granules were imaged approximately one month after sampling. A
full description of the AGS granules can be found in Kirkland et al. [22].

3.7. Magnetic resonance imaging (MRI)

Relaxation-weighted images of the model biofilms were acquired
using the ParaVision 6.0.1 Multi-Slice-Multi-Echo (MSME) pulse
sequence on a 7.05 T (300 MHz) Bruker Avance IIl superconducting
magnet, In this method, an initial 90-degree RF-pulse excites the spins,
which is followed by a 180-degree RF pulse that refocuses the spins,
forming a spin echo at the echo time (Tg). This MR signal is repeatedly
refocused by applying a series of 180-degree RF pulses, generating a
train of spin echoes at different echo times. This process occurs during a
single acquisition of the pulse sequence. Slice selection gradients,
applied during the RF pulses, selectively excite a slice in the sample.
Read- and phase-encoding gradients are applied to map out spin-echo
signal in k-space, a reciprocal domain which describes MR signal in
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terms of the applied magnetic field gradient and the duration for which
the gradient is applied [11]. With each repeat of the experiment, set by
the repetition time (Tg), a different line in k-space is collected. The
Fourier Transform of M x N k-space data points produce an M x N pixel
image.

The MSME sequence generates an image at each Tr with a set
experimental repetition time, Tg, and slice position. This allows the Tz
relaxation time to be calculated at each voxel by fitting the exponential
decay with a least-squares fitting, resulting in a map of T relaxation
times. T» maps are highlighted in this study, as they allow a more
quantitative interpretation of MRI contrast, and were analyzed using
Prospa v3.24 (Magritek Ltd, Wellington, NZ). However, spins diffusing
in magnetic field gradients enhance signal attenuation, therefore, the
calculated Ty times are qualified as “effective” relaxation times that are
specific to the magnetic field strength and imaging parameters (T )
[41,11].

T;-weighted MRI provides images of the biofilm in which the pixel
intensity depends on the Ty of the experiment and the T; of the material.
Although more qualitative, they are useful for highlighting different
biofilm features and have fast acquisition times. T; contrast is intro-
duced by running MSME experiments with short Ty and Tg times. Only
components in which T;< Ty will fully recover their magnetization, and
thus appear brighter in the image [11]. Short Ty times favor
T;-weighting by minimizing transverse relaxation before refocusing the
spin echo.

Images of Vroomshoop AGS granules were acquired on a Bruker
Avance III system with a 5.9 T (250 MHz) superconducting magnet.
Images of Utrecht AGS granules were acquired on a 22.3 T (950 MHz)
superconducting magnet using an Avance III HD console. A full
description of the hardware used to image AGS granules can be found in
Kirkland et al. [22]. A summary of the MRI parameters used in all ex-
periments are shown in Table 1.

4. Results and discussion
4.1. MRI analysis of alginate

Cross-sectional T . maps of alginate showed contrast between the
model biofilm and bulk water (Fig. 1). The associated histogram
revealed two distinct peaks, with signal from free water and the gel
corresponding to the distribution with longer and shorter relaxation
times, respectively (Fig. 2). As the concentration of alginate increased
from 1 to 2 to 3% w/w, the T3 ¢ of the gel reduced from 27.5 to 24.1 to
21.4 ms, respectively, while the Ty oy mode of free water remained fixed
around 42 ms (Table 2).

Alginate gels are known to have strong Tz-weighted MRI contrast
[42]. The crosslinked biopolymer creates small pores that slow trans-
lational and rotational motion of water protons, enhancing relaxation
[42]. Relaxation can also be interpreted in terms of “bound water”,
which refers to water protons trapped in restricted environments and
associated with biomolecules in a solvation process. Relaxation can be
caused by protons on molecules moving between free and bound water
states by diffusion. Additionally, relaxation can be caused by chemical
exchange between water protons and labile protons on specific poly-
saccharide functional groups, ie., hydroxyl protons on alginate mono-
mers [15,43]. While these relaxation mechanisms are not mutually
exclusive, B.P. Hills argued that chemical exchange dominates over all
others in dilute polysaccharide systems [15]. This explains why T;
relaxation times of alginate are typically reported similar to water, since
this mechanism does not contribute strongly to T; relaxation. However,
it strongly affects T relaxation, and correctly predicts the T; correlation
with alginate concentration observed in this study and others [44]. This
indicates that T,-weighted imaging can provide an assessment of
alginate-like exopolysaccharide (ALE) concentrations in aerobic gran-
ular sludge (AGS) [22]. This work evaluates to what extent MRI contrast
is imparted by other biofilm components such as proteins and cells.
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