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Abstract

Understanding the transport behaviour of pollutastkey to enhance remediation strategies
and to inform predictive models of pollutant beloari in environmental and engineered
systems. This work investigates magnetic resonameging (MRI) as a methodology for
imaging heavy metal, molecular and nanoparticlaspart in two different saturated porous
systems: biofilms and saturated porous geologicanggavel).

While most renowned for its use in medicine, magnetsonance imaging (MRI) is enabling
us to image the transport of heavy metals, macrieentes and nanoparticles inside biofilms
and porous columns in real time. This is achievsitgieither ions which are paramagnetic
(e.g. CG") or molecules labelled with paramagnetic ions.(&d") or superparamagnetic
(e.g. nanomagnetite) nanoparticles. Presence sétinacers causes a concentration dependent
shortening of relaxation timesTy( or T,) of the surroundingH nuclei and thus creates
noticeable changes in the MRI signal. Criticallyhist enables the transport of
(super)paramagnetic ions, molecules or nanopasttbi@ugh the biofilm or porous geological
media to be imaged. Moreover, the actual conceot@tof molecules can be quantified, as
changes in relaxation rates have a linear reldtipngith the concentration of the tracer
molecules. Hence, MRI can be used not only to tladkalso to quantify the transport of
(super)paramagnetic molecules inside biofilms aaturated porous columns. The key
advantages of MRI over other techniques are itityalo image inside systems opaque to
other methods and its ability to collect data novesively, hence the system is unperturbed
by the analysis.

In this study, the transport of Gd-DTPA, a commonigyed MRI contrast agent, was

successfully imaged through phototrophic biofilnid® and 2.5 mm thicknesses. To improve
spatial resolution, for the 2.5 mm thickness biofila bespoke 5 mm diameter RF coil was
constructed. The comparison of spatially distridutéme-varying concentrations of Gd-

DTPA inside the biofilms with diffusion models iitrated that transport was via both
diffusion and advection. This work illustrated thatential of using paramagnetically labelled
molecules to quantify molecular pollutant transgort fate in biofilms.

MRI was also used to image heavy metal traspoattificial biofiims (composed of agar and
bacteria) to test the suitability of an existingsaiption-diffusion model to represent heavy
metal transport and fate in biofilms. While thefai$ion coefficients and adsorption constants



estimated were appropriate, discrepancies betweembdel and the data illustrates models
may need to be developed further to incorporatéofacsuch as concentration dependant
diffusion or cell lysis.

Finally, the ability to image inside opaque systavas further exploited to image nanoparticle
transport inside a coarse-grained packed columns Was undertaken to illustrate the
potential for MRI to image nanopatrticle pollutardrisport in systems relevant to river beds
and sustainable urban drainage systems (SUDS). W#gI successfully used to image the
nanoparticle transport, with significant transpatftibition was observed in positively charged
nanoparticles compared to negatively charged naticlega due to permanent attachment.
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General introduction

1.1 Biofilms

Micro-organisms are ubiquitous, occurring almostrgwhere where there is sufficient water
for their survival. Biofilms are the dominant modtlife for these microorganisms in most
natural, industrial and clinical environments. Aswn in figure 1.1, biofilms form when
microorganisms stick to moist surfaces by produangiimy glue like substance known as
EPS (extracellular polymeric substances). Once s$tiek to surfaces, microorganisms start to
reproduce, developing into a dense community oftédsec suspended in the EPS matrix
(Wuertz, 2008). Thus, a biofilm can simply be inmmegl as microorganisms embedded in a
gel. Microbial granules or flocs constitute a spécase of biofilms. These are communities of
microorganisms held together only by EPS withowt @errier surface (solid surface) and float
freely in suspension (Wuertz , 2008).
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Figure 1.1. Biofilm formation (reproduced from Montana sta  te university,
center for biofilm engineering, http://www.biofilm. montana.edu/resources/
images/multicellularextracellular/biofilm-formation -basics.html)

Depending on the type of microorganisms compodieghiofiims, biofiims can have either
beneficial or detrimental effects. In industrialvenonments biofilms are utilized in a wide

range of biotechnological processes, such as dteamsunicipal and industrial wastewater,



bioremediation of hazardous waste sites, biofugh(idl bioga$CH,]) and chemical (vinegar)
production and the generation of electricity in ralmal fuel cells (Logan et al., 2006, Qureshi
et al., 2005, Roeselers et al., 2008). In contrest can also cause equipment damage via bio-
corrosion, and energy losses due to pressure aat tltansfer losses (Characklis, 1981).
Biofilms found in the natural environment play amportant role in mediating the
geochemistry of the natural environment and cay f@ role in cleansing natural water
resources (Roeselers et al., 2008). In the medivaronment, biofilms are responsible for a
majority of the infections such as colitis, vagsiturethiris, ottitis (Davies, 2003) and
gingivitis and their accumulation on medical desgiceuch as urinary, venous and arterial
implants and pacemakers can be problematic (DaX@£3).

Clearly, biofilms have an important impact on awradibly diverse range of processes.
Therefore, controlling their performance in allsbeprocesses is essential. Understanding the
mass transport processes of relevant substratéde insofilms is key to control their
performance as mass transport of different solat@de biofilms influences their performance
in both beneficial and detrimental processes.

1.1.1 Importance of mass transport processes inside biofilms

For the biofilm to function effectively, the relavasubstrates (nutrients) must be transported
through the biofilm matrix where they are metalmdisThe rate at which these metabolites are
transported through the biofilm can be criticalcontrolling the performance of the biofilm
(Bishop et al., 1997, Buffiere et al., 1995, de Beeal., 1994, Qureshi et al., 2005). For
example, the ability of biofilms in wastewater treant plants to treat both industrial and
house hold waste via metabolism and biosorptiocorgrolled by the transport properties of
different waste constituents as described below.

The harmful organics found in wastewater are degtddto harmless substances by aerobic
respiration; a metabolic process of microorganismsch degrades organic carbon in the

presence of oxygen. Here the transport rates ¢f &afanic waste and,into biofilms control

the process efficiency. For example, when metahalies are high compared to transport
rates, the aerobic degradation will be limited teaarow outer zone of the biofilm, as oxygen

is rapidly consumed. The interior of the biofilmcbenes anaerobic and inefficient. Indeed,
part of optimizing biofilm design is selection dfet optimal biofilm thickness which enables

efficient processes to happen at all depths (Bewh.,€1999). Moreover, the inefficient zone



of the biofilm will increase in size if transposdtes are reduced due to biofilm density (which
reduces diffusion coefficients).

In contrast, systems can be specifically designea@iiaerobic digestion of organic waste (this
process is becoming increasingly popular due tabibty to generate biogas, a biofuel). Here,
only the transport of organics is relevant, asshot present. However, as in aerobic systems,
if transport of organic substrates into deeperiloiofayers is retarded, either due to biofilm
density or thickness, then again the system becaméigient.

However, many wastewater treatment systems musitsineously degrade organic waste and
ammonia (via combined nitrification-denitrificatipnThis generates a number of challenges
relating to mass transport of substrates and mksamoNitrification must occur in the
presence of oxygen, yet denitrification must odouits absence. Thus, both oxic and anoxic
zones must exist within the biofilm. Moreover, dafication requires a supply of organic
carbon, but as this process must exist in the dempexic layers of the biofilm, the organic
carbon has often been depleted by aerobic respirafore it reaches this layer (as organic
carbon transport rates are not sufficient to ovaedhe rapid aerobic degradation rates). One
solution is to grow biofilms on a permeable membréWalter et al., 2005). This enables O
and organic carbon sources to be separated, j.aliffdses in at the base of the biofilm
through the membrane, while the carbon substraterenhe top of the biofilm from the
wastewater. This enables organic carbon to enter bhofilm without rapid aerobic
degradation, thus supplying the denitrifying baetevith a carbon substrate (see Fig. 1.2). Of
course, getting such a system to work effectivelyuires a fundamental understanding of the
mass transport rates of all components to ensureatahicknesses of the oxic and anoxic
zones.

The example mentioned above illustrates that thenbe between the rates of metabolism and
transport of different components controls thecefficy of biological treatment processes.
Thus, investigations of mass transport behaviotissich components are essential to optimise
the treatment efficiency.

Equally, the rate at which the biofilm can sequestsn-metabolizable pollutants such as non-
metabolizable heavy metals and recalcitrant orgaisicalso mediated by the transport rate
(Carlson and Silverstein, 1998, Phoenix and HolR2868). Here, the faster the transport of
non-biodegradable pollutants inside biofilms leadsfaster pollutant removal processes if
sequestration rate (i.e. adsorption rate) is higfem the transport rate.
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Figure 1.2. Schematic representation of wastewater treatme nt using biological
membranes (reproduced from Walter et al., 2005).

Both industrial and house hold wastes can reaadlradatvater bodies such as rivers and lakes
either via direct runoff or from poorly treated wesater effluents. Hence, the effective
transport of relevant substrates inside naturatiguaing biofilms is also essential when
treatment of wastes depends solely on those bisfilm

Quantifying mass transport is also important inibitlng detrimental biofilm activity. For
example, antibiotics are used to inhibit biofilnmétion and thus they must also be effectively
transported through the biofilm to treat the whaotécrobial community (Davies, 2003).
However, slow transport rates of such moleculeglenbiofilms due to diffusion limitations
limits the migration of antibiotics, thus causinglal in inactivating microorganisms
(bacteria).

Previous studies of mass transport inside biofishew that transport occurs not only by
diffusion but also by advection if biofilms containterconnected channels (Bishop et al.,
1997, Carlson and Silverstein, 1998, de Beer e84, Lewandowski et al., 1995, Stewart,
1998, Stewart, 2003, Yang and Lewandowski, 1995heiVtransported by diffusion, the
properties such as mass, shape and surface chatige diffusing solute play a key role in
mediating transport rate. Generally, the higherrtitdecular mass of the solute, the lower its



diffusion coefficient (Stewart, 2003) (see Fig. B)3 Moreover, the molecular mass and
diffusion rates of these solutes vary considerabiyging from low mass, fast diffusing
metabolites such as;thnd Q, to large, slow diffusing organic macromoleculaghwens to
hundreds of kDa in size. Indeed, high molecular sn@slecules and nanoparticles are an
important part of the substrate and pollutant loadboth wastewater treatment and natural
aquatic systems (Logan and Qing, 1990 and Levirsd, €it985) (see Fig. 1.3A). At a certain
size, large macromolecules and nanopatrticles bet¢omtarge to diffuse into the dense EPS
matrix, although they can still be transported degp the biofilm along open channels
(Carlson and Silverstein, 1998, Stewart, 2003).ddwer, due to the heterogeneous nature of
biofilms, substrates can also display significgrdtgl variation in mass transport rates, such
as a decrease in transport rate with biofilm dégtte to increasing biofilm density) (Beyenal
and Lewandowski, 2002).
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Figure 1.3. (A) lllustrates the types of organic waste con  stitutents in a typical

municipal wastewater (edited and reproduced from Le vine et al, 1985). (B)
lllustrates the variation of effective diffusion co efficients with respect to the

molecular masses of selected solutes inside biofilm s. (reproduced from Stewart,

2003).

1.1.2 Methods for investigating mass transport insi de biofilms

As attempts to investigate biofilm processes arpeddent upon accurate mass transport
datasets, quantifying the transport behavioursiftérént molecules inside biofilms is key to
allow us not only to understand but also to modal systems more accurately.

Recognizing the importance of mass transport psasesnside biofilms researchers have
already used a variety of methods. For examplehoast such as classic diffusion cell,



microelectrodes, confocal laser scanning microscplySM), fluorescence recovery after
photobleaching (FRAP) and two-photon excitationnyscopy have been used to obtain mass
transport data in biofilms (Bryers and Drummond98,9Damgaard et al., 2001, de Beer et al.,
1997). The application of microelectrodes involtdas insertion of a narrow (~L4@m) probe

into the biofilm which is sensitive to the diffusiar concentration of a specific molecule
(Damgaard et al., 2001). This approach has bedruinsntal in measuring mass transport
rates of low molecular mass species, such as oxyg#eland et al., 2001) and methane
(Damgaard et al., 2001). In contrast CLSM basedaou= directly visualize the migration of a
fluorescently labelled probe through the biofilndaras been used to measure mass transport
of high molecular mass compounds (de Beer et @071

Although these approaches have provided invaludéta on mass transport within biofilms,
as with any method, each has certain limitatioms. é&xample, the diffusion cell method can
only provide an average transport rate and carpatiadly resolve transport properties of the
biofilm (Bryers and Drummond, 1998). While microel®des are used to measure mass
transport of low molecular mass molecules, thedliete of particulates and high molecular
mass molecules are not possible using this methtwieover, the insertion of a probe is
invasive and thus has potential to disrupt theosumding material, altering results. This could
be problematic when numerous insertions must beemsuch as during spatial mapping of
diffusion coefficients in heterogeneous biofiimsConversely CLSM is non-invasive.
However, small molecules such as &t O, cannot be labelled with the fluorescent probe and
thus only the transport of higher molecular weightmpounds can be determined. As this
method relies on photons penetrating the biofilimis ilimited to both biofilm thickness (<
100um) and to its density due to optical scattering&f (Paramonova et al., 2007, Vroom et
al., 1999). Although the two-photon excitation nwethcan overcome the depth penetration
limitation of CLSM by approximately four times (Ranonova et al., 2007) it is not suitable
where biofilms exceed these thicknesses. FRAP @alffers similar thickness limitations and
light scattering effects. Critically, MRI can ogeme many of these issues.

1.1.3 MRI of mass transport processes inside biofil ms

Magnetic resonance imaging is being widely useahédical applications as a diagnostic tool
since 1981 (Hutchison et al., 1980). The capaditynagnetic resonance imaging (MRI) for
completely non-invasive measurement of the trarspioboth low and high molecular mass
compounds and its ability to image inside hydrdiedogical matrices (Barentsz et al., 1993,



Poncelet et al., 1999), no matter what thicknessama it has significant potential for mass
transport analysis of biofilms and can thus be raraluable additional tool in this research
field.

For example, MRI's powerful imaging capability hasabled detailed imaging of internal
biofilm structures that are too thick for analysisCLSM (Wieland et al., 2001, Phoenix and
Holmes, 2008). Also, MRI has the ability to spdyiaksolve water diffusion in biofilms using
the pulsed field gradient (PFG) analysis (Lensletl®99, McLean et al., 2008, Renslow et
al., 2010, Wieland et al., 2001, Phoenix and Ho|n2808). MRI's sensitivity to'H
concentration has been exploited to map and qyathtf water filled pores available for mass
transport in biofilms from lake environments (Widbet al., 2001). Furthermore, MRI has
also been used to reveal processes in metal imiziagibioreactors, mapping the location of
biofilms, metal precipitates and dissolved metalaamtrations (Graf von der Schulenburg et
al., 2008, Nott et al., 2001). MRI has also beesdu® examine flow dynamics over biofilm
surfaces (Manz et al., 2003, Seymour et al., 20Rérent work by Phoenix and Holmes has
lead to successful quantitative mapping of combistdcture, water diffusion and heavy
metal transport and adsorption in a real photoimplofiim (Phoenix and Holmes, 2008).
MRI was subsequently used to investigate transpioitace metals inside real methanogenic
granules which are employed in anaerobic wastewiegatment (Bartacek et al., 2009). The
paramagnetic property of heavy metals has alsavatloMRI to visualize and measure metal
adsorption onto alginate gel, immobilized yeasls¢ellgal biosorbents (Nestle and Kimmich,
1996) and artificial biofilms made up with agar datterial pellets (Phoenix et al., 2008).

However, application of MRI in biofilm research lisnited due to the relaxation effects,

resolution limitations and cost. For example, tretah(e.g. paramagnetic) impurities found in
biofilms can inhibit signal detection using MRI atite achievable signal-to-noise ratio may
limit the use of MRI to biofilms with thicknessesome than several hundreds of microns.

1.2 Saturated porous geological media

Many natural and engineered water sources suclgaigees, rivers and sustainable urban
drainage systems are composed of porous matricesnefral grains, ranging from sand (0.1
mm) to gravel. These porous aquatic environmermsgslaly complex heterogeneity in structure,
hydrodynamics, geochemistry and microbiology. Ome¢eased into the environment
pollutants such as organic and inorganic wastdc tb@&avy metals and nanoparticles have a



tendency to reach natural and man made water sowieeeither direct runoff or poorly
treated wastewater effluents. Hence, quantifyigttansport behaviours of pollutants through
porous geological systems is imperative for préalctpollution transport and for the
mitigation of contamination in water resources.

1.2.1 Importance of mass transport processes inside porous media

Unlike in biofilms, advection and dispersion ofififlow dominates the transport of pollutants
in geological porous media. The physicochemicaperbes of both pollutants and porous
matrices such as structure, size, compositionasar€harge, flow paths and pH influence the
fate of pollutants inside porous geological wat&urses. Recently, there has been
considerable concern over the toxicity of nanophkatpollutants. Nanoparticles (NPs) are
particulates that have at least one dimension smigan 100 nm. Their small size gives them
unique surface properties which are exploited widge range of industrial and manufacturing
processes. Problematically, nanoparticles can shosiverse range of toxic effects once
released into the aquatic environment, such asularsand respiratory injury, brain and liver
damage, delayed embryonic development and deatid{Hzt al., 2008)Due to the extensive
use of nanoparticles in a tremendously diverseyasfapplications, NP pollutants inevitably
enter the porous matrices of natural and man maderwources (Dawson, 2008, Handy et al.,
2008, Theron et al., 2008).

In contrast to the unintentional release of martufad NPs, due to their high reactivity and

high surface area to volume ratio, engineered NP<aing used for in-situ remediation of

pollutants in various water systems (Sanchez et28ll1, Liu et al., 2005, Zhang, 2003).

However, previous studies have shown that a teyden@ggregate and deposition of NPs
limits their effective transport, which is normakgsential for proper remediation processes.
Therefore, the fate of NP pollutants and the edficy of the remediation processes using
engineered NPs are influenced by NP transport betizs/

1.2.2 Methods to investigate mass transport inside porous media

Break through curve (BTC) analysis has been extehsiused to investigate nanoparticle
transport inside porous geological media. In tippraach, the concentration of nanoparticles
eluting from the column outflow is recorded withm#&. This data can then be used to
investigate transport properties such as coeffisiest dispersion and retardation using
reaction transport models. However, this approachdertain limitations. For example, BTC



analysis is limited to the time-dependent profiléh® nanoparticle concentrations either at the
column outlet or at a few intermediate samplinghpmithus providing no or little information
on the spatial heterogeneity of the entire syst@ndge et al., 2006). However, many systems
of interest (aquifers, soils, riverbeds and engee@rainage systems) are complex, displaying
heterogeneity in structure (Lorente and Bejan, 200®6ydrodynamics, geochemistry
(Bhattacharjee et al., 2002) and microbiology (Ktal., 2010) throughout.

To enable the spatial heterogeneity in the NP pamsto be resolved, a range of novel
methods have already been developed, such asimealttacking of fluorescent particles
through a translucent packed sand bed (Bridge ,e2@06). This approach, however, relies on
sufficient photon penetration and therefore colurtimst are too opaque for photon-based
imaging, either due to the thickness of the matrithe opaqueness of the grains, cannot be
investigated (Shang et al., 2010). Alternativelyp tdimensional transport profiles can be
extracted using a scanning optical fibre fluoresegorofiler (Shang et al., 2010). The profiles,
however, must still be inferred from the limitednmoer of fibre optic detectors employed and
the presence of buried sensors and fibres insidkegacolumns may have the potential to
disturb natural transport pathways.

1.2.3 MRI of mass transport processes inside porous media

In addition to the traditional use of MRI in medichagnostic imaging its ability to study

structure, diffusion, flow, molecular dynamics, acttemical reactions noninvasively inside
porous matrices has been widely utilized in a widege of applied sciences applications
(Callaghan, 1993, Gladden, 2003).

For example, the ability of MRI for characterisisiguctures and fluid flows has already been
exploited in chemical engineering to investigateure of the inter particle pore space and
the single-phase flow field in packed beds (Maatlal., 2001), particle velocities and voidage
fractions in bubbling fluidized beds (Holland et,aP008), and structural and velocity
characterization of biofouled membranes (Crebeal.et2010). The ability of MRI to study
diffusion has already been applied in food engingerfor temperature mapping and
evaluation of mixing processes (Gladden, 2003) disdersion measurements inside porous
matrices have also been done using MRI (Khrapitemel/Callaghan, 2003) .

MRI has also been used in hydrogeology researcimgasure water and solute flow and
velocities, characterize porous media propertieh @as grain size and porosity, determine



water and non aqueous phase liquid distribution emaluate transport mechanisms and
reactive transport processes of solutes insideusonoatrices (Werth et al., 2010). MRI has
significant potential to investigate the transpdrNPs inside porous media due to its ability to
non-invasively image the movement of molecules padicles that are labelled with a
(super)paramagnetic tag, no matter how opaque d¢iheup columns are. Hence, MRI has
already been used to observe the transport of alelreavy metal ions (Gli CF#*, G in a
sandy aquifer matrix (Nestle et al., 2003) and tamdify the transport of paramagnetic
colloids (1.3um) through a matrix of silica gel (Baumann and Wger2005). However,
transport of nanoparticles through saturated pogmaogical media (gravels and sands) has
not yet been investigated using MRI.

However, the use of MRI to investigate transpodpgrties of porous media has limitations
such as relaxation effects, limited size of the @emlimited spatial resolution and cost. For
example the sample size is limited to the bore sizéhe MRI scanner being used. Also,
impurities found in the natural porous matrices edmersely affect the imaging of samples
due to relaxation and susceptibility effects.

1.3 Using MRI contrast agents to quantify mass tran  sport
processes inside biofilms and porous media

Researchers have shown that MRI can be used totilyuamass transport properties of

biofilms and geological porous matrices via measydiffusion of water inside biofilms and

measuring velocity and dispersion of water insideops matrices. However, pollutants are
not water and thus they exhibit transport propertrehich are different to water. lons,

macromolecules and particles can interact withdgiall and mineral surfaces, often through
electrostatic interaction, resulting in permanemt rmn-permanent attachment, retarding
transport and causing accumulation of the pollutdfurthermore, as molecular mass
increases, diffusion coefficients compared to tfavater differ by orders of magnitude (e.g.
see Fig 1.3B) (Carlson and Silverstein, 1998, Stew2003), and thus water diffusion

becomes decreasingly reliable as a proxy for pmtutiffusion. Thus it is imperative to be
able to image the transport of the pollutant itsd@lie use of MRI contrast agents is a
promising alternative to achieve this goal.

MRI contrast agents labelled with paramagnetic opesparamagnetic metal ions/
nanoparticles have been developed to improve thenpal of MRI in medical diagnostic



imaging as they provide improved contrast (MR sigimathe region of interest. They are used
in imaging of tumors, imaging of the breakdown leé blood brain barrier, angiography, and
in quantitative assessment of tissue vascularityg amyocardial perfusion (Stanisz and
Henkelman, 2000, Tofts, 2004), which are othenimggossible to detect using standard MR
imaging techniques.

Contrast agent technology works, not by imagingatiial (super)paramagnetically labelled
molecule, but by imaging its effect on the neightirayi’H nuclei (see section 2.5). In the case
of biofilms and saturated porous media this allasto image, in-vivo, in-situ and in real
time, the transport of these molecules.

The application of (super)paramagnetically taggedtrast agent (tracer) technology to
investigate transport of macromolecules and nanicfes inside biofiims and porous
geological media has not been attempted beforecé{ehis research will simply focus upon
utilizing commercially available MRI contrast agensuch as Gd-DTPA andolday ION
nanoparticles. The success of this research caad 1o the investigation of transport of a
wider range of (super)paramagnetically tagged nubdsc(whether commercially available,
constructed as a surrogate for a specific pollutantagged real pollutants) inside such
systems.

The MRI scanner cutaway shown in figure 1.4 illasts the set up used during transport
experiments inside biofilms and porous packed cakinthis is not an image of the scanner
used in this research, but an example for illustegturposes.
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Figure 1.4. Schematic diagram showing how the MRI scanner ~ was used to conduct
transport experiments inside biofilms and porous pa cked columns (reproduced
and edited from BIOE 414 Instrumentation Projects).




1.4 Modelling mass transport processes inside biofi Ims and
porous geological media

Mathematical models representing the transport ifierdnt molecules of interest inside

biofilms and porous geological media are essetdialnravel their transport behaviours and
guantify mass transport and reaction coefficiefisperimentally quantified transport of

molecules using MRI can be compared with mathemlatiodels (representing the transport
of molecules) not only to check the accuracy ofMil methods in quantifying transport, but
also to estimate transport and reaction rates ofeentes inside biofilms and porous

geological media.

In general the transport of molecules inside ailbioican be represented by a diffusion
equation as given below;

a_C = i Ddif a_C -rc

ot 0x 0X

Equation 1

whereC is the solute concentration (M or mg/Mgi is the molecular diffusion coefficient
(m?/s), x is the distance into the biofilm (n)is time (s) and is the reaction coefficient t r
is equal to zero when the transport of non-reactieéecules is considered.

In general the transport of reactive moleculesdmsa porous geological media can be
represented by a convection-dispersion equatigivas below;

ac_a ac] . ac
R =% p, . & |-u®
RS ax[ dis ax} ox

Equation 2
where C is the solute concentration (M or mg/Dgs is the hydrodynamic dispersion
coefficient (nf/s), U is the average pore velocity (m/s)is the distance into the column (rh),

is time (s) anR is the retardation factoR is equal to one when the transport of non-reactive
molecules is considered.



The hydrodynamic dispersion coefficielt, represents the solute spreading caused by both
mechanical dispersion and molecular diffusion, sndefined as;

D = D + Dgjf

Equation 3

Dy =kU
Equation 4
where Dy, is the mechanical dispersion coefficient abgs is the molecular diffusion
coefficient andk is the dispersivity of the porous media.

Solutions for the above mentioned partial diffel@nequations (equations 1 and 2) with
respect to their initial and boundary condition®yie spatially and temporally varying
concentrations of molecules inside biofilms andopsrgeological media.

Analytical solutions for these partial differentiajuations have already been derived by
several researchers to study the transport behavimiusolutes inside biofilms and porous

media related systems (Baumann and Werth, 2005|eBaand Gardner, 1996). However,

analytical solutions are limited to simple modebigetries and simple boundary conditions.
Therefore, numerical simulations were used to gmethe transport of molecules inside the
irregular domains of biofilms and porous matricegdiin this research. Two dimensional
finite element models representing mass transgomadecules inside biofilms and a porous

column were implemented usi@OMSOL Multiphysic¢versions 3.4 and 3.5a).

An optimization routine developed MATLAB was used wittCOMSOLmodel to estimate
transport and reaction rates of molecules insid#ilinis and porous media. Estimated
transport rates of molecules within test systent @mple agar) were used to investigate the
accuracy of the MRI methods while the estimateaigpart and reaction rates within real
samples (i.e. porous column and biofilms) were usednvestigate the behaviours of
molecules in those systems.

The detailed description of the use of the abovatimeed reaction-transport equations for
different experimental purposes are discussedduiththeir respective chapters.



1.5 Outline and scope of the thesis

Quantifying mass transport of macromolecules antbparticles inside biofilms and porous
geological matrices is imperative to understandirtiiansport behaviours inside such
environmental systems. Mass transport studies usamyentional methods such as micro-
electrodes, confocal laser scanning microscopy {@L.2nd break through curve analysis
have their own limitations as described earlier.

However, the capacity of magnetic resonance imagMBl) for completely non-invasive
measurement of the transport of ions, macromolscuend nanoparticles using
(super)paramagnetic contrast agents and its abililpmage inside hydrated systems no matter
what thickness and no matter how opaque the systeans that it has significant potential to
investigate mass transport processes inside b®fdnmd porous geological media. Critically,
unlike many other approaches, the data is bothadlyatesolved and the system unperturbed
by the analysis. Hence, in this thesis mass trahgpocesses are quantified inside several
environmentally related systems using MRI to shtsacapability as an invaluable additional
tool in the environmental research field. As simila all environmental studies, the work
reported here is also highly multidisciplinary, atwing the fields of magnetic resonance
imaging, mathematical modelling and microbiology.

Aims of this research:

» To introduce the capacity of MRI to investigatensport of macromolecules inside
biofilms using Gd-DTPA, a commercially available@aagnetic MRI contrast agent.

» To investigate the influence of biofilm archite@uwpon its mass transport behaviour
with improved spatial resolution using bespokeaddequency (RF) coils.

» To introduce the capacity of MRI to investigatensport of nanoparticles inside
coarse-grained porous media usirfgolday ION a commercially available
superparamagnetic MRI contrast agent.

» To investigate the fate of copper inside artifickabfilms composed of a mix of
bacteria and agar using MRI. Thus, testing theablity of an existing adsorption-
diffusion model for predicting heavy metal trandpaord fate in biofilms.



The thesis is structured as follows:

Chapter 2: MRI theory. This describes the fundaaisrand the operational concepts of MRI
used in this research to quantify mass transpoxgsses inside biofilms and saturated porous
media.

Chapter 3: Application of paramagnetically taggemlenules for magnetic resonance imaging
(MRI) of biofilm mass transport processes. Thisadtices a novel method for mass transport
guantification of macromolecules inside biofilms ings a commercially available
paramagnetically tagged molecule.

Chapter 4: Magnetic resonance imaging of mass gaahsnside biofilms using a simple

custom made solenoid RF coil. This describes tleofi® bespoke radio frequency (RF) coll
to investigate the influence of biofilm archite@unpon its mass transport behaviour with
improved spatial resolution. The custom made soihé simpler and cost effective alternative
to image transport of both low and high moleculaassn molecules and structure inside
biofilms which are otherwise too thick to image ngsiconventional optical microscopy

methods such as confocal laser scanning microg&IpgM).

Chapter 5: Investigation of nanoparticle transpodide coarse-grained geological media
using magnetic resonance imaging (MRI). This ini@b a novel approach to quantify mass
transport of nanoparticles inside coarse-grainemys geological media such as river beds
and sustainable urban drainage systems.

Chapter 6: Investigation of copper immobilisatiorside artificial biofilm using magnetic
resonance imaging (MRI). This describes the usdBi to investigate the fate of heavy
metals inside biofilms, and investigates the silitgbof an existing adsorption-diffusion
model to predict copper immobilisation inside Hiof.

All the experimental chapters (3, 4, 5, and 6)Jude their own introduction describing the
importance of each study, materials and methodsl, usesults section, discussion and
references. The IDL and MATLAB codes used to predd&| data and estimate transport and
reaction rates are included in the appendix.

Chapter 7, concluding remarks, includes a gendsaludsion on conclusions being derived
and possible future research of environmental systesing MRI.
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Chapter 2

Magnetic resonance imaging (MRI)



Magnetic resonance imaging (MRI)

This chapter contains a summary of the essentiatiptes of MRI relevant to this thesis. A
full description of the theory of MRI can be foumdgreater detail in the extensive literature
that is available. The reader is referred espgrctallcomprehensive sources such as Blumich
(2003), Callaghan (1993), Haacke (1999), LevitO@0 and Tofts (2004).

2.1 Fundamentals of MRI

Atoms consist of sub-atomic particles such as edast protons and neutrons. Protons and
neutrons create the nucleus of an atom, while relestorbit around the nucleus. For example,

a hydrogen'l) atom has a nucleus of one proton and no neutsithsone orbiting electron.

In addition to the basic properties like mass ahdrge, the nucleus may also possess an
intrinsic spin angular momentum and magnetic moment

A nucleus can experience the phenomenon of nuahe@netic resonance (NMR) if it has a
non-zero spin angular momentum (i.e. magnetic mem@&he nucleus ofH with only one

proton has a spin quantum number, | of %2 and is Ndd&/e. On the other hand the nucleus
of 12C is NMR inactive, as it has an even number ofg@rstand even number of neutrons

resulting a zero spin angular momentum (i.e. 1.= 0)

Saturated porous matrices such as biofilms andgohc&lumns are composed mostly of water
and thus'H based MRI was utilized in all experiments presdrin this thesis. Therefore, only
the hydrogen nucleus will be considered in theofeihg explanations and will be referred to

as a nuclear “spin”.



Nuclear spins can only take a certain numbersatéstsince spin is a quantum property. The
possible number of states is given by;

S=2*1+1

Equation 1
where, | is the nuclear spin quantum number.

Therefore, the hydrogen nucleus (I = %2) can orike tsvo discrete states, which are known as
spin-up and spin-down. The spin-up state is thesfognergy state, as the magnetic moment
aligns with the applied main magnetic field, \Bhile the spin-down state is the higher energy
state as the magnetic moment aligns against B

In the absence of a magnetic field these two staes the same energy, while in the presence
of a magnetic field the energy levels split. Thés known as Zeeman splitting, and is
proportional to the applied static magnetic fiddd,(see Fig. 2.1).

l spin down

Energy, E

Iﬁ.E Eg

T spin up

Ifain magnetic field, By

Figure 2.1. Zeeman splitting with respect to the main magn etic field.

2.1.1 Nuclear magnetic moment in a static magnetic  field

A nuclear magnetic moment when placed in a statigmatic field will precess about the axis
of the field. This is a consequence of the nuclpossessing an intrinsic spin angular
momentum. The precessional frequency is knownasdnmor frequency and is proportional
to the static magnetic field strength and given by;

@y = VB

Equation 2

where the proportionality constapt, known as the magnetogyric ratio, is a propertyhef
particular nucleus (isotope).



Classically, the motion of a magnetic moment inagnetic field, i.e; the time rate of change
of the angular momentum, p, is equal to the crosdyzct of the magnetic moment, p, and the
magnetic field it is experiencing,B

Equation 3

Spin angular momentum and the magnetic moment @mgogional to each other and are

related by;
H=)P
Equation 4
Substituting equation 4 in equation 3 gives;
du
/= x B,
dt WX B
Equation 5
Solving equation 5 for a static fieldp,Balong the z-axis gives;
fix (1) = iy (0) COS(Bot) + 41y (0) sin(yBot)
Equation 6
Hy (©) = f1y (0)COS(Bgt) — Ky (0)Sin(Bot)
Equation 7
Uz () = 15 (0)
Equation 8

Equations 6 and 7 and equation 8 show the z-cormparfethe magnetic moment does not
vary with time, while the x and y components ddsera circular motion with time. This

demonstrates that the magnetic moment under gpescassional motion when placed in a
static magnetic field, with a precession frequeagyal toBy. A macroscopic analogy for this

would be the rotation (precession) of a tilted spig top about the axis of earth’s

gravitational field.

2.1.2 Ensemble of spins

The behaviour of a single spin (proton of the hger nucleus) within a static magnetic field
(Bo) was outlined in the previous section. Howevelriactice, samples (e.g biofilms) contain
an ensemble (collection) of spins. Therefore, aepble of spins within a small volume of a



sample (voxel) will be considered in the followidigcussion.

2.1.3 Net magnetization

Under normal conditions, the magnetic moments dfians of hydrogen nuclei (spins)
present in a small volume (voxel) of a sample (bigfilm) are randomly distributed and will
have zero net magnetization. A net magnetizatiopragluced when the sample is placed
within a static magnetic field @

The static magnetic field produces an energy difiee between the two nuclear spin states.
Due to this energy difference, a slightly largepplation of spins will align along the static
magnetic field as this has the lower energy lespin-up state) compared to the higher energy
level (spin-down state). The distribution of spbetween these two energy states follows the
Boltzmann distribution;

N
—L = expAE/KT)
Nl

Equation 9
where N, is the number of spins in the spin up state, is the number of spins in the spin
down state AE is the energy difference between the two stateis the Boltzmann constant
andT the temperature in the Kelvin scale.

The alignment of excess spins along the directidhe static magnetic field (Fig. 2.2a and b),
conventionally termed as the longitudinal directmre-axis, results a net magnetizationy\M
along that direction (Fig. 2.2c¢). The randomly otesl transverse component of all magnetic
moments (spins) result a zero transverse magnetizat



Figure 2.2. Formation of net magnetization when a static m  agnetic field, B ¢ is
applied. Here (a) spin up and spin down alignment o f magnetic moments, (b)
alignment of excess spins along the direction of st atic magnetic field and (c)
formation of net magnetization.

It should be noted here that the net magnetizdtioned by the ensemble of spins has similar
behaviours to that of a single spin, when placethiwia static magnetic field. Hence, the
equations describing the motion of a single spm loa used to describe the behaviour of the

net magnetization as given below.

M (t) = M x (0) cos(Bot) + M y (0) sin(1Bgt)

Equation 10
My (t) =My (0)cos(Bgt) — M (0) sin(Bot)
Equation 11
M, () =M, (0)
Equation 12

Equations 10-12, the Bloch equations illustrateé tha net magnetization (fylalso precesses
about the axis of the applied static magnetic fiatdhe Larmor frequency.

2.1.4 Application of a radio frequency (RF) pulse

Classically, electromagnetic radiation is composédperpendicularly oriented oscillating
electric and magnetic fields. The oscillating magnkeld component of the electromagnetic
radiation that matches the precession frequenahefet magnetization (commonly, radio
frequency [RF]) is applied perpendicular to themstatic magnetic field in order to excite the
spins as shown in equation 13. Excitation of sgstesn is a combination of changing the spin
population between the two energy levels and ergathase coherence.



% =B, (= w,)

Equation 13

whereAE is the difference in the energy levelsis the Planck’s constant divided 2yz, y is
the magnetogyric ratid, is the main magnetic field ang, is the Larmor frequency.

As a result the net magnetization is tipped awaynfits equilibrium position (along the z
axis). The energy absorption of a spin (hydrogedleus proton) from an electromagnetic
radiation at resonance condition is known nucleagmetic resonance (NMR) effect and this
is the underlying phenomenon exploited in magnet$sonance imaging.

2.1.5 Rotating frame of reference

The total magnetic field that the spins (or net netigation) experience during the application
of a RF pulse is the vector sum of, Bhe static field, and B the oscillating magnetic
component of the RF radiation. Since the precessfonet magnetization due to the main
magnetic field is constant, it is convenient taaduce a new coordinate system which rotates
around the axis of the static magnetic field,aB the frequency of the RF radiatio®, and is
known as the Rotating frame (Levitt, 2008). Therdawate system of the rotating frame is
represented by primed notation as shown in figu Excitation of spins occurs when
frequency of the RF pulsey, matches the precessional frequency of the spitersysuy, .
This condition is known as on resonance.

Laboratory frame Laboratory frame Eotating frame
s Y VA
Bl:l Blj Bl:l

Dmn Mﬂ)mg — Mg g =
— Y} Y} Y}
..... \7__‘/
1 B, By
X X v‘},’i X

Figure 2.3. Stationary and rotating coordinate systems.



2.1.6 Excitation of spins (net magnetization)

The magnetic field component of the applied elentignetic radiation is responsible for
excitation of spins. Classically, the oscillatinggnetic field component of RF pulse;(Bvill
exert a torque, F on spin’s magnetic moment, pisugdzen by;
F=pux Bl

Equation 14
The generated torque, F is perpendicular to botgnetzc moment of the spin and the main
static magnetic field, 8 As a result the net magnetization is tipped thi transverse plane
from its equilibrium position, through an angle lanoas flip angled, and is given by;

Equation 15

where, y is the magnetogyric rati8; is the oscillating magnetic field component of RE
pulse andt, is the time duration of applied RF pulse.

The rotation of the net magnetization (flip anglepends upon the strength and the duration
of the applied RF radiation, ;B Application of a 90° RF pulse and 180° rotate et
magnetization respectively onto transverse plang &d —z plane as shown in figure 2.4.
This is the semi-classical description, showingviaial magnetic moments, in spin-up and
spin-down states and the phase coherence folloanrgxcitation.
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Figure 2.4. Schematic illustrating the effect of 90°and 1  80° RF radiation on
individual spins and net magnetization.

2.1.7 Relaxation process

Following the excitation by an RF pulse, the spistem (or net magnetization) will return to
equilibrium; this process is called relaxation. Tdetual relaxation can be described by two
processes; the recovery of the longitudinal magagtin componentTy relaxation) and the
decay of transverse magnetization compongéntelaxation).

2.1.8 Longitudinal relaxation

When excitation pulse is switched off, spins wilirs to lose the energy they absorbed (during
the excitation) to the environment and will retdonthermal equilibrium (see Fig. 2.5). This
process is known as spin lattice or longitudin&xation. This relaxation process is described
by the relaxation time constanT;. Following a 90° excitation pulse, the amount of
longitudinal magnetizatiorl, present at timd,is given by;



M,=Mg@e-et/T)

Equation 16
whereMj is the net magnetization.
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Figure 2.5.(a) Relaxation of longitudinal component of the net magnetization and
(b) the longitudinal relaxation curve.

2.1.9 Transverse relaxation

Following the excitation, individual nuclear spiwidl start to lose their phase coherence, for
example via dipole-dipole interaction. This caugke transverse component of the net
magnetization to decay with time (see Fig. 2.6) @nkhown as transverse relaxation or spin-
spin relaxation which is described by the relaxattone constanfl,. Following a 90°
excitation pulse, the amount of transverse magsstiz, M,, present at timd, is given by;

Equation 17

whereMj is the net magnetization.



Time

L J

t

Figure 2.6. (a) Decay of transverse component of the netm  agnetization and (b) the
transverse decay curve.

2.1.10 Field inhomogeneity effect ( Tz*)

In addition to dipole-dipole interactions, the Ibaghomogeneity of the main magnetic field
across the sample also contributes in the decdlyeofl, component with a relaxation time
constant, TZ'. The combined effects of both dipole-dipole intdéi@ns and field
inhomogeneity increase the rate of signal lossthachet decay is described by the apparent
relaxation timeT, , which is always shorter thah and the relationship is given by:

1 1 1
=4 —

T, T2 T2

Equation 18

The magnetic field inhomogeneities are mainly cdulsg the differences in the magnetic
susceptibility within the sample and any possildeamagnetic impurities found in the sample.



2.1.11 Mechanism of nuclear spin relaxation

The interaction between the magnetic moments ofntsighbouring'H nuclei is known as
dipole-dipole interaction. In the liquid state, e@imolecules tumble in a random fashion,
causing their magnetic moments to generate a raydamtuating local magnetic field'),
which is very weak compare to the applied main meéignfield. On a macroscopic scale
(space and time) the net effect of the randomigtélating magnetic field is zero and known as
motional averaging. However, the randomly fluctogtiocal magnetic field caused due to the
dipole-dipole interactions drives the relaxationgasses.

L
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\\/ _J Time

Figure 2.7. Fluctuating local magnetic field caused by the random tumbling motion
of water molecules.
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The component of the fluctuating local magnetitdfiglong the direction of the applied main
magnetic field will cause slight variation in theepessional frequency (Larmor) of the spins.
This will create phase difference between spinsthns lead to transverse relaxation process.

The component of the fluctuating local magnetiddfiperpendicular to the static main
magnetic field, which matches the Larmor frequendll,drive transition between spin states
thus leading to longitudinal relaxation process.

The time interval between significant fluctuatioinsthe local magnetic field is known as
correlation timer.. Therefore, water with short correlation time Haag relation times
compared to ice which has a longer correlation time

The relaxation mechanisms for different samplesimérest used in this research are
summarised in table 2.1.



Sample of interest

Relaxation process

Source of relaxation

Water Longitudinal relaxation
(1) intrinsic Dipole-dipole interaction
Transverse relaxation
(1) intrinsic Dipole-dipole interaction
Biofilm Longitudinal relaxation
(1) intrinsic Dipole-dipole interaction

(2) surface relaxation

paramagnetic effect >
dipole-dipole interaction

Transverse relaxation

(1) intrinsic

Dipole-dipole interaction

(2) surface relaxation

paramagnetic effect >
dipole-dipole interaction

(3) variations in the Larmor frequency

Magnetic field inhomogeneity

Packed columns

Longitudinal relaxation

(1) intrinsic

Dipole-dipole interaction

(2) surface relaxation

paramagnetic effect >
dipole-dipole interaction

Transverse relaxation

(1) intrinsic

Dipole-dipole interaction

(2) surface relaxation

paramagnetic effect >
dipole-dipole interaction

(3) variations in the Larmor frequency

Magnetic field inhomogeneity

Table 2.1. Relaxation mechanisms for different samples of

2.1.12 MR signal generation

interest.

Application of an RF pulse tips the net magnet@abnto the transverse plane. The transverse

component precesses about the z-axis at the Lafrequencyw,. The precessing net

magnetization generates an oscilating magnetid,fighich induces an electro motive force

(e.m.f) in the receiver coil placed on the transequlane. This induced e.m.f (electric current)

is the MR signal.
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Figure 2.8. Excitation and detection of MR signal



The MR signal generated by the precessing transvaagnetization of a single magnetic
moment can be written as;
Sty @ explyByt)
Equation 19

where Sy is the time varying MR signaly is the magnetogyric rati8yis the static magnetic
field andt is the time after the excitation pulse.

Thus, the generated MR signal from a small volufne gample (voxel) with a spin density of
p is given by;
Sty = pexplyBot)
Equation 20

The next section contains the detailed descrippiomow the MR signal is spatially resolved
(encoded) to produce a useful image.

2.2 MR imaging process

2.2.1 Magnetic field gradients

The main magnet produces a uniform magnetic fiBlgacross the sample, thus spins at
different spatial positions precess at the samguérecy. However, application of pulses of
small linearly varying magnetic fields (magnetieldi gradients), in addition to the main
magnetic field, makes the magnetic field vary agrtiee sample. This causes the spins at
different spatial positions to precess at slighdifferent frequencies, thus labelling their
spatial positions. For example, application of agnwic field gradient along the Xx-axis
(equation 21) will induce small changes in the nedigrfield strengthB,, from point to point
along the x-axis as given in equation 22. This wdluse the spins to precess at slightly
different precession frequencies along the x dacts given in equation 23.

G, = GB%X

B, = By + XxGy

Equation 21

Equation 22

w=yB; = y(By + XGy) = ap + y(XGy)

Equation 23



whereBgyis the static main magnetic field, is the applied gradient strengtly, is the
processional frequency apds the magnetogyric ratio.

Magnetic field gradients are applied as a serigautsfes during an MR imaging experiment by
using three orthogonal sets of gradient coils. Agapion of magnetic field gradients to
perform two dimensional imaging of a sample is dbsd below.

2.2.2 Two dimensional imaging

Figure 2.9 illustrates the position of a specimaside the scanner in order to perform a two
dimensional MR imaging across the sample. The g exchosen along the main magnetic
field (longitudinal) direction, which in our scammis horizontal. Both x and y axes form the

transverse plane.

Figure 2.9. Test specimen placed inside the MRI scanner wi  th respect to the three
orthogonal directions (x, y and z).

2.2.3 Slice selection

In order to select an imaging slice a magnetiafigladient is applied perpendicular to the
desired slice. During the application of a slickestve gradient, the precession frequencies of
spins will linearly vary along the gradient direxti Concurrent application of an RF pulse,
which has a narrow bandwidth (similar to the premesfrequencies of spins inside the slice),
will selectively excite the spins with matching pession frequencies. The RF pulse has no
effect on spins located outside of the slice. Slamation can be changed by changing the
centre frequency of the RF pulse and the slickiigiss can be increased either by decreasing



the gradient strength of the applied slice selecthagnetic field or increasing the RF band
width. Shaped RF pulses; for example a Sinc functio the time domain are used for
selective excitation (see Fig. 2.10) as they gieiedp slice definition.
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Figure 2.10. Comparison between continuous and modulated R F pulses in time
and frequency domains.

As shown in figure 2.10, the continuous RF pulgenw#i have only one resonant frequency
while the shaped RF pulses (b) and (c) will haveage of resonant frequencies in the
frequency domain. The RF pulse modulated by adrattion in the time domain will produce
a sinc distribution of frequencies and thus notatle for slice selection. However, an RF
pulse modulated by a Sinc function in the time diomaill produce a hat distribution of
frequencies which is more suitable for selectioa oéctangular slice.

The net signal produced after applying the slidectwe gradient is the summation of signals
generated within all the voxels across that sliCehis composite signal has to be further
spatially encoded to create a two dimensional imades spatial encoding is done by
applying additional magnetic field gradients aldhg two orthogonal directions to the slice
selective gradient as described below.

2.2.4 Frequency encoding

A spatial encoding gradient is applied along tregfiency encoding direction after the RF
pulse is switched off. This linearly varying magodteld gradient causes the magnetizations
at different positions to precess at slightly diiet frequencies, thus labelling their spatial
positions along the frequency encoding direction.



2.2.5 Phase encoding

Another spatial encoding gradient is applied althregphase encoding direction (perpendicular
to frequency encode) during the interval betweerpBIBe and data acquisition. This applied
linearly varying magnetic field gradient along tiphase encoding direction causes the
magnetizations at different positions to precesslightly different frequencies. This creates
phase differences between the magnetizations deyerah their spatial positions, thus

labelling their spatial positions along the phaseoeling direction.

Generally, one phase encoding step is performede&mh excitation-acquisition and the
acquired data forms a single line of the raw daaitrimy known as k-space. Typically an image
requires several data excitation-acquisition tbo thle entire k-space and thus the phase
encoding procedure is repeated. For example, ageméth 256 pixels along the phase
encoding direction requires 256 phase encodingssfépe applied magnetic field gradient
along this direction is increased (or decreasedg¢agh phase encoding steps in a regular
fashion, while gradients of slice selection andyfiency encoding remain the same. Note,
some MRI techniques such RARE acquire data from multiple phase encodes but thi¢h
same excitation (see section 2.4.3).

2.2.6 Formation of an MR image

By combining equations 20 and 23, the MR signalegated from an elemerdx at position
x1 (see Fig. 2.11a) can be written as (Callagha®3)19

ds(Gy. 1) = (p()dxX)exdi y(Bo + Gy x )]

Equation 24

wherep(x)is the spin density and thpéx)dx denotes the total number of spins available
within the element, dx.

Therefore, the total signal generated from the $amghe summation overand is given by;

S(G,,t) = T,o(x) exdiy(B, + G, .x,)t]dx

Equation 25



The total signal transformed into the rotating feaof reference is given by;

S(G,t) = +j:o,o(x) exdi ny.xlt] dx

Equation 26
Substitution of the reciprocal space vedtowill convert the signal equation into;
+0o
S(k) = j o(x) exdi 27k xq | dx
—00
Equation 27
where
1
=— Gyt
o YGx
Equation 28

Thus, the spin density of the sample can be dedbgedtie inverse Fourier transform of the
equation 27 as given below;

o(X) = j S(k) exd-i27(k.x; )| dk

- Equation 29
In the example given in figure. 2.11(a), the rasglprojection of spin density on to the x axis
would be as shown in figure. 2 .11(b).

This relationship betweem(x) andS(k) can be generalised to two dimensional imaging as

given below;

+a+a

p(x.y) = [ [S(k,.k,) exd-i2nlk,x+k,y)ldk dk,

-a-a
Equation 30
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Figure 2.11. (a) Application of linearly varying magnetic field gradient along x
direction. (b) Measured proton density of the sampl e along the x axis.
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Figure 2.12. lllustrates (a) raw data matrix, (b) sample k -space and (c) resulting
brain image after the two dimensional inverse Fouri er transformation of the k-
space (reproduced from www.ipem.ac.uk ).



The digitised MR signal is stored in a complex dattrix known as k-space (see Fig. 2.12a).
The two-dimensional inverse Fourier transformataina (example) k-space (Fig. 2 .12b)
provides the spin density (or the amplitude) imafytne sample (see Fig. 2 .12c).

2.3 Image contrast

Spatial variation in the sample properties (e.jdsmntent and density of biofilms) generates
spatial variation in the MR signal intensity, vidgferent longitudinal relaxation timeTy),
transverse relaxation tim&,) and'H spin density as given below (Haacke, 1999):.

1 _ e—TR/Tl

TelTy i
I-cosaem o o

S=5,

Equation 31

where S, is the available maximum signal intensity, is the flip angle of the excitation
pulse;TR denotes the repetition time (the time intervaMis@n two successive excitation
pulses), Tg is the echo time (the time interval between theitation pulse and centre of the
signal readout centre)]{ is the longitudinal relaxation time, andl, is the transverse

relaxation time.

By altering the echo time (TE) or repetition tineR{), the signal contrast can be altered or
“weighted”. For example if a long TE is used in donation with long TR, spatial differences
in T, relaxation times of sample will become apparemthsan image is called&-weighted
image (see Fig. 2.13). Signal from tissues witloragIT, (e.g. water) takes longer to decay
than the signal from tissue with a sh®st(e.g. biofilm) and thus appear brighter in the gma

In a similar manner TR goveriis contrast. Tissue with a lorig (water) will take a long time
to recover back to equilibrium following an excitet. Therefore, short TR interval
combination with short TE will make tissue with gph; appear dark compared to tissue with
a shortT; (e.g. biofilm), such an image is call@gweighted image (see Fig.2.14). When TE
and TR are chosen to minimise both these relaxatmightings (short TE and long TR), the
signal contrast will depend mainly on the spin dgnsf a given tissue, and such an image is
called proton density-weighted. It should also b&ed here that signal measurement with low
TE values are essential to reduce the influencehefT, effect upon the signal in a
T;-weighted image, while signal measurement with Aighvalues are essential to reduce the
influence of ther; effect upon the signal if,-weighted image.
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Figure 2.13. T,-weighting image contrast at short and long TE with long TR to
minimise the T;-weighting.
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Figure 2.14. T;-weighted image contrast at short and long TR with short TE to
minimize T,-weighting.

Image weighting TE TR
T,-weighted Short | Short
T,-weighted Long | Long
Proton density weighted| Shorf Long

Table 2.2. Summarises the preferred TE and TR values to g enerate Ti, T, and
proton density-weighted images.

Now it is obvious that the image contrast duringv® imaging experiment depends not only
on the spin properties such as relaxation times gpid density, but also on the scan
parameters such as TE and TR. There are severs tfpscans with different operational
routines, known as pulse sequences available tdecoontrast between tissues with different

properties.



2.4 Pulse sequence

An MR pulse sequence consists of several concuamhiconsecutive events such application
of RF pulses, application of magnetic field gradipalses and data acquisition. The pulse
sequence describes the order and exact timingdichwhese events are executed during an
MR imaging experiment.

A large number of pulse sequences have been déskgnaltering the manner in which the
above mentioned events are executed. The typesllsé gequences used in this study are
described below (Callaghan, 1993).

2.4.1 Gradient echo pulse sequence

This is a simple form of imaging pulse sequencesetl on a gradient echo. The pulse
sequence diagram is shown in figure- 2.15.
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Data collection

Figure 2.15. Gradient echo pulse sequence diagram.



The basic 2D gradient echo pulse sequence inclie$ollowing events. A slice-selective
shaped (e.g. sinc function) RF excitation pulseapglied simultaneously as a gradient is
applied in the slice-selective direction. Immediatthereafter a gradient is applied in the
phase encoding direction, accompanied by a rephasadient with opposite sign in the slice-
selective direction (that compensates for dephasingughout the slice), and a preparative
dephasing gradient in the frequency encoding doeciThen, a rephasing gradient is applied
alone in the frequency encoding direction or 'regiddirection opposite in sign to the
preparative gradient, effectively rephasing the megdigation and forming an echo that is then
sampled. Magnetization decay during this perioddpendent off, . TE here refers to the
time interval from the centre of the RF pulse ext@in to the centre of the echo. TR indicates
the total time between repetitions of RF excitapoitses. Since this pulse sequence includes a
single phase encoding step, it must be repeatextaddimes in order to fill the entire k-space.
A spoiler gradient is applied along the frequenngagling direction to destroy any residual
transverse magnetizations found in between twoesstee RF excitations.

2.4.2 Spin echo pulse sequence

The spin echo (SE) pulse sequence is similar tgythdient echo pulse sequence except that
an additional 180° RF pulse is used to create raegho, in addition to a gradient echo. The
pulse sequence diagram in figure 2.16 shows theexghio pulse sequence.

The spin echo pulse sequence is initiated by &-sktective shaped (e.g. sinc function) 90°
RF excitation pulse applied simultaneously with &gmetic field gradient in the slice-selective
direction. This is followed by a rephasing gradialing the slice selection axis, a dephasing
gradient in the frequency encoding direction, anthortantly, a gradient is applied in the
phase encoding direction whose magnitude is inoneedeafter each excitatiol, effects
cause decay of transverse magnetization duringptinied after the 9QRF excitation pulse.

At time, TE/2, a second RF pulse, a 18RF pulse is applied accompanied by a second slice-
selective gradient. The spin rephasing processedalog the 18Q°RF creates the spin echo at
an interval TE/2 after the 1§(RF pulse.

The total time interval from the issue of the 90° &citation pulse to the appearance of the
center of the echo is the echo time, TE. The rgpettime, TR, indicates the time between

repetitions of the 90° excitation pulses. Since ghillse sequence includes a single phase
encoding step per TR, it is repeated with varyiraggnitudes of the phase encoding gradient in



order to fill the entire k-space.

Data collection

Figure 2.16. Spin echo pulse sequence diagram.

As illustrated in figure 2.17, the initial 90RF pulse along the x-axis, tips the magnetization
into the transverse plane (Fig. 2.17a). Tipped raagations will precess at slightly different
frequencies due to the magnetic field inhomogeseeitesulting in a phase difference between
the spins (e.g. 1, 2, 3 and 4 in figure 2.17b). phase differences will increase with time. The
application of the 18Q°RF pulse along the y-axis, after time intervalT&/2, will cause a
180° rotation of magnetizations around the y-akgy.(2.17c). The magnetizations will
continue to precess at the same rate as befondtimgsin the rephasing of spins and the
creation of a spin-echo signal (Fig. 2. 17d).
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Figure 2.17. Formation of a spin echo when 180° RF pulse i s applied

Images formed by the spin echo pulse sequence esaalT; and T, and proton density
contrast depending on the choice of TE and TR.ré&fecusing of the magnetization to form a
spin-echo makes this pulse sequence less sensitimagnetic field inhomogeneities than the

gradient echo imaging sequence.

2.4.2.1 Multiple spin echo imaging

After the echo is formed by the 180° RF pulse nbesignal will start to decay once again due
to the above mentioned field inhomogeneity eff@bsequent echoes can be formed by
repeating 180° RF pulses. However, each echo wilirballer compare to the previous echo
due to inherent, decay (see Fig. 2.18). Using more than a 180° lRéep to create signal
echoes is known as multiple spin echo pulse seguéehis can be used to acquires images
with T>-weighting and is used to obtain a quantitaliy@arameter image.

T2* decay

T2 decay

I* spin echo 2% spin echo 3" spin echo

Figure 2.18. Continuous formation of echoes using subseque nt 180° RF pulses.

It should be noted, th&, values measured using the above method are efé&ctvalues, as
they depend on the echo time of the multiple edguence. This is a result of the diffusion of
water molecules within an inhomogeneous magnetld {iFarrar, 1971). The shorter the echo
time, the closer the effectivie to the purel, value.



2.4.3 RARE pulse sequence

In a conventional spin echo imaging sequence, ardyngle line of the k-space is filled per
excitation-acquisition, requiring longer scan tintesproduce an MR image. However, in a
Rapid Acquisition Relaxation EnhancemeRAREB sequence (Henning et al., 1986) multiple
spin echoes are generated using a train of 18@®gpufter a 90° pulse. Each echo is phase
encoded separately to form different lines of theplice. This multiple acquisition of k-space
data (lines) with a single excitation makes thep&eg sampling quicker and reduces the total
scan time. Th&®RAREpulse sequence is shown in figure 2.19.

As the RARE sequence contains multiple RF pulses, stimulatdtbes are generated in
addition to spin echoes. Unlike spin echoes whiah rafocused via the 180° pulse in the
transverse plane, the stimulated echoes are geddrgtthe refocusing of the phase coherence
stored as longitudinal magnetization. The regulgacsig of 180° pulses in thRARE
sequence (see Fig. 2.19) results in the simultangeneration of spin and stimulated echoes
(Haacke, 1999).

k /n - Rare factor

Figure 2.19. RARE pulse sequence diagram.



2.5 Contrast agents

Contrast agents have been developed to improvedtential of MRI in medical diagnostic
imaging. For example to provide improved contrasMiR imaging of tumours, MR imaging
of the breakdown of the blood brain barrier, ceaklmood volume (CBV), cerebral blood
flow (CBF), MR angiography, and in quantitative essment of tissue vascularity and
myocardial perfusion, which are otherwise impossitd detect using standaid or T, or
proton density-weighted imaging (Tofts, 2004).

The presence of contrast agents that contain (fagramagnetic ions will cause noticeable
shortening of both (or either) spin-lattice relamattime (1) and spin-spin relaxation time
(T,) of the surroundingH nuclei. This creates distinguishable differenbesveen tissues, as
changes i1 and (or)T; alters the MR signal.

Paramagnetism generally involves the magnetism rfgtagmoments of unpaired electrons)
of small isolated ions (e.g. &g CLf*, etc) that only behaves as local magnets in thsguce

of an external magnetic field. Superparamagnetiscurs when crystals (e.g. iron oxide)
containing regions of unpaired spins are suffitiemérge that they can be regarded as
thermodynamically independent, single domain paicThese single domain particles are
named magnetic domains. Such a magnetic domaira lmet magnetic dipole that is larger
than the sum of its individual unpaired electrdnghe absence of an external magnetic field,
such magnetic domains are randomly oriented withneb magnetic field. An external
magnetic field can cause the magnetic dipoles@ithgnetic domains to reorient causing the
resultant magnetic moments of such magnetic dom#&nde greater than that of a
paramagnetic substance (Modo and Bulte, 2007).

2.5.1 Types of contrast agents
In general MRI contrast agents are divided into tyyes:

1. Positive contrast agents —which shorten the lodgl relaxation timeT;), and cause
increased signal intensity in the region of inteneg;-weighted images.

2. Negative contrast agents —which shortens the temssvelaxation timeTg), and cause
decreased signal intensity in the region of intere$,-weighted images.



Table 2.3 summarizes the contrast agents usedisnréBearch and their effect upon the
longitudinal relaxation time,T¢) and transverse relaxation tim&) of the surroundingH

nuclei.

Contrast agent Longitudinal relaxation | Transverse relaxation
time (77) time (73)

Gd-DTPA Shortens Shortens

Iron oxide nanopatrticles| Shortens Shortens

Copper (Ca" Shortens Shortens

Table 2.3. The effect of contrast agents used in thisres  earch upon the longitudinal
relaxation time ( T:) and transverse relaxation time ( T.) of the surrounding 'H
nuclei.

Gd-DTPA, a commonly used contrast agent in medgaging, is a complex of gadolinium (a
paramagnetic metal) with the chelating agent dietigtriamine pentaacetic acid (see Fig.
2.20). Here the chelate complex is used to redheetaxicity of Gd" and to tailor the
magnetic property of the contrast agent by changsgiolecular size and structure. The
and T, relaxation times ofH nuclei are altered due to the fluctuating magnitieractions
between the electron spins of unpaired electrorikef>d* metal ion and the spins of thd
nuclei. This interaction depends on the number mgfaired electrons of the metal ion, the
proximity of water protons to the metal ion and thée of tumbling motion of the contrast
agent molecules. Similar to Gd-DTPA, Calso alters th@; andT, relaxation of water due to
the interaction between its unpaired electrons e nuclear spins of th&H of water

molecules.
Gd™
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Figure 2.20. lllustrates the structure of the Gd-DTPA (rep roduced from
http://www.berlex.com/html/products/pi/Magnevist_PI .pdf).

Superparamagnetic nanoparticle contrast agentshelgay 10N, shortenT, and T, due to
their large magnetic moment (Tromsdorf et al., 2J00he relaxation mechanism is related to
spins ¢H nuclei) diffusing within the inhomogeneous maiméeld created by the magnetic



clusters of the nanoparticles (Morales et al., 200®lday ION™ is an ultra small (e.g. 30
nm in size) iron oxide-based superparamagnetic ([OBPontrast agent (www.biopal.com).
Molday ION C6Amine is engineered to have terminal amino gsowfh a size of ~35 nm,
and a zeta potential of about 48 niMolday ION Carboxyl terminated is engineered to have
terminal carboxyl group with a size of ~35 nm, anzkta potential of about -38 mV.

Amino groups (-NH) are common functional groups and often becomézéohby the
addition of a hydrogen ion (B forming positively charged amino groups (NH Carboxyl
groups are common functional groups and frequeitthyze, releasing the H from the
hydroxyl group as a free proton (fiwith the remaining O carrying a negative charge.

Figure 2.21. Schematic of (A) amine functional group and (  B) carboxyl functional
group.

The effect of contrast agent on MRI signal integngtconcentration dependent thus allowing

us to quantify their concentrations as discusséalbe

2.5.2 Quantitative concentration imaging

The presence of MRI contrast agent changes eitefM{ or T, relaxation time of the
neighboring*H nuclei as mentioned above. The actual conceatsitof the tracers can be
determined, as changes in relaxation ratek, @7 1/T,) is linearly related to the concentration
of the contrast agent as given in equation 32 (kK®ak999).

1 1 1
[c]= -~ =
T2 Ty20 )R

whereTy)0 is the longitudinal (transverse)relaxation timethe absence of contrast agent ,

Equation 32

Ti2),; is the longitudinal (transverse) relaxation timethe presence of contrast agei@] [
denotes the concentration of the contrast agedtRas the relaxivity constant of the contrast
agent.



Chapter 2 Magnetic resonance imaging

Therefore, construction of spatially resolvédor T, parameter maps during the transport of
the contrast agent will reveal its transport thitolbgpfilms and packed columns. Collecting a
T, or T, based image prior to the contrast agent uptakeatethe impact of properties of the
biofilm or saturated packed column on eitfigror T, depending on corresponding relaxation
mechanisms (see table 2.1). Any subsequent chan@ear T, after the uptake of contrast

agent can then be attributed to the effect of thetrast agent and used to quantify their
spatially resolved concentrations inside biofilmsd apacked columns using calibration
equation 32.

2.6 MRI hardware

This section will briefly introduce the differenbmponents of a MRI scanner and their
functionality during an MR imaging experiment (Bliatm, 2003, Levitt, 2008).

MRI Scanner Cutaway

Radio ."I Patient

Frequenc
E:nil ¥

Gradient
Coils

Magnet

Scanner

Figure 2.22. Main components of the MRI scanner (reproduce d and edited from
BIOE 414 Instrumentation Projects).

2.6.1 The main magnet

MRI experiments require a main static magneticdfieB,, as discussed in the previous
sections. This magnetic field should be homogenamdsstable with time. The largep Bie
greater the net magnetization and the larger thesigRal.

Superconducting coils are used to produce the maagnetic field. Once charged with
current, superconductors allow the current to ¢ateufor a very long time without loss; thus
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creating a uniform magnetic field. Superconductordings are cooled with liquid helium, He
(at 4K, the boiling point of liquid He) in order gve negligible electrical resistance. The core
of the magnet is known as the bore and sampleplaced in the centre of this bore (iso-
centre) to experience the largest and most homagsnaagnetic field.

2.6.2 Shim colls

The homogeneity of the main magnetic field insitie bore is altered by the magnetic
susceptibility of the sample. Shim coils are addiéil sets of coils used to improve the
homogeneity of the magnetic field over the samflee homogeneity is optimised by
adjusting the current sent through these shim .coils

2.6.3 Gradient coils

Pulsed field gradients are used to spatially encbdeMR signal (see section 2.2). Magnetic
field gradients are produced during an MRI expentim®y applying direct current (dc) through

specially designed coils known as gradient coilse& gradient coils produce magnetic field
gradients in x, y and z directions. In this reskayadient inserts of (Bruker model BG-6) and
(Bruker model BGA-20) were used with a 200-A gratliamplifiers to provide strong linear

magnetic field gradient pulses of 1000 mT/m and 200m respectively.

Z Gradient Coil X Gradient Coil Y Gradient Coil
G

A_n

x

Figure 2.23. Schematic illustrations of coil arrangements used to create magnetic
field gradients in X, y, and z directions (reproduc ed from Magnetic Resonance
Imaging by Joseph P. Hornak - http://www.cis.rit.ed  u/htbooks/mri/inside.htm).

2.6.4 RF Coils

Radio frequency (RF) coils are used to producegsuts RF radiation, these are used perturb
(excite) the spin system. RF coils are also usetktect the MR signal. A single RF coil can



be used for both excitation and detection. In sarases different RF coils are used for
excitation and detection separately, e.g. volursemator for excitation with a surface coil for
detection.

The oscillating magnetic field, 1B produced by the RF coils should be homogeneods an
perpendicular to the main magnetic field. Bird cagee coils are commonly used RF coils.
Microscopy coils such as solenoid, saddle and Heltnlmade up with simple loops can also
be used for MR microscopy of small samples.

Figure 2.24 illustrates the components of a typidRIl scanner.
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Figure 2.24. Schematic diagram of electronics involved in an MR image formation.
Red and blue colour arrows indicate the transmitter and receiver sections
respectively.



2.6.5 RF oscillator

RF oscillator produces an oscillating electricgnsil at a well defined frequency; the radio
frequency (RF) pulse.

2.6.6 RF modulator

The RF modulator is used to modulate the amplitofdl®F pulses with time. Shaped RF
pulses are used to selectively excite the spinslena slice, leading to better defined slice
profiles.

2.6.7 RF amplifier

RF amplifier amplifies the shaped RF pulse in otdeproduce large-amplitude RF pulse for
transmission to the RF coil.

2.6.8 Duplexer

Duplexer executes two main tasks. It first diretis high power (amplified) RF pulse to the
RF coil. The duplexer then directs the weak MR aigo the receiver section. Hence, the
duplexer protects the sensitive electronics compitsnm the receiver section from the high
power (amplified) RF pulses generated in the trattemand also sends the entire signal
produced by the sample to the receiver section.

2.6.9 Signal preamplifier

The weak RF signal generated by the nuclear spingheo sample is directed towards a
preamplifier by the duplexer in order to scale wpat convenient voltage level. Signal
preamplifiers are always kept close to the mainmeam order to reduce any signal losses.

2.6.10 Quadrature receiver and analogue to digital  converter

The quadrature receiver down converts the raw MjRaifrom its high frequency (e.g. 300
MHz) to a low value as Analogue to digital convertan only deal with low frequency

signals. This is done by comparing the raw sign#i & reference signal. Analogue to digital
converter converts the analogue MR signal intotaligorm. This is then processed by the

computer.



2.6.11 Computer

The computer system generally consists of an opecainsole enabling operator input, scan
selection and pulse sequence selection. The comgutennected with the real time operating
system to control gradients and control RF transmd receive functions. The computer also
handles image reconstruction.
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Application of paramagnetically tagged molecules
for magnetic resonance imaging (MRI) of biofilm
mass transport processes

3.1 Summary

Molecules become readily visible to MRI when labdll with a paramagnetic tag.
Consequently, MRI can be used to image their tranigprough porous media. In this study,
we demonstrated that this method could be appbenintging mass transport processes in
biofilms. The transport of Gd-DTPA, a commerciaflyailable paramagnetic molecule, was
imaged in both agar (as a homogeneous test syataih a phototrophic biofilm. The images
collected wereT;-weighted, wherd; is a MRI property of the biofilm and is dependant
Gd-DTPA concentration. A calibration protocol wgspked to converfl; parameter maps
into concentration maps, thus revealing the spwatrasolved concentration of this tracer at
different time intervals. Comparing the data olgdirfrom the agar and the phototrophic
biofilm experiments with simple diffusion models/ealed that mass transport of Gd-DTPA in
agar was purely via diffusion with a diffusion cheent of 7.2x10"° m? s* while its was
transported inside thehormidiumbiofilm by both diffusion and advection with anudeplent
transport rate of 1.04xTOm? s*. This technology can be used to explore furthesama
transport processes in biofilms, either using theewrange of commercially available
paramagnetically tagged molecules and nanopatrtictdsy using bespoke tagged molecule.

3.2 Introduction

Most MRI procedures utilize thi# nuclear magnetic resonance (NMR) signal becau€ei$i
dominant in biological systems and tfid nucleus gives the largest NMR signal. This,
however, means that mass transport analysis ifira®fs almost exclusively limited to water
which is present in sufficient concentrations (Lenal., 1999, Wieland et al., 2001). For other



molecules, mass transport analysis is exceptiondifficult due to their much lower
concentration which inhibits detection. Fortunatetsater diffusivity can be used as a proxy
for determining diffusivities of other low moleculanass molecules as there is a close
relationship between the diffusivities of water do& molecular mass molecules (Beuling et
al., 1998, Vogt et al., 2000, Wieland et al., 20B49wever as molecular mass increases, their
diffusion coefficients compared to water differ bgders of magnitude and water diffusivity
becomes an increasingly less reliable proxy.

Macromolecules (compounds ranging from 1 kDa todneids of nanometers) cannot be
ignored as they contribute significantly to thelptaint load of wastewater and natural aquatic
systems (Logan and Qing, 1990). Consequently, west npursue alternative ways of

determining mass transport of these important famgg#ecules by MRI.

The aim of this study is to demonstrate this camadigeved by using molecules labelled with
a paramagnetic metal ion (e.g.{3dMolecules labelled with paramagnetic metalsraeglily
visible to MRI and thus should enable, in-vivo,sitd and in real time imaging of the
transport of those macromolecules throughout ailiviofThis technology is already heavily
utilized in medical diagnostic methods as describeskction 2.5.

In this study, a complex of gadolinium (paramagnetnetal) with a chelating agent
diethylenetriamine penta-acetic acid (Gd-DTPA) wasd. This is a commonly used clinical
MRI contrast agent. Not only does this agent mgtevstrong contrast and is thus easy to
image, it is also an exceptionally stable complex [stability constant K = 20.5; (Schmitt-
Willich et al., 1999)] and hence will not dissoeiawithin the biofilm. Indeed, this high
stability enables medical practitioners to injed-BTPA into the human body without fear
that the molecule will break down and release ta@®if*. It is also one of the simplest
commercially available paramagnetic complexes ar@wvehich is commonly used to tag other
larger molecules.

The presence of Gd labelled molecules, such as T@ADat any point inside a biofilm will
cause noticeable shortening of spin lattice relaratime (I1) of surrounding'H nuclei
because of the dipole-dipole interaction betweensttven unpaired electrons of the*Gahd
the single proton of the hydrogen nuclei. Therefaenstruction of spatially resolvety
parameter maps during the mass transport of thelaBdlled molecules reveals their
movement through the biofilm. Moreover, the actaahcentrations of the tracers can be
determined as changes in longitudinal relaxatio@ {&T;) have a linear relationship with the



concentration of the Gd labelled molecule (6, 28). 3Tonsequently, the effect of the
paramagnetic label upon the MRI signal enablesousot only image the transport of these
molecules but also to spatially quantify their cemication in real time. Moreover, this
molecule can be used to label larger complexes,tlam construct a range of paramagnetic
macromolecules of different masses and reactiviliéeese bespoke molecules can then be
used to explore the impact of such physicochenpeahmeters upon their transport inside
biofilms, as macromolecules and nanoparticles dmute significantly to the pollutant load of
wastewater and natural aquatic systems (Logan amgl ©90).

A laboratory grown 1-cm thick phototrophic biofilficomposed of the cyanobacteria
Phormidiumsp. strain PP03) was utilised in this study. Thaswhosen as a simple model
biofilm as Phormidiumbiofilm readily grows in the laboratory and photgthic biofilms of
this thickness occur in the natural environmentotBtnophic biofilms also have potential
applications in wastewater treatment, bioremediatinod biofuel production (Roeselers et al.,
2008).

The aim of this first study is to demonstrate thaability of using paramagnetically tagged
molecules for tracing mass transport in biofilmsd dence it's potential for mass transport
analysis of a diverse range of mid to high molecaoiass molecules and nanoparticles within
biofilm structures. Prior to applying this techngjoto thePhormidiumbiofilm, the technique
was applied and validated with a simple system w/itee transport rate (diffusion coefficient)
of Gd-DTPA was quantified inside an ‘artificial filo’ composed simply of agar. The time
varying concentration profiles in agar were fittexl the solution of the one dimensional
diffusion equation to see if they were consisteitih wiffusive transport. Moreover, the results
from the Phormidium biofilm experiment were compared with a simple tdionensional
model.

3.3 Materials and methods

3.3.1 Agar and phototrophic biofilm

The artificial biofilm was made up of agar (1.5%)olten agar was poured into a modified
30ml plastic syringe and allowed to cool such thatoduced an agar tube with approximate
semi-circular cross-section (see Fig. 3.1).
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Figure 3.1. Schematic of the flow cell containing agar. Cr  0ss sections are (a) along
the flow cell and (b) across the flow cell.

The phototrophic biofilm used in this study was m-ahick and composed of the
cyanobacteriaPhormidium sp. (strain PP03) from the culture collection aRV Phoenix
(Phoenix and Holmes, 2008). This phototrophicibiofvas grown in the laboratory in a tray
containing BG11 +N liquid media (Rippka et al., 897%o a depth of 3 cm. This was
inoculated withPhormidiumand placed on a rocking machine at 10 rpm. Tlas then kept
in an incubator and maintained at 28° C, with astant light intensity of 2&mol nf s™.

3.3.2 Flow System

During the agar experiment the flow cell containthg agar was positioned inside the MRI
bore. The flow cell containing the agar was firshected via silicon tubing to an 18(M
water supply and slowly washed with ultrapure water flow rate of 2 ml mih using a
peristaltic pump (see Fig. 3.1). The system was ttemnected to a 4-liter reservoir of a 1.8
mM Gd-DTPA (molecular mass 547g mojeSigma Aldrich) solution and the solution was
pumped through the flow cell at a rate of 2 ml thin

During the phototrophic biofilm experiment tRormidiumbiofilm was carefully positioned
in a custom made circular 2.2 cm diameter plastiw Ttell with special gasket arrangement
such that only the top surface of the biofilm wascontact with the flowing solution. This
ensured that transport of Gd-DTPA into the biofdould only take place from top to bottom
of the biofilm (see Fig. 3.2). The flow cell wa®thpositioned inside the MRI bore. Here also
the flow cell contained the phototrophic biofilm sverst connected via the silicon tubing to
an 18 M2 water supply and slowly washed with ultrapure watdhe system was then
connected to a 4-liter reservoir of a 5 mM Gd-DT8®#ution, which was pumped over the
biofilm at a rate of 2 ml.min
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Figure 3.2. Schematic of the flow cell containing Phormidium biofilm. Cross
sections are (a) along the flow cell and (b) across the flow cell.

3.3.3 MRI

The MRI experiments were performed on a Bruker AeaBioSpec system, usinga 30-cm-
bore, 7T superconducting magnet (Bruker BioSpecrlskahe, Germany). A Bruker
microimaging gradient insert (model BG-6) and 200gfadient amplifiers were used to
provide strong linear magnetic field gradient pslsé up to 1,000 mT h thus allowing the
system to perform microimaging experiments. A Bruk® mm diameter birdcage RF volume
resonator was used to excite and detectihsignal.

Here, MR imaging was used to measure spatiallytamgporally resolved; values of both
agar and’hormidiumbiofilm while Gd-DTPA was transported through theystems. Th&;
value at different biofilm locations is influencé&y a number of factors, including biofilm
composition, water content, and concentration oapagnetic ions (Gd-DTPA). Collecting a
T,;-based image of the biofilm prior to Gd-DTPA uptat@veals the impact of biofilm
composition and water content ®n The change iT; upon Gd-DTPA uptake is then known
to be solely due to the Gd-DTPA. Thdg,values can be used to determine concentrations of
Gd-DTPA. First, T;-weighted images were measured at five differertitatton pulse flip
angles which highlight onlyl; image contrast. They were then used for calandatf T;
parameter maps where the image intensity is theabtf value. These parameter maps were
then used to obtain quantitative images of Gd-DTBAcentration.

3.3.4 Acquisition of T;-weighted images

The transport of Gd-DTPA inside both agar aRbormidium biofilm was imaged by
acquisition ofT;-weighted images in the axial plane by using a Bifadient Echo pulse
sequence, FLASH (Brookes et al., 1999 and Haa@@9)1 Images were obtained across the
samples, with a slice thickness of 1 mm. Both agaPhormidiumbiofilm experiments were
performed with imaging parameters, echo time (TE3 ons and repetition times (TR) of 75
ms for agar and 20 ms for biofilm. The field oéw was 3 cm by 3 cm, using an imaging



matrix of 200 by 200 pixels, giving an in-planeatkesion of 150um by 150um. During both
experimentsT;-weighted images were acquired at five differentiation pulse flip angles
(10°, 20°, 40°, 60° and 90°). Imaging time at dhdphangle was approximately 18 seconds,
using a single signal average.

3.3.5 Calculation of T, parameter maps

In a gradient echo pulse sequence the local sigteisity is given by (Haacke, 1999);
1- e—TR/T1

_ ~TE/T,*
St = o) 1—cocge TR/T,

sing

e

Equation 1

where Syt) is the available maximum signal intensity,is the flip angle of the excitation
pulse; TR denotes the repetition time (the time intervame®n two successive excitation
pulses), TE is the echo time (the time interval between theitaion and signal readout
centre),l;is the longitudinal relaxation time, an'ﬂz* is the apparent transverse relaxation

time.

In equation 1, the terre” &/ " is considered constant, sindE was a predefined constant

throughout the experiment anly was assumed constant for a particular pixel atracpéar
time interval. Consequently equation 1 can becedwas given below,

1_ e_TR /Tl

=Ksing
t _
S( ) 1-coxme Te /T,

Equation 2

where, K is a constant which includes the ten&(t) ande TE/T.",

T, parameter maps were calculated from the serids/@fT;-weighted images which were
acquired at different flip angles (10°, 20°, 4@, ®0°) (see Fig. 3.3A). For each image pixel,
the MRI signal intensitiesyy, at different flip angles were fitted to equati®rusing a non-
linear least square algorithm (see Fig. 3.3B). Tgnscedure estimates the values for the
parameter& andT; of that pixel. This procedure was applied to eatartheTl; value of every
pixel within the slice (2D image) (see Fig. 3.3C)



(B) j

0 (C)

=

= @)

T

S —

E

5 )

& (@) MII?I data Flttef:i datal T, parameter map

20 40 60 80 100
Flip Angle, a

o

Figure 3.3. (A) For the slice across the biofilm  T;-weighted images are acquired at
five different flip angles. (B) For each pixel, th e variation of signal intensity, S(t)
with respect to flip angle, o was fitted to the equation 2, giving a  T; value. (C)
Taking the T; value of each pixel yields a T, parameter map.

3.3.6 Calibration of Gd-DTPA concentrations from T, parameter
maps

The presence of paramagnetic metal, such as gadulitauses a concentration dependent
reduction inT.. The effect of paramagnetic ions, such as*Qih Gd-DTPA) on the
relaxation time of watetH is represented by the equation (Stanisz and Hierke 2000,

Phoenix and Holmes, 2008).
)=/t
RITy T

whereT;g is the relaxation time in the absence of Gd-DTPA,s the relaxation time in the
presence of Gd-DTPA(]] denotes the concentration of the Gd-DTPA, &rid the relaxivity

constant of the Gd-DTPA.

Equation 3

In the current studyTio and Ty; are known variables, as they are taken directynfiT;
parameter mapsR, however, is unknown and must be separately detetmin order to

guantify the concentration measurements.



3.3.7 Determination of relaxivity constant ( R) of Gd-DTPA in agar
and Phormidium biofilm

Recent investigations show, when changes inlihelaxation times are used to quantify the
available Gd-DTPA concentrations, tResalue of Gd-DTPA depends on the solids content of
the sample, withR increasing approximately linearly as solids cohteareases (Phoenix and
Holmes, 2008, Stanisz and Henkelman, 2000).

Thus, the effect of solids content on Gd-DTPA reldy in a Phormidium biofilm was
investigated. Here, biofilm samples were prepatefbar different solid contents by mixing
the same amount of biofilm with four different volas of Gd-DTPA solutions. At each solid
content six different samples were made with kn@&»hDTPA concentrations (ranging from
0 to 5mM). T; values of all samples were measured. Then, ploidT,; versus Gd-DTPA
concentration were made for samples with simildidscontent, and th& values for each
solid content was determined by fitting equatiorto3their data using linear least squares
method. The percentages of the solids conterddl efandards were determined by weighing
the mixtures before and after drying to a consteight at 60° C. TheR values were plotted
against solids content and the linear relationbeifpveerR and solids content was determined
by fitting the data using linear least squares wethAt the end of the Gd-DTPA transport
experiment, the solids content of tReormidiumbiofilm was determined by weighing before
and after drying the sample to a constant weight@t C. The appropriat® value
corresponding to its solids content was then detexthfrom theR versus solids content
relationship described above. Thtsvalue was used in equation 3 to calculate the GBAD
concentrations inside the biofilm from the MRI datdlected during the Gd-DTPA transport
experiment. This way of estimating tRevalue of the Gd-DTPA in the experimented biofilm
enables the use of a value R®related to the solids content of the biofilm, tlyi&ing a more
accurate measurement of Gd-DTPA concentration.

In order to estimate thRe value of Gd-DTPA inside the artificial biofilm (ag, agar samples
were prepared with five different known concentrasi of Gd-DTPA. Then, T{; values were
plotted against the concentration of Gd-DTPA &whlue was estimated by fitting equation 3
to the data using linear least squares method.



3.3.8 Estimating the diffusion coefficient of Gd-DT  PAinside agar

Concentration profiles along a straight line thriotige centre of the flow cell (Fig. 3.6F) were
extracted from the data at six discrete pointsnret(3, 13, 23, 33, 43 and 53 minutes) during
the first hour of the experiment. After 1 hour 1 @e-DTPA has only penetrated the upper
layers of the agar. Therefore, if diffusive tramdplominates then the effect of the flow cell
boundaries and the irregular domain will be neglegion these central concentration profiles.
This would mean that diffusion could be represeritgd one dimensional model of Fickian
diffusion. To test this we compared the profileshe solution of the diffusion equation for a
semi-infinite one dimensional domain (Crank, 1978)the concentration on the upper
boundary of the agar is assumed to be constanudhrdime (C = Co)and the initial
concentration in the remainder of the domain i® zéren the solution is given by

C(x,t) = Cperfc(x/,/4Dgjs t)

Equation 4

where erfc is the complementary error functiDg; is the diffusion coefficient of Gd-DTPA
inside agar and is time. Non-linear least squares fitting of ttega to this model allowed the
diffusion coefficient to be calibrated.

3.3.9 Modelling the mass transport process of Gd-DT  PA inside the
Phormidium biofilm

To determine whether the concentration profilesGol-DTPA measured using MRI were
commensurate with purely diffusion driven transptitey were compared with those
simulated for a mathematical model of diffusioneThorphology of the surface of the biofilm
is variable in space and, therefore, it is not mbssto represent the transport by a one
dimensional diffusion equation. However, there idegree of symmetry in the shape of the
biofilm surface along the axis of flow enablingtosuse a two dimensional diffusion model. A
two dimensional finite element model for diffusiorio the biofilm was implemented using
COMSOL Multiphysics (3.4). Diffusion was simulatedthin the biofilm, the domair2
shown in figure 3.4, which was determined from kel images (Fig. 3.8A). The boundary
of the domain was split into two parts (Fig. 3.4)that 0Q =y O, wherel; is the top
surface of the biofilm andr', includes the walls of the plastic holder and thdazes of the
gaskets inside which biofilm was placed. The catregion of Gd-DTPA in the bulk liquid
and hence on the boundaFy was assumed to be a constat, through time. No transport
was permitted though walls and gasket bounddries,



Hence the model was defined by;

M = D-(Ddif DC(X, y)) Xy 0Q

ot
Equation 5
C(x,y)=C x,yOr,
Equation 6
0C(x,y)
——==0 x,ydr,
on
Equation 7

where n is the vector normal to the boundarids, X and Dyt is the diffusion coefficient,
which we assume to be constant in time and sp&be. concentration in the bulk quuid:*
was 5 mM. For the purposes of the model, the difusoefficient was initially assumed to be
the same as that calculated for the agar (7.2%a6 s*) as both agar and biofilm exhibit very
similar solids contents (see sections 3.4.2 an®)3.4

The same model was then used to estimate the idiffusoefficient of Gd-DTPA inside

biofilm. Here the diffusion coefficient was calilbed using a golden search algorithm in
MATLAB, which called the COMSOL model as a subroeti The objective function was the
sum of square errors between observed and simuletedentrations and an optimum
diffusion coefficient was estimated at the minimwadue of this objective function. The
model was undertaken purely for comparative purpose determine if transport was
dominated by diffusion and to highlight any dewas from diffusion to help evaluate the
MRI measurements. | did not develop the complegritthe model further here as this is
beyond the scope of this chapter.

3.3.10 Visualization of structural complexity of Phormidium biofilm
using freeze-substitution TEM

The structural complexity of th@hormidium biofilm, such as the presence of EPS and
compactness of the filaments, were investigatecdhgudreeze-substitution transmission

electron microscopy (TEM), with samples preparedheyfreeze-substitution method (Tetley

et al., 1998). Unlike processing the samples foMT& room temperature, processing them
with the freeze-substitution technique better pressetheir structural information (Hunter and

Beveridge, 2005).

Note: biofilm sample preparation using freeze-sititsin technique and TEM imaging of the



biofilm were done by Dr. Laurence Tetley and Ms.riygaet Mullen of Integrated Microscopy
Facility, University of Glasgow.
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Figure 3.4. lllustration of the two dimensional model of Phormidium biofilm
constructed using COMSOL Multiphysics. Dimensions are in centimeters

3.4 Results

3.4.1 Relaxivity constant ( R) of Gd-DTPA inside agar

The variation of measureth; (1/T1;) values of agar samples with respect to the GdATP
concentrations is shown in Fig. 3.5A. The relayiwalue of Gd-DTPA inside agar was
estimated as 3.4'smM™ (with 95% confidence interval of 2.9 - 3.8 mM™) by fitting the
data to equation 3.

3.4.2 Relaxivity constant ( R) of Gd-DTPA inside Phormidium biofilm

The variation of relaxivity of Gd-DTPA with respet the solids content of tHehormidium
biofilm is shown in figure 3.5B. A linear least sgas fit to this data gives,

R=1.71S+6.53
Equation 8
whereSis the solid content of the biofilm. The 95% calefnce intervals for both gradient and
intercept of equation 8 are (0.1 and 3.4) and #B9.8) respectively. The solid content of the
actual biofilm sample used during the flow throwegperiment was measured to be 1.2% and
from the above given linear relationship (equa®ritheR value of that biofilm sample was



estimated as 8.58*smM™. This was then used in equation 3 to determineDGBA
concentration inside the biofilm.
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Figure 3.5. (A) Variation of (1/ Ty) values with respect to Gd-DTPA concentration
inside agar samples. (B) Variation of Gd-DTPA relax ivity with respect solids
contents of several Phormidium biofilm samples.

3.4.3 Diffusion of Gd-DTPA inside agar

In order to test the validity of this MRI method fimmaging transport in biofilms, transport of
Gd-DTPA in a simpler 1.5% agar test system was @dagl he transport of Gd-DTPA into the
agar was recorded biy-weighted images acquired (with a 40° flip angledirme intervals of
23, 48, 73, 98, and 123 min, as shown in figuréA3® E. The transport of Gd-DTPA is
shown by the expansion of the brighter region theagar, as diffusing Gd-DTPA molecules
shortens thd; value of the surroundindd nuclei, hence increasing the measured MRI signal,
which is shown brighter in &-weighted image.

As the actual concentration of Gd-DTPA is lineadjated to the changes inTiAalues, the
calibration protocol (equation 3) was then useddnovert theT; parameter maps into actual
Gd-DTPA concentration maps at time intervals of 28, 73, 98, and 123 min, as shown in
figure 3.6F to J. Again, the expansion of the keghregion into the biofilm shows the
transport of Gd-DTPA. Concentration profiles alahg transect shown by the white line (Fig.
3.6F) at time intervals of 3, 23, 53, and 103 mimshown in figure 3.7A.

By inspecting equation 4 it can be seen that ifudife transport dominates then if
concentrations along the same transect are plaitginst the variablex/+/t all of the
profiles should collapse onto a single curve. i ba seen from Fig. 3.7B that this is indeed



the case, suggesting that Gd-DTPA was transponriediffusion. The theoretical curve
(equation 4) was fitted to the observed using moeakr least squares method and the best
fitting diffusion coefficient of Gd-DTPA inside agavas 7.2x13° m® s*. This gave an
excellent (R) goodness-of-fit value of 0.97 (with 95% confideninterval of 7.0x18° -
7.4x10" m? s1). The points with zero concentration that do ribtttfe trend observed on
figure 3.7B correspond to the data points with zgyncentration on figure 3.7A. 'These zero
concentration points may reflect error in the coricaion calibration

(A)

Gd-DTPA

Agar

Figure 3.6. Diffusion of Gd-DTPA into agar was recorded by T: weighted images
acquired at 40° flip angle (A-E) and the calibratio  n protocol (equation-3) was then
used to convert the T, parameter maps into actual Gd-DTPA concentration m  aps
(F-J) at time intervals of 23, 48, 73, 98 and 123 m inutes. The grey scale indicates
the Gd-DTPA concentrations (mM) inside agar.
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Figure 3.7. (A) Calibrated Gd-DTPA concentrations at time intervals of 3, 23, 53
and 103 minutes along the transect shown by the whi  te line in Fig. 3.6F. (B)
Calibrated Gd-DTPA concentration profiles during th e first hour of the experiment
(3, 13, 23, 33, 43 and 53 minutes), plotted against  distance/ \time and curve fitted
to the solution of the Fickian one dimensional diff usion equation to determine the
diffusion coefficient of Gd-DTPA inside agar.



3.4.4 Transport of Gd-DTPA into the Phormidium biofilm

The transport of Gd-DTPA into tHehormidiumbiofilm was recorded byi;-weighted images
acquired (with a 40° flip angle) at time intervaf2, 22, 72, 122 and 172 minutes as shown in
Fig. 3.8A to E. Again, the transport of Gd-DTPAsisown by the expansion of the brighter
region into the biofilm.

The calibration protocol was then used to convexfl{ parameter maps into actual Gd-DTPA
concentration maps at time intervals of 2, 22,122 and 172 minutes as shown in figure 3.8F
to J. Again, the expansion of brighter region itite biofilm shows the transport of Gd-
DTPA. Figure 3.8K to O shows the two dimensionaldelogenerated using a diffusion
coefficient of 7.2x18° m? s?, the value calibrated from for diffusive transptittough agar.
Figure 3.9A shows the comparison of concentratimfilps of experimental data along the
transect shown in white line in Fig. 3.8F with mbdata along the same transect Fig. 3.8K.
The model using the diffusion coefficient from aghiows slightly slower transport than the
experimental data, indicating that transport of BOPA in the biofilm is faster than in agar.
When the model was calibrated using concentratrofilps of Gd-DTPA in biofilm, the best
fit (R? = 0.92) was achieved with a diffusion coeffici@fit1.04x10° m’s* as shown in Fig.
3.9B.
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Figure 3.8. Transport of Gd-DTPA into the Phormidium biofilm illustrated as  T;-
weighted images acquired at 40° flip angle (A-E), c¢ alibrated Gd-DTPA
concentration maps (F-J) and diffusion model result s (K-O) at time intervals of 2,
22,72, 122 and 172 minutes. The grey scale indicat es the Gd-DTPA concentrations
(mM) inside the biofilm.
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Figure 3.9. Gd-DTPA transport inside the Phormidium biofilm is compared
between experimental data and (A) model data (model ed at diffusion coefficient of
7.2x10™"° m?s) and (B) calibrated diffusion model data. Gd-DTP A concentration
profiles were along the transect shown in white lin e in Fig. 3.8(F and K) at time
intervals of 129, 429, 737, 1038 and 1341 seconds. Symbols represent
experimental data and solid lines represent model d ata at respective time
intervals.

Figure 3.10. Transmission Electron micrograph of freeze-su  bstituted Phormidium
biofilm sample. (A) Cross section of Phormidium fi laments embedded in an EPS
matrix. The EPS is the fine meshwork seen between c  ells. (B) Areas where there is
little or no EPS between the filaments, thus with v oids and interconnected
channels between filaments.
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3.4.5 Freeze-substitution transmission electron mic roscopy analysis
of biofilm structure

The structural complexity oPhormidum biofilm was visualised using freeze-substitution
transmission electron microscopy as illustrated figure 3.10. Transmission electron
micrograph (see Fig. 3.10A) shows tRétormidiumfilaments are embedded in an EPS matrix
and this was observed in most areas of the bioftfowever in some areas there was little or
no EPS between the filaments as shown in figureOB.1thus creating voids and

interconnected channels between filaments.

3.5 Discussion

In this study, MRI was successful in quantitativeheasuring the time-varying spatially
distributed concentration of Gd-DTPA as it is tqamded into the agar anBhormidium
biofilm. The agar system was used as a simplestegem to examine the suitability of the
approach. Results from both agar &ttbrmidiumbiofilm experiments were then compared
with simple one and two dimensional models.

As illustrated in figure 3.7B, concentration presilof Gd-DTPA transport in agar collapsed
well onto a single line. Critically, this indicatésnsport is consistent with (i) diffusion and
(i) diffusion at a constant rate. This corrobesathe suitability of this MRl method as such
homogeneous diffusion is expected in a homogenagas gel. Moreover, the calculated
diffusion coefficient of 7.2x18° m? s* is an acceptable estimate for the diffusivity of
Gd-DTPA (molecular mass 547 g mdje This is slower than that of much lighter moliesu
such as water (D = 2.2x20n? s) yet faster than a similar but heavier Gd taggedenule,
Magnevist, (D = 2.6x1® m? s*; molecular mass 938 g/mole) (Gordon et al., 1999).

This then enabled us to move onto a real biofilnsteay. Again, this MRI approach
successfully tracked the transport of Gd-DTPA itite Phormidiumbiofilm. A simple two
dimensional diffusion model that employed the diftun coefficient calibrated for agar did not
match the experimental results (Fig. 3.9A); tramspgppears to be quicker in the biofilm.
When the diffusion model was calibrated againstcirecentration profiles in the biofilm the
best fitting model (Fig. 3.9B) was achieved witltifusion coefficient of 1.04x1® m? s™.
This is an unrealistically high rate of diffusicor IGd-DTPA in the biofilm, since the diffusion
coefficient of Gd-DTPA inside the agar is only 71PX° m* s. The agar is a highly
permeable, inert gel, designed to give minimalstesice to diffusive transport. Consequently,



the diffusion coefficient determined in agar is esf@d to be the maximum unrestricted value.
Thus, it appears that the transport of Gd-DTPAh& biofilm is not by diffusion alone. It
should be noted here, that the thick filamentousfilm formed by Phormidiumis a
heterogeneous complex three dimensional system. ©ERhe biofilm’s internal structure
reveals that in most areas a dense EPS matrixtHifispaces betwedthormidiumfilaments
(Fig. 3.10A). However, in other areas there ig/\tle or no EPS fillings these spaces (Fig.
3.10B), thus creating voids and interconnected blsn Previous studies showed that these
structural heterogeneities found in biofilms cawer@ase the transport of solutes into and
through biofilms via advection (Bishop et al., 199 Beer et al., 1997, de Beer et al., 1994,
Stewart, 1998, Stewart, 2003). Therefore the corapbof advective transport of Gd-DTPA
in the Phormidium biofilm would have increased its transport rateeroand above its
calculated diffusion coefficient in agar.

Despite the fact that transport in the biofilm & solely diffusive the calibrated model is a
reasonable match to the observed data. This has ddeserved in biofilm mass transport
studies using other techniques where calculatddsitin coefficients are higher than those
possible by pure diffusion (de Beer et al.,, 199Thus, the effective diffusion coefficients
described in this and other biofilm studies notyoeimbody the impact of factors such as
porosity and tortuosity on diffusion, but can almbody components of advection. These
effective parameters can be a useful means of dyiagtthe effects of different transport
mechanisms without explicitly representing all bk theterogeneities and flow pathways
through a porous medium. The presence of smallvamdl interconnected channels inside this
biofilm cannot be imaged by MRI in this study as #thievable resolution was 150 microns,
which is larger than the size of most voids andhalets found inside biofilms (de Beer et al.,
1994). Ultimately, however, as our ability to ineatransport at increasingly high spatial
resolution evolves it may be possible to disent@rflyiiv mechanisms in a few laboratory
based experiments if the sizes of voids and intemected channels are compatible with
achievable higher resolution using MRI. However, doantifying biofilm transport for any
practical applications it may always be necessaryde effective parameters in prudently
simplified transport models. Therefore the transpmfr Gd-DTPA into thisPhormidium
biofilm can be characterised with an effective ukfon coefficient which comprises both its
diffusional and advectional transport properties.

Usually during the maturation process biofilms adép optimize their mass transport
behaviours (Beyenal and Lewandowski, 2002). Theegfaconducting mass transport



experiments under unidirectional flow (as in thewfl cell) may produce differing mass
transport behaviour of the biofilm which was growmder bi-directional flow (on a rocking
table). However, these differences do not imphetdverall aim of this study which is to
demonstrate that paramagnetic tracers can be agextk mass transport in biofilms.

As described earlier, the diffusion of Gd-DTPA llastrated by the expansion of the brighter
region in T;-weighted images and in the concentration maps. &#&8). However, as Gd-
DTPA uptake increased a small darker region waergbd at the top of the biofilm in tig-
weighted images (Fig. 3.8A to E) which continueceipand with time. This is likely a side
effect of increasing Gd-DTPA concentration upon #ignal intensity. Normally, signal
intensity is proportional to the concentration @frgamagnetic ions (higher concentrations
cause higher signal intensity). However, abovertaitethreshold concentration, paramagnetic
ions can cause a rapid reduction in the signahsite (Nestle and Kimmich, 1996, Robert,
1997). Apparently, the highest concentrations ofB3dPA in the biofilm system are above
this threshold and thus generate a darkening,réthe brightening, in the top of the biofilm
in the T;-weighted images. Importantly, Gd-DTPA concentragi@re not calculated directly
from these single flip angl&;-weighted images. For each image pixel, the sigmnehsity,
Sy, at multiple flip angles is fitted to equation 8ing a non-linear least square algorithm.
Thus, the darkening seen in theweighted images does not result in an incorrelcutation

of lower Gd-DTPA concentration in the top of theofblim (Fig. 3.9). Although not
problematic, this darkening can be overcome byaeduthe Gd-DTPA concentration in the
in-flow solution so that they stay below the thrash

The few dark pixels seen in the very top of thefiio in the concentration maps
(Fig 3.8F to J) likely the result from the higheroe that is associated with calculating Gd-
DTPA concentrations at higher, compared to lowemcentrations. This is because the
relationship betweeil; and Gd-DTPA concentration is inversely proportiofeguation 3),
thus changes in concentration at high Gd-DTPA coimagons cause much smaller shifts in

T, than at low concentrations.

The resolution gained during this study is 150 omet This is useful for very thick biofilms
which are more common in the natural environmemfilBns which are commonly used in
engineered systems occur on scales of many temscoéns to millimeters and thus a higher
resolution is required. The resolution of the MRDe is limited by attainable signal-to-noise
ratio. The signal-to-noise ratio increases invgrgebportional to the diameter of the RF coil



which detects the MR signal. In this study a conuiadlly available 35 mm diameter RF coil
was used. Smaller diameter RF coils, however, apalde of generating higher resolution.
Indeed, smaller diameter bespoke RF coils haveadyrdeen used to examine metabolite
production and consumption in biofilms ~1@@ thick, with a resolution of ~ 20m (McLean

et al., 2008) and water diffusivities with a resmo of ~ 7.5um (Renslow et al., 2010).
Evidently, the next step here should be to buildltn diameter RF coils which will enable
the imaging of paramagetically labeled moleculethinner biofilms.

Overall this study illustrates the suitability déig approach in biofilm research to quantify the
mass transport rates and pathways of different onaalecules inside biofilm systems. Indeed,
a wide range of commercially available paramaga#yicagged molecules and nanoparticles
are available to explore the impact of parametersh sas molecular mass, charge and
molecular geometry or structure on transport irfedént biofilms. These range from Gd-
DTPA (molecular mass 547g nidlupto large macromolecules such as Gadoliniumléabe
albumin (~ 74 kDa) and Gd nanoparticles (http://whiapal.com/MRI.htm). Whilst Gd based
tracers are most common, iron oxide based parartiagrentrast agents, such as USPIO
(Ultrasmall Superparamagnetic Iron Oxide) can &saised. It is also possible to construct
bespoke, tagged molecules with specific properties.

Therefore the use of MRI with paramagnetic trates the potential to significantly improve
our understanding of the way pollutants and sutesaee transported and transformed by real
biofilms.
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Magnetic resonance imaging of biofilm mass
transport processes and structure using a simple
custom made solenoid RF caoil

4.1 Summary

Investigations of mass transport processes in limisfiusing magnetic resonance imaging
(MRI) are limited by the spatial resolution thahdae achieved. Higher spatial resolutions can
be achieved by detecting the MR signal using bespRk coils to best suit the sample
geometry. In this study a custom made solenoid &F which did not require extensive RF
engineering expertise to construct, was used t@énthe transport of the paramagnetically
tagged macromolecule, Gd-DTPA inside a phototropiotiim. The bespoke RF coil showed
good signal homogeneity and its high sensitivitpvaéd MR images to be obtained with
improved resolutions. The accuracy of MRI transpoeasurements using the bespoke RF coill
was first assessed using a homogeneous test sysiemposed of agar. The measured
concentration profiles of Gd-DTPA inside agar shdveeclose match to a simple diffusion
model. However, transport measurements inside thatofrophic biofilm could not be
matched to a simple diffusion model, indicatingoabination of diffusion and advection of
Gd-DTPA within the biofilm. The structural heteroggty of the biofilm was imaged at
resolutions up to 22 x 22 pum, allowing the impédbiofilm architecture on its mass transport
behavior to be investigated. The resolution actbkvavith bespoke RF coils makes them
ideal for imaging structure and transport insidefibhs with thicknesses greater than several
hundreds of microns (e.g. phototrophic biofilm ag@nules) which can be too thick for
photon based imaging methods. However, this stisty lsighlighted the inevitable tradeoff
between the highest achievable spatial resolutimhtamporal resolution when attempting to
image the transport of molecules within biofiimg@al time.



4.2 Introduction

The investigation of mass transport of differertisgs inside biofilms is essential for effective
modeling of biofilm function (Beyenal and Lewanddiy2002, Bishop et al., 1997, Buffiere
et al., 1995, de Beer et al., 1994, Wieland et28lQ1). These models can help us understand
and optimize biotechnological processes, such astewavater treatment and biofuel
production, as well as natural processes suchasylmetal and nanoparticle immobilization
in natural aquatic systems.

The non invasive nature of magnetic resonance mga(ViRI) makes it a valuable tool for
measuring mass transport inside biofilms as meation section 1.1.3.

The thicknesses of biofilms utilized in most bidteological processes ranges from tens of
microns to several millimeters (Bartacek et alQ20Roeselers et al., 2008, Van Loosdrecht
and Heijnen, 1993); while natural phototrophic i can develop on centimetre scales such
as microbial mats (Wieland et al., 2001). Therefpuantitative MRl measurements of critical
biofilm parameters, such as transport rates anctiogarates, require spatial resolutions to
suite these scales.

4.2.1 MRI of biofilms

The hydrogen nucleugH) is by far the most widely used in medical MRuedto the high
natural abundance of the isotope and its high maggec ratio, which givesH the greatest
sensitivity to the phenomena of nuclear magnesomance. Like the human body, biofiims
are mostly composed of waterAB) so are ideal for use wittH MRI. A number of factors
affect the magnitude of th# MR signal, including'H density and the spin-lattic&:) and
spin-spin T») relaxation of'H nuclei.

The achievable spatial resolution using MRI is fedi by three main factors; the magnetic
field gradients which are used to encode the MRajghe transport (mainly the diffusion) of
molecules in and out from the voxels and the simaloise ratio (SNR) of the measured MR
signal. Strong magnetic field gradients are necgdsaachieve higher spatial resolutions, as
potential spatial resolution is inversely propamab to the strength of the magnetic field
gradients. Also, strong magnetic field gradienttp he overcome the diffusion limitation, by
allowing image acquisitions with shorter echo times

The achievable spatial resolutions can still betéthby the signal-to-noise ratio (SNR), even



when strong magnetic field gradients are used.eikample, in the initial biofilm experiment
(chapter 3) the spatial resolution was not limitgdthe available gradient strength (i.e. the
1000 mT/m obtained using micro-imaging gradienert)s rather by the SNR of the measured
signal.

The MR signal is an oscillating electromotive fofeem.f) induced in the signal detection coil
(RF coil) by the precessing net nuclear magnetinatif 'H nuclei. Onto this signal is the
superimposed noise e.m.f arising from the randaemthal motion of electrons within the RF
coil (Callaghan, 1993). The comparative size ofdigmal and noise is known as the signal-to-
noise ratio (SNR). The spatial resolution that lbarachieved is limited by the measured SNR,
since the signal available from each voxel decieagth voxel size (i.e. number Gfl nuclei)
(Callaghan, 1993). Consequently, the sensitivitthe receiver electronics (i.e. the SNR of
the measured signal) is also important when MR ewmagith higher spatial resolutions are
required (Redpath, 1998).

4.2.2 Improving the SNR

The SNR and hence the spatial resolution can beowed by signal averaging; i.e. co-adding
the signal from N successive scans to produce gdesMR image. Here the true signal adds
coherently (proportional to N), while the noise adid random phase (proportional N)j/z),
thus the signal-to-noise ratio is proportionall‘tlﬂ/2 (i.e. N/N¥?) (Callaghan, 1993). This,
however, reduces the achievable temporal resol#gsignal averaging increases the scan
duration.

With improved SNR by signal averaging, the appar@fitective) diffusion coefficient of
water inside biofilms can be resolved at high gppatsolutions using pulsed field gradient
(PFG) NMR (McLean et al., 2008, Renslow et al., @01Here the apparent diffusion
coefficient of water was estimated using the meswsignal attenuation caused by the
random Brownian motion of water molecules whicheatly exist inside the biofilm. In
statistical terms this is a steady state procéss allowing extensive signal averaging to be
used to improve spatial resolution without affegtithe accuracy of the water diffusion

measurements.

PFG analysis is, however, generally limited to wataly, as most solutes of interest reside at
concentrations that are too low to be detectedguBiRG or their spin properties makes them
incompatible with MRI. An alternative approach @suse paramagnetically tagged molecules



to investigate their transport inside biofilms. happroach has been used to investigate
transport of solutes such as trace metals and madecules inside granules (Bartacek et al.,
2009) and phototropic biofilms (Ramanan et al., ®0tespectively. The transport of
paramagnetic solutes is tracked by imaging theiceantration dependent affect upon the local
MR signal as they migrate into the biofilm; an agmh known as dynamic contrast enhanced
MRI. In order to capture the dynamic evolution bé tsolute concentration, rapid real time
imaging is required. Ideally, the scan durationudtidoe short compared to the rate of change
of solute concentrations. Hence, the use of loag sltrations is not desirable, as it will result
in time averaged concentration images, complicafisig analysis and estimation of transport
properties. Therefore, the use of signal averagimgt generally a good option for improving
spatial resolution.

Other ways to improve SNR and hence the spatialutign include using scanners with high
magnetic field strengths (Haase et al., 2000) @rawing the sensitivity of the MR signal
detection, for example by the use of phase arrdg (datt et al., 2005) or cryo-cooled coils
(Ginefri et al., 2005). However, these options ao¢ always viable as the choice of MRI
scanners are limited due to their high capital ar@ihtenance costs (Werth et al., 2010) and
such sophisticated coils are expensive and regutensive engineering expertise to construct.

The SNR is also dependant upon the design of theditfused to detect the MR signal. An
RF coll, placed closer to the sample, with a hitlimd factor, detects a larger signal due to the
increased magnetic flux linkage between sampledatelction coil, resulting in a higher SNR
(Redpath, 1998). The filling factor is the ratidween the sizes of the sample and the RF caoill,
thus samples which fill most of the space in thi @ee ideal. Large commercially available
RF coils (volume resonators) have previously bessduo measure mass transport in large
phototrophic biofilms (Phoenix and Holmes, 2008mRaan et al., 2010). However, their
applications were limited due to the spatial reBotuthat could be achieved (~ 150 microns)
as larger RF coils have the disadvantage of lowadilfactor (these studies examined biofilm
~1 cm thick using RF coils ~ 3.5 cm in diameterfefiefore, a simpler and cost effective
alternative to improve the SNR is to construct aploée RF coil to best suit the sample
geometry of interest, thus optimizing the fillingctor and gaining the maximum resolution
achievable for a given biofilm. Different typesmifcroscopy coils have already been used in
biofilm research to investigate; metabolite constiompand production (McLean et al., 2008),
transport of trace metals in methanogenic gran{iBastacek et al., 2009) and effective water
diffusion coefficients inside biofilms (Renslowadt, 2010).



Compared to other common microscopy coil types stsscHelmholtz coil and saddle coil, the
solenoid coil has the advantages of best NMR gseitgjthigh (B,) field homogeneity and is
easy to build with only a few construction rulesa@éde et al., 2000). For example, the
sensitivity of a solenoid coil is approximately @brtimes that of a saddle coil of the same
dimensions. Conversely, a solenoid coil has twadliantages; limited access to sample, as
the coil axis must be perpendicular to the mainmeég field (B) and limited practical size of
the coll, as the length of the conductor shouldexateed one twentieth of the wavelength of
RF radiation used (Haase et al., 2000). These \hsdidges, however, are not of practical
significance when using a solenoid coil to investigmass transport process inside biofilms
with thicknesses ranging between several hundrecoms to millimetres.

The main objective of this study was to investigdite mass transport of paramagnetically
tagged macro-molecule (Gd-DTPA) inside a phototiodhiofiim with improved spatial
resolutions using a custom made solenoid RF codndport of Gd-DTPA inside a thick
phototrophic biofilm has been undertaken beforediasussed in chapter - 3, but using a
commercially available RF coil, which was not optim for the biofilm being studied. Thus,
the spatial resolution was limited (~ 150 microdsg to the SNR restrictions caused by the
low filling factor of the RF coil (~ 3.5 cm diame}evith regard to the biofilm (~ 1 cm thick).

This chapter describes the design and use of addI®F coil that has been optimized for
guantitative imaging of Gd-DTPA transport insiddaboratory grownPhormidiumbiofilm
with thickness of 2.5 mm. This was chosen as alsim@del biofilm, ag?hormidiumbiofilm
readily grows in the laboratory. The paramagneatimglex Gd-DTPA was chosen as this is a
commonly used MRI contrast agent. Here also thecefff the paramagnetic property of the
tracer upon the MRI signal enables us to not omgge the transport of these molecules
inside biofilms but also spatially quantify theiorcentration in real time as discussed in
section 2.5. The accuracy of the transport measemennsing the custom made RF coil was
first tested with a simple test system composeagaf. Then the mass transport of Gd-DTPA
inside the biofilm was investigated using the saRfe coil. The results from the agar
experiment were used to calibrate a two dimensiocnaiputational model to determine the
diffusion rate of Gd-DTPA inside agar and compavégth the previous estimate using a
larger, commercially available, RF coil. Finall\het results from thd>hormidim biofilm
experiment were compared with a simple two dimeraidiffusion model to see whether
Gd-DTPA transport inside the biofilm could be regaeted by diffusion alone.



4.3 Materials and methods

4.3.1 Agar and phototrophic biofilm

The artificial biofilm was made up of agar (1.5%olten agar was poured into a plastic
sample tube (4 mm inner-diameter) with a glassromhing through the top. Once set, the rod
was removed leaving a hole through which the Gd-®Weuld flow (Fig. 4.1).

(@) (b)
=
[_]AgarBiofilm [___|Gd-DTPA

Figure 4.1. Schematic of flow cell containing agar. Cross sections are (a) along
the flow cell and (b) across the flow cell.

The phototrophic biofilm used in this study was poased of the cyanobacteriudmormidium
sp. (strain PP03) from the culture collection of R.. Phoenix (Phoenix and Holmes, 2008).
This phototrophic biofilm was grown in the labongtanside a plastic sample tube (4 mm
inner diameter) with BG-11 +N (BG11 with NaNO3) nenht medium (Rippka et al., 1979).
The sample tube was initially inoculated with sm@#ces ofPhormidiumand placed in an
incubator and maintained at 28 °C, with a constaftt lintensity of 25 pmol ms™. The
sample tube containing the phototropic biofilm wesnnected via silicon tubing to a
BG-11 (+N) nutrient reservoir and slowly pumpedhwilutrient media at a rate of 0.5 ml min
using a peristaltic pump.

4.3.2 Solenoid coil and biofilm frame

The solenoid RF coil was constructed on a rigidopse built frame made up of three rigid
circular polypropylene discs, connected using lgoigstic threads, to provide it with
mechanical stability (see Fig. 4.2). On the rigkesof the frame (Fig. 4.2a, b), is the flow
compartment, which consists of a polypropylene slgith a hole at the centre, to
accommodate both solenoid coil and sample tube s@ihwle tube was carefully placed inside
the solenoid coil and fixed to the slab. The slabrayement was used to hold the solenoid coil
and the sample tube rigid during the experimentti@neft side of the frame (Fig. 4.2a, b) is
the electronic compartment, which contains thetedatcc components of the RF resonant
circuit. All the components (except the BNC conoectapacitors, connection wires) used to



build the rigid frame were made up with either ptasr polypropylene in order to reduce the
magnetic susceptibility and gradient “ringing” effe that metals can cause. A custom made
locking mechanism was used to firmly fix the enfirame setup inside the micro-imaging
gradients as shown in figure 4.2. Figure 4.3 shinesphotograph of the actual custom made
biofilm frame.

The solenoid coil was constructed of 0.8 mm diamet@per wire. The solenoid coil has an
inner diameter of 5 mm and is 5 mm in height watle tand a half turns, which is close to the
optimal design of a solenoid coil (Haase et alQ®0

Figure 4.2(d) shows the RF resonant circuit desgpd (Holmes et al., 2008, Mispelter. et al.,
2006). This consists of two variable air capasit@l1 and C3) of 0.6 pF to 9.5 pF (Johanson,
USA), accessed by tuning rods. C2 is a 2.2 pF derahip capacitor (Temex, France). The

solenoid coil was operated in transmit-receive maglag standard scanner electronics.

4.3.3 Estimating the capacitor values of the resona  nt circuit

The approximate values of inductance of the sotegoil and capacitance of the tuning and
matching capacitors of the resonant circuit wetémaded using the resonant circuit theory
(Mispelter, 2006).

The inductance of the solenoid coil was estimagdgithe equation given below.

2
r
L=047°n2—M ___AB
| +e+ oyt
Equation 1

wheren is number of turns of the solenoid caj, is the mean radiusg(fis the outer radiug,
is the length of the solenoid aeds the thickness of the conductor (see Fig. 4/d)ues of A
and B can be calculated using following equations,

10 +10e+ 14rgy

Equation 2

14
B = 05l0g o| 100+ ——=X
gm[ 2 + 3e}

Equation 3
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Figure 4.2. Diagram of the support frame with built-in sol  enoid RF coil and
electronic circuit fixed inside the micro-imagining gradient using the locking

mechanism. (a) Front, (b) plan and (c) end views of  the frame showing how it fits

into the 60 mm diameter of the micro-imaging gradie nt set using the custom made

lock mechanism. (d) Resonant circuit design.

Figure 4.3. Photograph of the actual custom made biofiim f  rame illustrating the
flow compartment and electronic compartment.
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Figure 4.4. Schematic of the solenoid coil used as the RF  coil to excite and detect
the MR signal.

The calculated inductance of the of the solenoitl (s@e Fig. 4.4) using equation 1 was
27 nH.

Capacitance of the tuning capacitor@nd matching capacitor ( of the resonant circuit
was calculated using equations 4 and 5 with thelofohg values of
300MHz = 277x300x10° rad/s forwg, the spectrometer resonant frequency, 10@fothe

quality factor and 50 faf ) ,the impedance of the resonant circuit.

_Q-U
T —a)SV
Equation 4
CM = L
wsZoU
Equation 5
where values of U, V and r are calculated usinip¥ahg equations,
U= i—l
Zo
Equation 6
V=r1+Q?)
Equation 7
[ = L.owg
Q
Equation 8

The estimated values f@r andCy are 9.1 pF and 1.06 pF respectively.



Two variable capacitors with capacitance range.®fo¥ to 9.5 pF were used to construct the
resonant circuit as shown in figure 4.2d. Howetee, maximum resonant frequency of only
200 MHz was observed. This observed lower resofmaquency may be due to the possible
addition of resistance, capacitance or inductaydhd® wires used to connect the solenoid coil
to the resonant circuit and its components. Thusea capacitor was added in series to the
tuning capacitor to bring up the resonant frequeiity fixed capacitor of 2.2 pF was chosen
after trial and error with other capacitors to brimp the resonant frequency in the range of
300 MHz.

4.3.4 Performance evaluation of the RF coll

The performance of the custom made solenoid RRnasl evaluated by measuring the quality
indices such as the field homogeneity and qualitgtdr, Q. The B field homogeneity
produced by the RF coil was evaluated by measuhagignal homogeneity of a cylindrical
phantom of aqueous Gd-DTPA (1 mM) using a gradéehb pulse sequence.

The quality factor (Q) measurements were done uaingtwork analyzer (Agilent 8712ET)
on the laboratory workbench. The Q-factors of ttrecRil with and without the phantom were
calculated as twice the ratio of the resonant feegy to the frequency bandwidth at -3dB,
with the coil tuned and matched to 300 MHz an@50The -3dB bandwidth was located at
3dB below the reference level (Haase et al., 2D0B§pelter, 2006).

4.3.5 Flow system

During the agar experiment, the rigid frame contgjrthe agar sample tube was positioned at
the centre of the MRI bore. The sample tube coimgithe agar was first connected via
silicon tubing to an 18- water supply and slowly washed with ultrapure watea rate of
0.5 ml miri* using a peristaltic pump. The system was thenected to a 500 ml reservoir of
a 1.8 mM Gd-DTPA (molecular mass, 547 g moSigma Aldrich) solution, which was
pumped through the sample tube at a rate of 0.8nmf'. Exactly the same procedures
explained for the agar flow system was carried duting the phototrophic biofilm

experiment.



4.3.6 MRI

The MRI experiments were performed on a Bruker AeaBioSpec system, using a 30
cm-bore, 7-T superconducting magnet (Bruker BioSgtarlsruhe, Germany). A Bruker
micro-imaging gradient insert (model BG-6) and Z0@radient amplifiers were used to
provide strong linear magnetic field gradient pslséup to 1,000 mT h thus allowing the
system to perform micro-imaging experiments. Thst@m made solenoid RF coil with 5-
mm-diameter was used to excite and detecttthgignal.

4.3.7 Acquisition of T;-weighted images

The transport of Gd-DTPA inside both agar aRdormidium biofilm was imaged by
acquisition ofT;-weighted images across the sample; perpendiculow direction, using a
two-dimensional gradient echo pulse sequence, FLAIBtaging was performed with the
following imaging parameters; an echo time (TE)8228s, a repetition time (TR) 75 ms, field
of view was 1 cm x 1 cm, with imaging matrix of 280100 pixels, giving an in-plane
resolution of 50 um x 100 pum with a slice thickne$sl mm. T;-weighted images were
acquired with three different excitation pulse #ipgles (16°, 45°, and 90°). The imaging time
with each flip angle was approximately 23 s, ushrge signal averages.

4.3.8 Calculation of T, parameter maps

The calculation off; parameter maps were done exactly the same wagsasilued in section
3.3.5. Here, however;-weighted images acquired only at three flip angtesrder to reduce
the scan duration required to calculate a sifiglparameter map. The known signal value of
zero for 0° flip angle was also used as an additiolata point to improve the curve fit as
shown in figure 4.5.
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Figure 4.5. (A) For the slice across the agar, T;-weighted images are acquired at
three different flip angles (16°, 45° and 90°). (B)  For each pixel, the variation of
signal intensity, S, with respect to flip angle ( a) was fitted to equation 2 in section
3.3.5, giving a T; value. (C) Taking the T, value of each pixel yields a T, parameter
map. (D) The calibrated concentration map of Gd-DTP A inside agar.

4.3.9 Calibration of Gd-DTPA concentrations from T, parameter
maps

The presence of paramagnetic ions, such as gadwlifiGd"), causes a concentration
dependent reduction in longitudinal relaxation tifg of neighbouringH nuclei. This effect
is represented by the equation given below (Haa®@9, Stanisz and Henkelman, 2000);

I

whereTig is the relaxation time in the absence of Gd-DTPA|s the relaxation time in the
presence of Gd-DTPA(]] denotes the concentration of the Gd-DTPA, Brid the relaxivity
constant of the Gd-DTPA.

Equation 9

In the current studyT;o and T;; are measured variables, as they are taken dir&othy T,
parameter mapsR, however, must be determined separately in ordemquantify the

concentration measurements.



4.3.10 Determination of the relaxivity constant ( R) of Gd-DTPA in
agar and Phormidium biofilm

Relaxivity constant,R depends on the solids content of the sample, Witincreasing
approximately linearly as the solids content insesaas discussed in section 3.3.7.

Thus, the relaxivity constanR) for agar and th&hormidiumbiofilm was calculated inside
the same samples by assuming the Gd-DTPA concentiatt the top surface of both agar and
biofilm had reached a steady state, which was etu#he concentration of the Gd-DTPA
solution pumped during the experiment. Calculatatles forTio and Ty from the top
surfaces and the known concentration of pumped GBAsolution (1.8 mM) were used in
equation 9 to calculate the valueRof

4.3.11 Measurement of T, values with different Gd-DTPA
concentrations

In order to investigate the effect of Gd-DTPA cantcation uponT, (apparent transverse
relaxation time) values, agar samples were prepaitdfive different known concentrations
of Gd-DTPA and thd, values of each sample were measured using a teulipdient echo
sequence with an echo time (TE) of 2.5 ms and etitegn time (TR) of 3 s.

4.3.12 Modeling the transport of Gd-DTPA inside bot h agar and
Phormidium biofilm

To estimate the diffusion coefficient of Gd-DTP/Aside agar and determine whether the Gd-
DTPA transport inside the biofilm was consistentthwdiffusion driven transport, the
guantitative concentration profiles of Gd-DTPA ohsiboth agar and biofilm were compared
with those simulated by a mathematical model diidibn.

Here the effect of the flow cell boundaries and ithegular domains of agar and biofilm can
not be negligible when modelling the Gd-DTPA diffus process inside both agar and
biofilm. However, the degree of symmetry in themhaf agar and biofilm surface along the
axis of flow allowed us to use two dimensional uibn models.

Two dimensional finite element models for diffusioh Gd-DTPA inside agar and biofilm
were implemented using COMSOL Multiphysics (3.9aiffusion was simulated within the
agar and biofilm, i.e. the domait andQ2 as shown in figure 4.6, the geometries of which
were determined from the MRI images (Fig. 4.8A dntDA). The boundaries of domains



were split into two parts (Fig. 4.6) so thé®@, =y O, and9Q, =3 04 wherel, and
I3 are the surfaces of agar and biofilm which areontact with the Gd-DTPA solution.
Boundaries, and "4 are the walls of the sample holder. The conctatraf Gd-DTPA in
the bulk liquid and hence on the boundaridg and 3 was assumed to be a constant, C
through time. No transport was permitted thoughlsydl, andly. Hence the models were
defined by;

M = D.(Ddif OC(x, Y)) X,y Qq(Q5)

ot
Equation 10
Cxy)=C"  xyOr(rs)
Equation 11
0C(x,y)
——==0 x,ydr>(
p= ytra(a)
Equation 12

Heren is the vector normal to the boundari€s (@nd Tl 4) andDyg; is the diffusion coefficient
of Gd-DTPA, which we assume to be constant in tand space. The concentration in the
bulk liquid (C*) was 1.8 mM.

The agar model was used to estimate the diffusgmificient of Gd-DTPA inside the agar.
Concentration profiles along a straight line thdoube centre of the sample (Fig. 4.8F)
were extracted from the MRI data at six discreteetpoints (1.5, 6, 9, 20, 30 and 50 minutes)
and used to calibrate the model and estimate thesitin coefficient of Gd-DTPA inside agar.
The diffusion coefficient was estimated using adgal search algorithm in MATLAB, which
called the COMSOL model as a subroutine. The oledunction was the sum of square
errors between observed and simulated concentsatiod an optimum diffusion coefficient
was estimated at the minimum value of this objectiinction.

The biofilm model was simulated using the diffusimvefficient of 6.5x18° m’s* estimated

for Gd-DTPA inside agar in this study. The diffusicoefficient from agar is used here as it is
expected to be close to the unattenuated diffu@snagar is a highly permeable, inert gel
designed to give minimal resistance to diffusi@@gnsequently, transport rates faster than that
seen in agar likely indicate a component of advectiansport, while slower transport rates
are indicative of attenuated diffusion. The biofilmodel was undertaken purely for
comparative purposes. | did not develop the conifylet the model further here, as this is
beyond the scope of this experiment.



Q,

Figure 4.6. lllustrates the two dimensional model of (A) a gar and (B) Phormidium
biofilm constructed using COMSOL Multiphysics.

4.3.13 High resolution MRI of biofilm structure

T,, T, and diffusion-weighted images were collected teestigate the structure of the biofilm.
The T;-weighted image was acquired across the samplegpédicular to the flow direction,

using a two-dimensional gradient echo pulse seqdflcASH. Imaging was performed with
the following imaging parameters; an echo time (BE) ms, a repetition time (TR) 75 ms,
flip angle 909, field of view was 1 cm x 1 cm, withaging matrix of 450 x 450 pixels, giving
an in-plane resolution of 22 pm x 22 um with aeslibickness of 1 mm. The imaging time
was approximately 9 min, using 16 signal averages.

The T,-weighted image was acquired across the samplegpédicular to the flow direction,
using a multislice, multispin echo, two-dimensionahaging sequence. Imaging was
performed with the following imaging parameters;eho time (TE) of 12 ms, a repetition
time (TR) of 3500 ms, field of view was 1 cm x 1,cmith imaging matrix of 256 x 256
pixels, giving an in-plane resolution of 39 pm x38% um with a slice thickness of 1 mm. The
imaging time was approximately 30 min, using 2 alg@verages.

The diffusion-weighted image was acquired across dample; perpendicular to the flow
direction, using a stimulated-echo two-dimensionalaging sequence. Imaging was
performed with the following imaging parameters;eho time of (TE) 15 ms, a repetition
time (TR) of 2.5 s, a gradient pulse duration ahg, diffusion time interval of 13.8 ms and
diffusion encoding b values of 114.22 and 414.22, field of view was 1 cm x 1 cm, with

imaging matrix of 256 x 256 pixels, giving an irapk resolution of 39 um x 39 um with a
slice thickness of 1 mm. The imaging time was apipnately 17 min, using 2 signal averages.



The MR signal attenuation due to the diffusion atev is given by (Renslow et al., 2010);

S= sy expl PPu)

Equation 13
where S and S, are respectively the measured signal intensitids and without the applied
magnetic field gradient pulseBy;; is the diffusion coefficient of water artal is the diffusion
weighted factor. Thus, the spatially resolved apptdiffusion coefficients of water inside the
bulk liquid and biofilm were calculated by curvatifig the measured signals with above
mentioned b factors to equation 13 using a leashrgs method. The relative apparent
diffusion coefficient map @, map) was constructed by normalizing the calculatigision
coefficient of water inside biofilm to that of wat@& the bulk liquid.

4.4 Results

4.4.1 Performance evaluation of the RF coll

Figure 4.7 shows the gradient echo images acqoiredcylindrical phantom of aqueous Gd-
DTPA (1 mM), relative to the solenoid coil positionhe profiles of the normalized signal
intensity illustrate the image homogeneity (i.e; Beld homogeneity) parallel and
perpendicular to the axis of the solenoid. Theatams in both vertical and horizontal profiles
of the normalized signal intensities perpendictitathe axis of the solenoid are well within
the 10% of the maximum or minimum of the signaéitities (Fig. 4.7D and E), indicating an
excellent B field homogeneity perpendicular to the axis of sloéenoid. However, the signal
uniformities parallel to the axis of the solenogllimited (within 10% of the minimum or
maximum), indicating B field homogeneity along the axis of the solenadimited to a
distance of £1 mm from the centre (Fig. 4.7B). Tactors of the coil with and without the
phantom were measured as 104 and 114.
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Figure 4.7. Gradient echo images of a cylindrical phantom of aqueous Gd-DTPA.
(A) Signal intensity map obtained along the sample tube relative to the solenoid

coil. (B) Normalized signal profile along the trans  ect shown by the dotted line in

figure 4.7A. (C) Signal intensity map obtained acro  ss the sample tube relative to

the solenoid coil. (D) Normalized signal profile al ong the horizontal transect

shown by the dotted line in figure 4.7C. (E) Normal ized signal profile along the

vertical transect shown by the dotted line in figur e4.7C.

4.4.2 Measured T, values with different Gd-DTPA concentrations

Measurede* values of agar samples prepared with five diffe@ncentrations of  Gd-
DTPA are given in table 4.1. Results show tﬁg& and thuse("Te/T:) decreases as Gd-
DTPA concentration increases.

Gd-DTPA Concentration (mM) Tz* (ms) e(—TE IT,)
0 57 0.95

0.45 37 0.92

0.9 32 0.91

1.35 24 0.88

1.8 20 0.86

Table 4.1. Variation of T " and e ™7 values of agar samples with respect to the
Gd-DTPA concentrations.



4.4.3 Diffusion of Gd-DTPA inside agar

In order to test the accuracy of the custom madedFor imaging transport in biofilms, the
transport of Gd-DTPA inside a simple agar test aystwwas imaged and quantified. The
transport of Gd-DTPA into the agar was recordedThyveighted images at regular time
intervals as shown in figure 4.8A to E. The preseotGd-DTPA molecules shortens the
value of the surroundintH nuclei which increases the MRI signal; this iswh as brighter
regions in thél;-weighted images. Thus the transport of Gd-DTPshiswn by the expansion
of the brighter region into the agar (Fig. 4.8AHp Equation 9 was then used to convertTthe
parameter maps into actual Gd-DTPA concentratiopsras shown in figure 4.8(F to J).
Again, the expansion of the brighter region inte Hiofilm shows the transport of Gd-DTPA.
Concentration profiles along the transect showriheywhite line (Fig. 4.8F) at six different
time intervals are shown in figure 4.9A.

Figure 4.8(K to O) shows the model for Gd-DTPA #port inside agar. The model was
simulated with a diffusion coefficient estimated fiijing the model to the experimental data.
When the model was fit to the experimental date,hést fit (R = 0.93) was achieved with a
diffusion coefficient for Gd-DTPA of 6.5 x 1§ m* s™. Figure 4.9B shows the comparison of
concentration profiles of experimental data aldmgtransect shown by the white line in figure

4.8F, with the model data along the same transetttad in figure 4.8K.

(C) .
(F) ' w ()

(G) ‘

Figure 4.8. Transport of Gd-DTPA into the agar illustrated as Ti-weighted images
(A to E), calibrated Gd-DTPA concentration maps (F to J), and diffusion model
results (K to O) at selected time intervals of 1.5, 6, 12, 25, and 55 min. The gray
scale indicates the Gd-DTPA concentrations (mM) ins  ide agar.
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Figure 4.9. (A) Calibrated Gd-DTPA concentration profiles inside agar along the
transect shown by the white dotted line in figure 4 .8F at selected time intervals of
1.5, 6, 9, 20, 30 and 50 minutes. (B) Comparison be tween experimental and model
data along the transect shown by the white line in figure 4.8F and K at same time
intervals. Symbols represent experimental data, and solid lines represent model
data at respective time intervals.

4.4.4 Transport of Gd-DTPA into the  Phormidium biofilm

The transport of Gd-DTPA into tHehormidiumbiofilm was recorded byi;-weighted images
at regular time intervals as shown in figure 4.18¢AE). Again, the increasing brightness of
regions in the biofilm shows the uptake of Gd-DTHAe calibration protocol (equation 9)
was then used to convert tig parameter maps into actual Gd-DTPA concentratiapsras
shown in figure 4.10(F to J). The transport of GOHA is shown by the increasing brightness
of regions in the biofilm. Calibrated concentratiprofiles along the transect shown by the
white line (Fig. 4.10F) at five different time imt&als are shown in figure 4.11.



Figure 4.10. Transport of Gd-DTPA into the
weighted images (A-E) and concentration maps (F-J)
1, 5, 10, 23 and 53 minutes. The grey scale indicat
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Figure 4.11. Calibrated Gd-DTPA concentrations inside the
.10F at selected time intervals of

transect shown by the white dotted line in figure 4
1,5, 10, 23 and 53 minutes.

4.4.5 Simple 2D diffusion model of Gd-DTPA transpor

Phormidium biofilm

biofilm along the

t into the

The transport of Gd-DTPA in the two dimensionalfuifon model developed for the

Phormidiumbiofilm is shown in figure 4.12(A to E).

The mddeas simulated with the

estimated diffusion coefficient of 6.5x10 m? s* for Gd-DTPA inside agar. Simulated

concentration profiles along the transect showhieywhite line (Fig. 4.12A) at five different

time intervals are compared with those of quarnigagxperimental data in figure 4.13.



Figure 4.12. Transport of Gd-DTPA into the Phormidium biofilm illustrated using
the two dimensional diffusion model simulated with the diffusion coefficient of
6.5x10™"° m®s™ (estimated for agar) at selected time intervals of 1, 5, 10, 23 and 53
minutes. Grey scale indicates the Gd-DTPA concentra  tions (mM).
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Figure 4.13. Comparison between experimental and model dat a (modeled at
diffusion coefficient of 6.5x10 ° m?s™) along the transect shown by the white line

in figures 4.10F and 4.12A at selected time interva Is of 1, 5, 10, 23 and 53 minutes.

Symbols represent experimental data, and solid line s represent model data at

respective time intervals.
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Figure 4.14. (a) T, and (b) T,-weighted images showing the structural
heterogeneity of the biofilm at spatial resolutions of 22 and 39 pm respectively. (c)
Map of relative apparent diffusion coefficient (  D;) showing the variations in the
calculated water diffusion coefficient inside the b iofilm with respect to that of bulk
water. Grey scale indicates D,. Arrows indicate the areas with relatively high wat er
diffusion coefficients compared to the rest of the biofilm. (D) Map of relative water
density showing the variations in the water content inside the biofilm with respect

to that of bulk water. Grey scale indicates the rel  ative water content.



4.4.6 MRI of biofilm structure

T1, T2 and diffusion-weighted images of the biofilm werequired to demonstrate the ability
of the custom made RF coil to image biofilms withproved spatial resolutions. In figure
4.14, the structural heterogeneity of the biofilmswevealed using (A), (B) T2, (C) relative
apparent diffusion coefficienD¢) map and (D) relative water density map respelgtivigoth

T, and T, -weighted images show considerable variationsh@ biofilm structure with
layering.D, varied throughout the biofilm, approximately ramgifrom 0.9 down to 0.4. The
relative water density map; obtained while parameter maps were calculated, shows
variations in the water content inside the biofilm.

4.5 Discussion

In this study, a custom made solenoid RF coil wasassfully used to quantify the transport
of Gd-DTPA into aPhormidiumbiofilm and image the structural heterogeneityhaf biofilm
with improved spatial resolutions. Spatial resaln$ of 22 microns and 50 microns, achieved
during the structural and transport imaging, ameast three times higher than the resolutions
previously obtained imaginghormidiumbiofilms employing larger commercially available
RF coils (Phoenix and Holmes, 2008, Ramanan et28l0). Moreover, structural images
acquired with improved resolution allow biofilm &itecture to be related to its transport
behaviour.

The accuracy of MRI transport measurements usiadpéspoke coil was first assessed using a
simple test system composed of agar. Here the poan®f Gd-DTPA inside agar was
guantitatively measured and its diffusion coefiitigvas determined using a two dimensional
mass transport model. As illustrated in figureBj.the concentration profiles of the diffusion
model fits well with the experimental data?(R 0.93), illustrating transport in agar is by
homogenous diffusion, which is expected for a hoemegpus porous gel. Moreover, the
calculated diffusion coefficient of 6.5x1®m? s* is an acceptable estimate for the diffusivity
of Gd-DTPA (molecular mass, 547 g riplas it is slower than lighter molecules, such as
water (D = 2.2 x 18 m? s%), yet faster than Magnevist, a similar but heaer-labelled
molecule, (D = 2.6 x I8 m? s*; molecular mass, 938 g mdl(Gordon et al., 1999). This
diffusion coefficient is also very close to a prawly estimated diffusion coefficient for Gd-
DTPA in agar (7.2x18° m? s%) obtained using a larger (35-mm in diameter) concia#ly
available RF coil (Ramanan et al., 2010). This destrates that the custom made RF coil and



the quantification protocol were producing the estpd result and could thus be applied to
investigate transport of Gd-DTPA inside thleormidiumbiofilm.

The RF coil was then successfully used to track ttamsport of Gd-DTPA inside the
Phormidiumbiofilm as shown in figure 4.10. However, the centration profiles of Gd-
DTPA inside the biofilm (see Fig. 4.11) demonstrdtat transport was not consistent with
homogeneous diffusion. The shapes of the concentratirves are complex with numerous
peaks and troughs as oppose to a smooth diffusiofilep(see Fig. 4.11). Consequently,
running the model with different diffusion coefeits cannot produce a suitable fit to the
experimental data. When the model is run using difeusion coefficient from agar
(representative of unattenuated diffusion), in s@tezes the model leads the experimental
data, while in other areas it lags (Fig. 4.13). Sehe@bservations indicate that Gd-DTPA
transport within thisPhormidium biofilm is more complex than simple homogeneous
diffusion. These discrepancies are likely the riesiheterogeneous diffusion and advection.

The map of relative apparent diffusion coefficiehwvater D,) (Fig. 4.14c) illustrates that the
diffusion coefficient varies considerably throughthe biofilm. Thin layers which exhibit low
Dr values (~ 0.4) correspond to thin, low intenddyers in the relative water density map
(Fig. 4.14D). As low values in the water densitypnfae.'H density images) are indicative of
areas of higher solids content, these IDywzones must correspond with areas of higher
biofilm density. Moreover the observed low inteies of these thin layers ifp-weighted
images are also indicative of areas with higheidsatontent as the reduced tumbling rates of
water molecules associated with solid surfaces ymedesser MR signal than free water
molecules due to the increasgdrelaxation rate ofH nuclei (Callaghan, 1993). The packing
density of cells and extracellular polymeric substs (EPS) are known to cause differences
in diffusion rates; higher packing density hindérs transport as they act as solid obstructions
which increase the tortuosity of the diffusive p&hgth (Stewart, 1998, Zhang and Bishop,
1994). Thus, areas of high solids content are aisas of lowD;.

Gd-DTPA concentration maps (Fig. 4.10F-J) indi¢htd the bottom two layers (indicated by
open arrows) of the biofilm uptake Gd-DTPA quickiean the layer above. This is likely due
to the availability of interconnected voids and mels which may have increased the
transport of Gd-DTPA into the deeper layers by atlea. Correspondingly, thB, map (Fig
4.14c) shows these lower layers exhibit higberelative to other areas of the biofilm. This
again would suggest a more porous and open netvpatentially of small channels and



interconnected voids, which could facilitate sondvestive transport. These structural
heterogeneities are common in biofilms; the compowé advective transport increasing the
transport rate of solutes (including nutrients)romed above that by diffusion alone (Bishop et
al., 1997, de Beer et al., 1994, Stewart, 1998Jedul, these types of cavities have been
observed previously in a laboratory gro®hormidiumsp. biofilm (Ramanan et al., 2010).

The observed brightness along the right hand eddebase of the biofilm if;-weighted
image (Fig. 4.10A) suggests that Gd-DTPA transp@g not only from the main source point
above the biofilm but also from the edges adjaternhe substratum. This may be a channel
purposefully created by the biofilm as it adapt®pdimize its mass transport behavior during
maturation (Beyenal and Lewandowski, 2002) or mawpk/ results from substratum
detachment.

Consequently the observed discrepancies betweeaxpperimental data and model data are
due to advection of Gd-DTPA via available voids amgrconnected channels and hindered
diffusion of Gd-DTPA caused by the variations irtkiag density of cells and EPS.

In this study, the complex structure of the biofivas imaged at resolutions of 22 and 39 um
using bothT; and T,-weighted images respectively (see Fig. 4.14A apdTBe observed
structural heterogeneity with laminations is a camnnfeature of phototrophic biofilms,
resulting from differing cellular densities and emrfations (Phoenix and Holmes, 2008). Of
course the highest spatial resolution achievedu®2 during structural imaging could be used
to quantify the transport of Gd-DTPA. However, litosild be noted here that the structural
image {i-weighted) was acquired using more signal averagespared to those images
acquired during the Gd-DTPA transport experimetitese signal averages used during the
structural imaging may have compensated the remtuati SNR caused due to the increased
spatial resolution (i.e. the SNR will be reducedréglucing the size of the voxel to increase
spatial resolution). Higher spatial resolutions hwvgeveral signal averages are achievable
during concentration measurements, but this wgllein an increase in scan time and thus
reduce the relevance of the concentration measuntsniiee. concentrations will be changing
during a single scan and thus the scan will reflecaverage of a potentially large change in
concentration). Thus, there is always a tradeoffvben the highest spatial and temporal
resolutions achievable when attempts are madedgerthe transport of solutes in real time.

In medical applications it is a common practicenprove temporal resolutions by assuming
the term,e(_TE/T2 ) (see equation 1 in section 3.3.5), does not sagmfly change by the



uptake of the contrast agemi. parameter maps are thus calculated usifgvaeighted image
acquired with a single flip angle in conjunctiontiiva proton density image acquired prior to
the injection of the contrast agent (Brookes et1#199). This way of calculatinf; parameter
maps allows for higher temporal resolutions, ay anleT;-weighted image with a single flip
angle is required to quantify Gd-DTPA concentratadra given time. However, as shown in
table 4.1, T, measurements at different Gd-DTPA concentratioesealed that this
assumption would not be valid for this study,eééTE IT.) did indeed change over the range
of Gd-DTPA concentrations used. Consequently, shigly utilized multiple flip angles to
determine Gd-DTPA concentrations (Fig. 4.5), atdbst of reduced temporal resolution.

The resolutions achieved with this simple RF caillored to best suit the sample geometry,
makes it ideal for imaging biofilms that are on gwle of ~500 um to 5 mm. Photon based
imaging methods, such as CLSM and two-photon eta@itaare ideal for biofilms on the scale
of tens to hundreds of microns, but are limited bdgfilm thickness. Biofilm thickness
attenuates light penetration, the fluorescent $ignd can be hindered by poor penetration of
fluorescent dyes into the sample (Barranguet eP@bD4, Paramonova et al., 2007). This can
make analysis on thicker biofilms, such as thosgramular reactors or phototrophic biofilms
challenging (Barranguet et al., 2004, Paramonoa. eP007). For these thicker biofilms, the
use of bespoke microscopy coils for MR imaging rigfove to be a valuable tool.

Overall, this study illustrates the suitability using MRI to quantify mass transport processes
of macromolecules within biofilms with bespoke swl®l RF coils. Indeed, the transport of
higher molecular mass organics and nanoparticlegenreal biofilms and granules could be
investigated using RF coils tailored to suit diffier experimental requirements. One can use
either purpose synthesized, tagged molecules vpétic properties or the wide range of
commercially available paramagnetically tagged muales and nanoparticles to explore the
impact of parameters such as molecular mass, changemolecular geometry or structure on
transport inside different biofilms.
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Chapter 5

Investigation of nanoparticle transport
Inside coarsepained geological media
using magnetic resonance imaging (MRI)



Investigation of nanoparticle transport inside coar se-
grained geological media using magnetic resonance
imaging (MRI)

5.1 Summary

Quantifying nanoparticle (NP) transport inside saed porous geological media is
imperative for understanding their fate in a ramfenatural and engineered water systems.
While most studies focus upon finer grained systegpsesentative of soils and aquifers, very
few examine coarse-grained systems representdtisieenbeds and gravel based sustainable
urban drainage systems. In this study, we investithéhe potential of magnetic resonance
imaging (MRI) to image transport behaviours of naemticles (NPs) through a saturated
coarse-grained system. MRI successfully imagedtithesport of superparamagnetic NPs,
inside a porous column composed of quartz gravielguk,-weighted images. A calibration
protocol was then used to conv@g-weighted images into spatially resolved quantiati
concentration maps of NPs at different time intexvAveraged concentration profiles of NPs
clearly illustrates that transport of a positivelyarged amine-functionalized NP within the
column was slower compared to that of a negatigkbrged carboxyl-functionalized NP, due
to electrostatic attraction between positively gear NP and negatively charged quartz grains.
Concentration profiles of NPs were then compareth whose of a convection-dispersion
model to estimate coefficients of dispersivity amthardation. For the amine functionalized
NPs (which exhibited inhibited transport), a bettesdel fit was obtained when permanent
attachment (deposition) was incorporated into thedeh as oppose to non-permanent
attachment (retardation). This technology can te&l us further explore transport processes of
NPs inside coarse-grained porous media, either diyguthe wide range of commercially
available (super)paramagnetically tagged NPs ardiryg bespoke tagged NPs.



5.2 Introduction

Nanoparticles (NPs) are utilized in a tremendousiyerse array of applications, including
cosmetics, optics, medical technology, textiles aathlysts (Dawson, 2008, Handy et al.,
2008, Theron et al., 2008). As a result of theirsaélity, the market for nanomaterials
continues to grow rapidly and is expected to apgraa global value of $27 billion by 2013
(http://www.bccresearch.com/report/NAN004J.htmljolitematically, once released into the
aquatic environments such as ground and surfacer wgstems NPs can have a diverse range
of toxic effects. Ecotoxicological studies demoattr exposure of aquatic organisms to
nanoparticles can produce highly deleterious esffedbich include vascular and respiratory
injury, brain and liver damage, delayed embryor@eadlopment and death (Handy et al., 2008,
Sanchez et al., 2011). In contrast to the unimeatirelease of manufactured NPs, due to their
high reactivity and high surface area to volumératiPs are also being designed for in-situ
remediation of contaminants such as toxic metas,ioadionuclides, organic and inorganic
solutes, non-aqueous phase liquids and microongenis various water systems (Liu et al.,
2005, Sanchez et al., 2011, Zhang, 2003). Howekierphysicochemical properties such as
structure, size, composition and surface charg&lled and their surrounding environment
influence the transport behaviours of NPs (Handlet 2008, Tiraferri and Sethi, 2009).
Therefore, investigating the influence of such grtips upon NP transport is imperative to
understand and predict their fate inside saturptadus geological media such as aquifers,
soils, riverbeds and engineered drainage systeamdRizing the importance of investigating
NP transport, researchers have already used sawethlods as described in section 1.2.2.
MRI has also already been used to investigate akaspects of porous matrices as disused in
section 1.2.3.

The aim of this study was to demonstrate the pitleoft MRI to image nanoparticle transport
through coarse-grained geological media. While miogéstigations of NP transport focus
upon finer grained systems common to aquifers aild, ghere is a dearth of information on
NP transport on coarser grained systems relevamivéobeds and the gravel matrices of
sustainable urban drainage systems (SUDS). Thus, We focus upon NP transport through a

coarse-grained gravel matrix.

In this study, a negatively chargétblday ION (Carboxy) and a positively chargedolday
ION (C6Aming, which are commercially available iron oxide h84R1 compatible NPs, 35
nm in diameter, were used to investigate the eftécsurface charge upon their transport



inside a porous column made up with negatively gbdmrose quartz grains. Here the quartz
gravels were used to replicate a natural or engdétee@quatic environment containing

unconsolidated gravels such as a river bed or SUNIFE are released into such aquatic
environments via either direct urban runoff (eanstorm), (Kiser et al., 2009, Wang et al.,
2008) or poorly treated effluent discharges fronmst@awvater treatment plants (Kiser et al.,
2009, Limbach et al., 2008). Consequently, the stigations of transport and retention

behaviours of NPs in such systems are vital togiesifective remediation strategies.

The iron-oxide core of the NP makes the NP suparpagnetic (Lawaczeck et al., 2004) and
thus its presence causes a concentration depesi@iéening of the transverse relaxation time
(T,) of surroundingH nuclei of the water (1) molecules. This creates a noticeable reduction
of the MRI signal in a,-weighted image. Moreover, the actual concentratminthe NP can
be determined, as the reduction in the transveslexation rates have a linear relationship
with the concentration of the NPs. Therefore, MBh de used not only to track but also to
guantify the transport of NPs inside saturated psm@lumns.

In this study, we aimed to demonstrate the suitgbdf using MRI for quantifying NP
transport inside porous matrices; hence it's paéior transport analysis of nanoparticles
with different physicochemical properties insidemgdex packed columns. Moreover, the
profiles of time varying concentrations of NPs we@mpared with those of a transport
(convection-dispersion) model developed using #efielement modelling software to not
only validate the often used homogenous assumpgtopredict transport inside porous
columns but also to check the accuracy of this Miethod in quantifying NP transport.

5.3 Materials and methods

5.3.1 Porous column and nanoparticles

The heterogeneous porous column employed in thds/sttas made up with randomly packed
subangular spherical shape rose quartz graingr{gho 4.5 mm grain size distribution) with
a median size of diameters(l 3.5 mm (measured using sieve analysis) insidgliadcical
polypropylene column with the dimensions of 4.5 grternal diameter and 10 cm height
(Fig. 5.1a). A porous sintered glass diffuser plases placed on the inlet end cap to provide an
evenly distributed inflow of nanopatrticle solutidPrior to the experiment rose quartz grains
were washed using deionised water. The column ingtdifled with deionised water and then



packed with rose quartz grains in order to avordbaibble formation. Quartz grains were
packed only up to the bottom of the top end capar@Qugrains are negatively charged at
experimented pH conditions (Jada et al., 2006). @erially available iron oxide based MRI
compatible NPs (http://www.biopal.com/); positivelgharged Molday ION, C6Amine
(functionalized with surface amine group) and negit chargedMolday ION, Carboxyl
(functionalized with surface carboxyl group), b8&nm in diameter were used in this study.

Flowne aut
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Figure 5.1. (a) The Photograph of the experimented porous column. (b) Cross
section of the porous column illustrating the diffu ser plate and inlet end cap
arrangement.

5.3.2 Transport experiment

The saturated porous column was then verticallytipogd at the centre of the MRI bore. The
porous column was first connected to an 1Q-Mater supply and slowly washed with
deionised water at a flow rate of 1ml/min using BUE pump (Agilent, 1100 Series). The
system was kept under pressure to avoid air bubhteation inside the column.

During the column experiment, an inlet solutionOoimM Molday ION Carboxylwas first
pumped into the packed column at a flow rate ofl min™ for approximately 90 minutes and
MR imaging was performed every five minutes to rdcthe transport o€arboxylNP. The
packed column was then flushed with deionised watemearly 3 hours in order to remove all
the CarboxylNP. An inlet solution of 0.1mMVJiolday ION C6Aminewas then pumped into
the packed column at flow rate of 1 ml Mifor approximately 90 minutes and MR imaging
was performed every five minutes to record thegpant of C6AmineNP.



5.3.3 MRI

The MRI experiments were performed on a Bruker AeaBioSpec system, using a 30 cm-
bore, 7T superconducting magnet (Bruker BioSpintldfahe, Germany). A Bruker micro-

imaging gradient insert (model BGA-20) and 200-Adient amplifiers were used to provide
strong linear magnetic field gradient pulses ot@@00 mT T, thus allowing the system to

perform micro-imaging experiments. A Bruker 152 ndiameter birdcage RF volume

resonator was used to excite and detecthhsignal.

Here, MRI was used to acquire spatially and teniporasolvedT,-weighted images of the
column while nanoparticles were transported throtighcolumn. In the absence Mblday
ION NPs, theT, value of*H nuclei of water molecules at any location insitle column is
influenced by the spin-spin interactions betweerarnby 'H nuclei, magnetic field
inhomogeneities and surface relaxation effects exhwkie to the presence of quartz gravel.
However, the presence bfolday IONNPs will alter theT, value, the change in thg values
upon the uptake dfiolday IONNPs is then known to be solely due to the presehdéPs.
Consequently To-weighted images can be used to track the transgokiolday ION NPs
inside the columnT,-weighted images acquired before and after introdublPs can also be
used to quantify concentrationsblday IONNPs as the change in the transverse relaxation
rates has a linear relationship to the NP conceaoitra

5.3.4 Acquisition of T,-weighted images

The transport ofMolday ION NPs inside the column was imaged by acquisition of
T,-weighted images using a two-dimensional Rapid Agijion Relaxation Enhancement
(RARB pulse sequence. Images were obtained along themno(parallel to the flow
direction) in 11 adjacent slices (Fig. 5.2a). Expents were performed with the following
imaging parameters; echo time (TE) 60.9 ms, rapatitime (TR) 10000 ms with RARE
factor of 16, field of view was 9 cm x 6 cm, imagimatrix was 300 x 192 pixels, giving an
in-plane resolution of 300 um x 300 um with a stizekness of 1 mm. The imaging time was
approximately 2 minutes, using a single signal ager These imaging parameters were kept
identical during the entire experiment in ordeohtain comparabl&,-weighted images.



5.3.5 Determination of the relaxivity constant (  R) of nanoparticles

Molday ION nanoparticles are classified as a darkening csinigent acting through thie
relaxation process (http://www.biopal.com/), andsthheir presence inside the porous column
causes a concentration dependent linear increagbeirtransverse relaxation rates of the
surrounding'H nuclei as described in equation 1.

i

whereT, is the relaxation time in the absence of Nijs the relaxation time in the presence

Equation 1

of NP, [C] denotes the concentration of the NP, &1d the relaxivity constant of the NP.

The relaxivity constantsR) were measured using five NP solutions at differ&P
concentration prepared for batholday ION Carboxyland C6AmineNPs.T, values of each
sample were measured using multiple spin echo mdgeence with the following imaging
parameters; echo time (TE) 9.2 ms, repetition t{fflR) 15000 ms and 200 echoes with two
signal averages. Then, plots of Td/- 1/T,) versus NP concentration for baffarboxyland
C6AmMineNPs were plotted separately and the relaxivitystamts were determined by fitting
equation 1 to the data using linear least squaethad.

5.3.6 Calibration of nanoparticle concentration us  ing T,-weighted
images

The signal intensity$ obtained using RAREpulse sequence is given by (Haacke, 1999);
5= s{l{iﬂ onf E)
LI T2

whereS is the maximum signal intensity, TR denotes thmetiéon time (the time interval

Equation 2

between two successive excitation pulses), TEasthho time (the time interval between the
excitation and signal readout center), is the longitudinal relaxation time, anig is the

transverse relaxation time.

As shown in equation 2, the change in the sigrtahsity due to the presence of paramagnetic
ions is complex and might depend on bdthand T, relaxation times. However, tHRARE
pulse sequence can be used to prodlieweighted images with carefully chosen image



sequence parameters, such as a sufficient redycte hetween scans (TR) and fairly long
echo time (TE). In &,-weighted image, the signal decay due to the poesefMolday ION
NPs at a particular concentrati@nis given by;

S _ —TE]
So Ty

Equation 3

where 9% is the ratio between the signals measured with waitidout Molday ION NPs,
known as the normalized signal afglis the transverse relaxation time wittolday IONNPs
at C; concentration.

Therefore, To-weighted images acquired before and after introduthe NPs can be used to
guantify NP concentration using the calibrationaon 4; obtained combining equations (1)

B

5.3.7 Modelling the transport of NPs inside the por  ous column

Equation 4

To determine the transport properties of the pormemn and NPs such as coefficients of
dispersivity and retardation, the NP concentratiata obtained using MRI was compared to
those simulated by a convection-dispersion mathiealahodel of NP transport. The shape of
the experimented column is variable in space (¥iga), and therefore, it is not possible to
represent the NP transport by a one-dimensionalextion-dispersion equation. However, the
cylindrical shape of the column enables us to usscadimensional axis-symmetric model.
The finite element model for NP transport inside gorous column was implemented using
COMSOL Multiphysics 3.5a. The model domai@, is shown in figure 5.2d, which was
determined from the actual column geometry (see3ip).

By assuming the column as homogenous with congiardsity, the transport of NP with
retardation was defined by (Fetter, 1994),

R% = 0[DgisIC(x, y)]-U.OC(x.y) x yOQ

Equation 5
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whereCis the NP concentrationD, is the transverse dispersion coefficieri?y is the

Equation 6

Equation 7

longitudinal dispersion coefficientjs the transverse pore velocitys the longitudinal pore
velocity andRis the retardation coefficient.

For negligible molecular diffusion, lateral and nsaerse dispersion coefficients can be
defined as,

DL =a v
Equation 8

D; =asu
Equation 9

whereq | is the longitudinal dispersivity amd is the transverse dispersivity of the porous
column.

The pore velocity can not be assumed constant ghiaut the column as the cross sectional
area of the column was variable in space (seeS-idp). Hence, the velocity field inside the
column was first determined by solving the momentomance for NP transport using the
Brinkman equation (Pop, 2002) and the continuityatipn.

T2y 4pp=-Ty
7 k

Equation 10

ou =0
Equation 11
where U is the velocitypis the viscosity of the NP solutiokis the permeability of the
porous columry is the porosity of the packed column dhid the pressure.

The permeability value of 1x10 m* is representative of the column made up of
unconsolidated well sorted quartz gravel (Bear,2)9The average porosity value of 0.4 was
estimated using the MRI measurements (Fig. 5.6 Bhnkman equation, an extension of
Darcy’s law, was used to account for any viscotecethat the high hydraulic permeability of



the column may cause; mainly around the corneth@fchanging geometry interface (Fig.
5.2). However, slip boundary conditions were udegals of the column in order to represent
the plug flow of NPs observed in the MRI data.

The evaluated velocity field was then used in thevection-dispersion equation (equation 5)
to determine the transport of NPs. The boundanditimms employed during the simulation
are given in table 5.1. The ratio of grain sizedtumn size was large enough that elements in
the finite element model of the column were indMgasmaller than a representative
elementary volume for the media. This meant thatniodel was unlikely to capture the finer
detail of the movement of fluid and NPs; the ainswacapture the movement of the NP front
and the longitudinal gradients in concentrationug,htransverse dispersivity was assumed
high and the longitudinal dispersivity of NPs wadilrated. The concentrations measured by
MRI displayed almost no transverse gradients, whigdrs out this assumption.
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Figure 5.2. (a) For the slice along the porous column, T,-weighted image (b) is
acquired using two dimensional RARE sequence. Acqui red T,-weighted images
with and without the NPs were used to calibrate the NP concentration map (c)

using equation 4. (d) The two dimensional axis symm  etry geometry used to model
NP transport in the porous column.

First the model was used to estimate the longitldimspersivity of the porous column using

the quantitative concentration data ©&rboxyl NP by assuming there is no retardation
(,e. R = 1) as both rose quartz a@drboxyl NP are negatively charged. The estimated
effective dispersivity of the column was then usedhe model to estimate the retardation
coefficient for theC6AmineNP as positively charggd6AmineNP is expected to be retarded

inside the column made up by negatively charged qusrtz.



Coefficients of dispersivity and retardation wediraated by calibrating the model using
respectively the averaged concentration profileSarboxylandC6AmineNPs along the flow
axis (y axis), extracted at seven discrete timatsgpb, 10, 15, 25, 40, 60 and 80 minutes). The
averaged concentration profiles of the NPs alomgflttw axis were determined by averaging
the spatially resolved two dimensional concentratiata of NPs from all eleven slices (Fig.
5.2a) and within the area shown by white dotteddi(Fig. 5.2c). The concentration data was
averaged only within the region shown in figurecsir2 order to avoid any edge effect that the
change in the geometry of the porous column cowdse. Here, the dispersivity and
retardation coefficients were estimated using ad&olsearch algorithm in MATLAB, which
called the COMSOL model as a subroutine; wheredijective function was the sum of
square errors between observed and simulated dpatens. The optimum values of
coefficients were estimated at the minimum valuéhef objective function.

Boundary Boundary condition
Momentum balance Mass balance
Bl Inlet — velocity Inlet - concentration
B2 Wall - slip Wall — insulation
B3 Wall - slip Wall — insulation
B4 Wall - slip Wall — insulation
B5 Outlet — pressure Outlet - convective flux
B6 Symmetry — axial symmetry Symmetry - axial symmetry
B7 Symmetry — axial symmetry Symmetry - axial symmetry

Table 5.1. Boundary conditions used in the model to simul ate the NP transport
inside the column

The variation in the average porosity of the colusong the flow axis, for all eleven slices
and within the area shown by white dotted lines (&. 5.2c) was determined usifg
weighted images obtained with pure water. An atpariwas used to calculate the porosity by
dividing the number of water carrying pixels byaohumber of pixels. 'Pixels on water
generate significantly larger MR signals than gxah the grains. Thus a reasonable threshold

for MR signal was used to distinguish water carmgypixels.

It should be noted here that negatively chargedtggmains may cause permanent attachment
(deposition) of positively charge@6Amine NPs. However, the retardation coefficieR,
calculated above assumes non-permanent attachrhfamce, a permanent attachment
(deposition) term (Baumann and Werth, 2005) wadi@ip incorporated into the model (see
equation 12) to investigate whether any observedrépancies between the experimental data
and model may be due to permanent attachment.



RW =0[pOC(x, y)]-U.OC(x, y)-kC;  x,yOQ

Equation 12

wherek is the deposition rate constant.

5.4 Results

5.4.1 The relaxivity constant ( R) of Molday ION NPs

The change in transverse relaxation rate3,f1/T,;) has a linear relationship with the
concentration of the NPs as shown in figure 5.8nfFthe slope of figure 5.3, the relaxivity
constantR, for Carboxyl and C6AmineNPs are determined as 109 mM* (with 95%

confidence interval of 107 - 111 niMs™) and 81 mM s* (with 95% confidence intervals of

79 - 83 mM* s?) respectively.
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Figure 5.3. Variation in the change of transverse relaxati  on rates (1/ Ty - 1/T50) with
respect to both Molday ION Carboxyl and C6Amine NP concentration.

5.4.2 Transport of Molday ION nanopatrticles inside porous column

The transport ofMolday ION NPs into the porous column was recorded Teyweighted
images. The presence bfolday IONNPs are shown less intense (darker) ifr-aveighted
image, as they reduce the MRI signal and thus rdmesport ofCarboxyl NP is shown by
expansion of the darker region up into the colummee(Fig. 5.4a to c). The quantitative
concentration maps @arboxylNP calibrated using equation 4 are shown in fidgu#dal to f.
Here, the expansion of the brighter region up thi column illustrates the transport of NP.
Figure 5.4g to i show the convection-dispersion etodenerated with the estimated



dispersivity usingCarboxyl NP concentration data. The averaged concentratiofiles of
both Carboxyl and C6AmineNPs along the flow direction at selected five aliént time
intervals are shown in figure 5.5. Variation in @neeraged porosity (along the flow direction)
with respect to the column length is shown in feg6r6. Here the mean value of the porosity
is 0.38 (with 95% confidence interval of 0.32 -4).4The porosity was averaged only within
the region shown in figure 5.2c in order to avaiy adge effect.
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Figure 5.4. (a to c) T.-weighted images, (d to f) calibrated concentration maps of
Carboxyl NP transport inside the column and (g to i) convect ion-dispersion model
results at selected time intervals of 5, 25, and 80 minutes respectively. The gray
scale indicates the NP concentration (mM). NP trans  port direction is from bottom
to top.

5.4.3 Comparison of experimental data with model da ta

Figure 5.7 shows the comparison of averaged coratant profiles ofCarboxyl NPs along
the flow direction, with the model data along th@nsect shown in Fig. 5.4i. A dispersivity
coefficient of 3.5x13 m for the column was estimated by calibrating thedel using



concentration profiles, giving a goodness-of-fituea(®) of 0.97. Figures 5.8A and B show
the comparison of averaged concentration profie€@AmineNPs along the flow direction,
with the model data along the transect shown in bigi. A retardation coefficient (non-
permenant attachment; equation 5) of 1.27 forG6AmineNP was estimated by calibrating
the model using concentration profiles, giving adpess-of-fit value ) of 0.9 (see Fig.
5.8A). When permanent attachment (deposition) wesrporated into the model, a deposition
rate constant of 1.09xT0and retardation coefficient of 1.02 for ti@6Amine NP was
estimated, giving an improved goodness-of-fit v{RR of 0.95 (see Fig. 5.8B).
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Figure 5.5. Averaged concentration profiles of both Carboxyl and C6Amine NPs,
along the flow direction at selected time intervals of 5, 10, 25, 40 and 80 minutes.
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Figure 5.6. Variation in the averaged porosity within the area shown in Fig. 5.2c
with respect to the column length.
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Figure 5.7. Transport of Molday ION Carboxyl NPs inside the porous column is
compared to the model data in order to estimate the coefficient of dispersivity at
time intervals of 5, 10, 15, 25, 40, 60 and 80 minu tes. Symbols represent
experimental data, and solid lines represent model data.
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Figure 5.8. Transport of Molday ION C6Amine NPs inside the porous column is
compared to the model data modeled with (A) retarda  tion and (B) retardation and
deposition in order to estimate the coefficients of retardation and deposition
constant at time intervals of 5, 10, 15, 25, 40, 60 and 80 minutes. Symbols
represent experimental data, and solid lines repres  ent model data.

5.5 Discussion

In this study, MRI was successfully used to quatitiely measuring the time-varying,
spatially distributed concentrationsblday IONCarboxylandC6Aminenanopartcles (NPs)
as they were transported into a porous column madeith rose quartz grains. As shown in
figure 5.5, the averaged concentration profilesoiath Molday IONNPs clearly illustrates that
transport ofC6AmineNP within the porous column, was slower compacethat ofCarboxyl
NP. This is most likely due to the effect of traodpnhibition caused by the adsorption of
positively charge@6AmineNP onto to the negatively charged quartz grains.



As illustrated in figure 5.7, the concentration fges of the model match well with the
averaged concentration profiles quantified usingIMRustrating the transport o€arboxyl
NP inside the column was without retardation aseeterl for negatively chargé€hrboxylNP
inside a column containing negatively charged mpsartz. The estimated dispersivity of the
experimented porous column was 3.5%1f, which is similar to the experimental results
published elsewhere. Khrapitchev and Callaghandgitchev and Callaghan, 2003) pool data
from a variety of previous studies to derive a tieteship between dispersivity and
characteristics of porous media. For packed sphldneads with diameter equal to the median
diameter (go) of the rose quartz gravels used here their relatiip yields a value of 2.5x%0
m. This corroborates the accuracy of this MRI apploin quantifying NP concentrations

inside coarse-grained porous media.

When the C6Amineresults were modeled using non-permanent attachnaen estimated
effective retardation coefficient of 1.27 was estied, suggesting that transport@Amine
NP was not highly retarded by the rose quartz gralfowever, there were discrepancies
between this model and the data (goodness-of-fitoR0.9) indicating the transport of
C6Amineinside the porous column can not be explainedlpimethis model (see Fig. 5.8A).
Consequently, a permanent attachment (depositenm) tvas incorporated into the model,
giving a much better fit (goodness-of-fit? Rf 0.95) (see Fig. 5.8B). This indicates that
electrostatically favourable conditions have caupetdmanent attachment @6AmineNPs
inside the column. When electrostatic conditiores favorable, permanent attachment of NPs
onto mineral grains is known to occur (Darlingtdrak, 2009). Moreover, when deposition is
incorporated into the model, the retardation cogdfit (non-permanent attachment) drops
from 1.27 to 1.02, illustrating the importance @jpdsition ofC6AmineNPs inside a column
packed with oppositely charged quartz grains.

Overall, this study illustrates the suitability tfis approach in water research to spatially
resolve the transport behaviours of different Nigsde saturated coarse-grained systems. The
spatially and temporally resolved data was sucadgsélescribed using reaction transport
models, giving goodness-of-fit values of 0.95 ottdre This illustrated the robustness of this
approach, and thus more complex systems requigatgntially, more complex modelling
approaches could now be explored in future. Theeefthe ability of MRI to image NP
transport inside packed columns will enable us wddbmore complex and heterogeneous
packed columns, and thus unravel how these heteedges impact NP transport. Indeed, a
wide range of paramagnetic and superparamagnescal’commercially available to explore



the impact of parameters such as molecular maapesiind surface charge on their transport.
While the current set-up utilizes a typical vertipacked column, the system could easily be
modified into a horizontal arrangement similar tueme, with NP dosed water flowing over

the top of the gravel matrix. This would enabledresimulation of NP transport in riverbeds.

Therefore, the use of MRI has the potential to ificantly improve our understanding of the
way NPs are transported inside porous geologicdiane
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Chapter 6

Investigation of copper immobilisation inside acil
biofilms using magnetic resonance imaging (MRI)



Investigation of copper immobilisation inside
artificial biofilm using magnetic resonance imaging
(MRI)

6.1 Summary

Quantifying transport and reaction rates of heawstats inside biofilms is important to
develop representative models of metal immobilaratin industrial wastewater treatment
systems and in natural biofilms. In this study, metg resonance imaging (MRI) was used to
guantify the transport of copper inside artifidibfilms made up with different ratios of agar
and the bacteri®acillus subtilis MRI successfully imaged the transport of coppside
artificial biofilms usingT,-weighted images. A calibration protocol was theedito convert
T,-weighted images into spatially resolved quantimtconcentration maps of copper at
different time intervals. Comparing the experiméi@a obtained at 6, 12, 18 and 24 hours
with two-dimensional adsorption-diffusion modelsealed that copper was transported inside
artificial bioflms composed of 5 % and 50 % bactesith diffusion coefficients of 7.9x16
m?s™t and 4.4x13° m? s respectively and log stability (adsorption) conssaof 4.45 and 4.55
respectively. However, the model lagged the expemiad data at early time intervals, and
lead at later time intervals. When each time irdkwas modelled separately, allowing the
diffusion coefficient D) to vary,D was observed to increase throughout the duratidheo
experiment. Indeed, the phenomenon of increasibghadening diffusive reaction front for
copper has been observed previously inside othealmaesorption matrices. An explicitly
incorporated concentration dependent diffusion fadeht with respect to the total copper
concentration (adsorbed and free) showed improvesmenthe model fits. However, its
relevance and the influence of other possible &ffestich as cell lysis and electro static
interactions needs to be further investigated ideorto enhance models of adsorption-
diffusion processes in metal immobilizing biofilms.



6.2 Introduction

Despite the importance of heavy metals in induspriacesses, their presence in effluents is a
pronounced threat to the environment and to huneatttn (Le Cloirec et al., 2003, Singh and
Cameotra, 2004, Volesky, 1994). Unlike organic wasivhich are eventually degraded to
harmless substances, heavy metals are more petsistd can create chronic illnesses in
humans and animals via a range of exposure roetgs ¢irculation through food chains)
(Dogru et al., 2007, Singh and Cameotra, 2004, 3kyle1994). Therefore, proper removal of
heavy metal species is an essential part of waateagement. As an efficient, cost effective
and environmental friendly means of removing heaeyals from waste water, using biofilms
in bioremediation of heavy metals via biosorptienai promising alternative to conventional
heavy metal removal processes such as chemicalppation, chemical oxidation or
reduction, ion exchange, reverse osmosis, electromal treatment and evaporation (Le
Cloirec et al., 2003, Volesky, 1994). Due to thddquitous nature, biofilms also play a role
in scavenging heavy metals in the natural envirorime

Biofilms, which are the common mode of life for texta, have been used to remove large
guantities of heavy metals from both natural andustrial environments by sorption (Le

Cloirec et al., 2003, Mullen et al., 1989), mainig complexation of metals to the bacterial
surface (Phoenix and Holmes, 2008). In additiotheoreaction kinetics between metals and
bacterial surfaces, the immobilization of metaksde biofilms is also influenced by the rate at
which these metals are transported into the biofiDue to differences (e.g. composition,

density and porosity) between biofilm types and heterogeneous nature of individual

biofilms, reaction kinetics and transport properted heavy metals could significantly vary

both inside individual biofilms and between biofitypes. Therefore, a clear understanding of
reaction kinetics and transport is essential whéengts are made to optimize the

performance of metal sequestration processes bgfims.

Using MRI in metal immobilization experiments ereblvisualization of the transport of
metals inside biofilms, due to the effect of theramagnetism upon the MR signal (Bartacek
et al., 2009, Nestle, 2002, Phoenix and Holmes,8R00oreover, as this effect is
concentration dependent, it is possible to useatian in MR relaxation T or T,) of
neighbouringH nuclei to quantify the concentration of heavy afet

The objectives of this study are to apply MRI tantitatively map copper transport and its
immobilization inside artificial biofilms in realime and then to determine whether an



equilibrium model, the Langmuir adsorption isotheoould adequately describe this process.
Investigating the suitability of adsorption isottmsr will help us to determine the best
approaches for modelling reaction-transport of iseta biofilms. Unlike linear adsorption
isotherms, Langmuir adsorption isotherms consi@guration effects and have previously
shown good correlation with adsorption of heavyatseinside natural phototrophic biofilms
(Phoenix and Holmes, 2008). Since biofiims exhibi¢terogeneous physicochemical
properties such as spatially varying transport agakction rates, it is convenient to use
artificial biofilms as an ideal test system befon@ving onto more complex real biofilms
(Strathmann et al., 2000). For this study of heanegal uptake, we utilizeBacillus subtilis a
gram positive bacterium. These bacteria have tligyaio accumulate high amounts of heavy
metals due to their high adsorptive capacity, whighattributable to the carboxyl and
phosphoryl functional groups found on their celllgz@Dogru et al., 2007).

Moreover, the quantitative maps of copper concéntrausing MRI are then compared to a
two-dimensional adsorption-diffusion model (incaming Langmuir adsorption) to estimate
mass transfer kinetic parameters, such as thetddgisy (adsorption) constants and diffusion
coefficients of copper inside the artificial biofis.

6.3 Materials and methods

6.3.1 Bacteria

The model bacteria used in this experiment waeillus subtiliswhich is a gram positive
bacteria.B. subtilis(strain NR1129, supplied by Nicola Stanley-Walhitersity of Dundee)
were grown to late exponential phase at 23°C aridrffin in Tryptic soy broth. Cells were
washed four times in ultrapure water, and bactev&xe separated from the water by
centrifugation.

6.3.2 Artificial biofilms

The artificial biofilms were made up of either 5:66 50:50 ratios of the bacteria and agar
(1.5%). Thus, replicating bacterial cells suspeniedn extracellular polymer matrix. After
preparing the agar, the bacteria were mixed in. Mloden mixture was then poured into a
modified 30-ml plastic syringe and allowed to caalch that it produced an artificial biofilm
with an approximate semi-circular cross-sectior (Sig. 6.1).



6.3.3 Flow systems

During the artificial biofilm experiments, the réian cell containing the artificial biofilm was
positioned in the center of the magnet. The reaatall was first connected via silicon tubing
to an 18-M2 water supply and slowly washed with ultrapure waléhe system was then
connected to a 4-liter reservoir of a 10 riigdu** solution, prepared using Cu$6H,0. A
peristaltic pump was used to pump the solution mte of 0.7 ml miff (Fig. 6.1). The Ci
solution effluent was pumped back into the reservoi

(a) — (b)

[ Artificial biofilm [_]Copper [ENtE

Figure 6.1. Schematic of the flow cell containing the arti  ficial biofilm. Cross
sections are (a) along the flow cell and (b) across the flow cell.

6.3.4 MRI

The MRI experiments were performed on a Bruker AeaBioSpec system, using a 30
cm-bore, 7T superconducting magnet (Bruker BioSparlsruhe, Germany). A Bruker
micro-imaging gradient insert (model BG-6) and Z0@radient amplifiers were used to
provide strong linear magnetic field gradient pslsé up to 1000 mT th thus allowing the
system to perform micro-imaging experiments. A EBwulB5 mm diameter birdcage RF
volume resonator was used to excite and detectHtsignal.

6.3.5 Acquisition of T,- weighted images

The transport of copper inside the artificial bimfiwas imaged by acquisition @¢-weighted
images in the axial plane by using a multispin ed¢h@-dimensional imaging sequence; 64
consecutive spin echoes were acquired with an ecteof 6.8 ms and a recovery time of 7 s.
T,-weighted images were obtained across the samteawlice thickness of 1 mm. The field
of view was 26 mm x 26 mm, using an imaging matfiXx30 pixels x 130 pixels, giving an
in-plane resolution of 200 um x 200 um. Two sigaakrages were taken, giving a total
imaging time of 30 minutes.



6.3.6 Calculation of T, parameter maps

T, parameter maps were calculated from the seriégl @b-weighted images (Fig. 6.2A) by
fitting the signal decay for each individual pixel an exponential function (Haacke, 1999)
(see Fig. 6.2B),

Sy = Sg-exp ™ +B

Equation 1

where Sy is the MR signal at time g, is the MR signal at time zerd; is the transverse
relaxation time and B is a baseline offset parametewas found that all the signal decay
curves were well fitted by such a single exponéiffitiaction. This procedure was applied to
estimate thel, value of every pixel within the slice of the tworgnsional image (see Fig.
6.2C). The presence of paramagnetic metals, suchopper, causes a reduction Ta.
Consequently, construction @ parameter maps during copper uptake can be used¢al
the location and concentration of copper.
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Figure 6.2 (A) For the slice across the biofilm,  T,- weighted images are acquired
with increasing echo time. (B) For each pixel, the decay of the MRI signal was
fitted to an exponential function, giving a T, value. (C) Taking the T, values for
each pixel yields a T, parameter map. (D) The calibrated concentration ma  p of Gd-
DTPA inside artificial biofilm.



6.3.7 Calibration of copper concentrations from T, parameter maps

The presence of paramagnetic ions, such & Causes a concentration dependent reduction
in T,, represented by the following equation (Haack&9]%tanisz and Henkelman, 2000,
Phoenix and Holmes, 2008).

2l )

whereTy is the relaxation time in the absence of idnsis the relaxation time in the presence

Equation 2

of ions, [C] denotes the concentration of the copper ions,Raisdthe relaxivity constant of the

Cu.

In this study,T,; and T, are measured variables, as they are taken dirgotly T, parameter
maps.R, however, is unknown and must be separately datechio enable the calculations of
[C].

6.3.8 Determination of relaxivity constant ( R) of copper in artificial
biofilms

The relaxivity valueR depends on the solids content of the sample asisfied in section
3.3.7. Therefore, estimating the solids conterateelR value of copper would enable more

accurate determination of its concentrations inaidiéicial biofilms.

The effect of solids content on copper relaxivigstalready been investigated by Phoenix and
Holmes (Phoenix and Holmes, 2008); hence the appte®R values for artificial biofilm
samples were taken from their results. Note, thdysby Phoenix and Holmes utilized similar
agar and bacteria composites to those used harwdetigate the impact of solids content,
thus their results are of direct relevance to shigly. These resulting values were then used
in equation 2 to calculate the copper concentratioside the artificial biofilm from the MRI
data collected during the experiment.

6.3.9 Modeling the adsorption-diffusion of copper i nside artificial
biofilms

To determine whether the measured copper concemrgirofiies using MRI were
commensurate with an adsorption-diffusion procts=y were compared with a mathematical



model.

Consider the adsorbatd, (e.g. copper Cii) diffuses into a homogeneous medium, agar
which contains a uniform distribution of adsorbsites,S, (e.g. immobile bacterial sites). The
adsorption of an adsorbate A, onto an adsorbeat Sjtcan then be described with the

following simple reversible reaction:

A+S = AS

Equation 3

By assuming no interaction between adsorbate derdift sites, the adsorption process can be
described by the Langmuir adsorption isotherm (B&rand Gardner, 1996).

The adsorption constant (equilibrium constait)is equal to

ki _ [as]

A N

Equation 4
wherek; andky, are the forward and backward rate constants.

For the one-dimensional case, taking x as the mtisteanto a medium of thickne&s timet,
and the fraction of sites occupied (at a specifistince and time), the diffusion adsorption
equation for adsorbate, copper, is given by

2
Dit a—g—ka(l—H)N +kpN :aa—c
0x t

Equation 5
whereC ( x,t) is the concentration of the diffusing coppBx; is its diffusion coefficient

inside the medium, and is the concentration of the binding sites withire tmedium.
Consideration of the kinetics at the reaction gjiess;

N%: kiCL-6)N - kpON
Equation 6
Then combining equations 5 and 6 gives
9% _oc_ 08
dif ‘552 ot ot
Equation 7

Equations 6 and 7 are coupled nonlinear partidedintial equations. These equations were



solved within the artificial biofilm, the doma® shown in Fig. 6.3, using a two dimensional
model, implemented using finite element package GO\ Multiphysics (3.5a). Here the
degree of symmetry in the shape of the agar alobagxis of flow enabling a two dimensional
model to be used. The boundary of the domain vt iato two parts (Fig. 6.3) so that
0Q =T, 0T, wherel is the top surface of the agar ahgl is the wall of the plastic holder
in which the artificial biofilm was placed. The ammtration of C#" in the bulk liquid and
hence on the boundary, was assumed to be a constaht, through time. No transport was
permitted though wall boundariés,. Hence the model was defined by equations 6 aad7
the following boundary conditions;

C(xy) =c’ X, yOr,

Equation 8

ac(xy) _,

x,yoar
on yEt

Equation 9

Here n is the vector normal to the boundarié¢s ) andC’ is the concentration of Gliin the
bulk liquid above the artificial biofilm.

Figure 6.3. lllustration of the two dimensional model of a rtificial biofiim
constructed using COMSOL Multiphysics.

Based on the results from MRI analysis, values/éorableN representative of each artificial
biofilm were put into the model. Details of estiingtthe values of variables are provided in
the following section. The model was then calitdasing the experimental data to estimate
the values oK, Dy, andk;. Optimum values of these parameters were estimasety a
golden search algorithm in MATLAB, which called t6®MSOL model as a subroutine. The



objective function was the sum of square errorsweeh observed and simulated
concentrations and the optimum valueskobD;s andk; were estimated at the minimum value
of this objective function.

6.3.10 Estimating the values for variables used in the model

The concentration of Gl in the overlying fluid C) was set at 1.57xI0M as this
concentration (i.e. 10 mg/l) of Cu solution was toamously pumped over the artificial biofilm
throughout the experiment. The concentration oftrea sitesN, was determined as the sum
of metal-complexed sitesA§ and uncomplexed site§)(at maximum adsorption capacity
after 24 hours of time interval. The metal-comptesdes AS was determined from the MRI
data and taken to be the average maximum adsonféad@hcentration inside the biofilm (see
Fig. 6.6) (1.88x18 M, i.e. 1200 mg/l in the 50:50 bacteria:agar sys&nd 5.5x18 M, i.e.
350 mg/l in the 5:95 system), while S was calculatsing equation 4, with value éfequal
to C" and value oK was evaluated using the above mentioned paramstieration method.

6.3.11 Concentration dependent diffusion of copper inside artificial
biofilms

It is a common practice to assume a constant diffiusoefficient when models are used to
investigate transport behaviours of solutes inbidélms. However, studies have showed that
diffusion coefficient of solutes is concentratiogpéndent in many practical systems related to
adsorption and diffusion-reaction process (Lin, 2,98estle and Kimmich, 1996, Ruthven,
2004, Scott and Karanjkar, 1995).

Therefore, the concept of concentration dependéfustn coefficient was incorporated in
the model in order to investigate whether this wlaoiprove the fit between the experimental
data and the model data for these artificial biodil

The concentration dependence of diffusion coefficed copper can be represented by either a
linear (equation 10) or an exponential (equationfadction as given below (Lin, 1992).

Dyif = Do (L+b(c/cp))

Equation 10

Dgit = Do(expbc/co))
Equation 11

whereDgis the base diffusion coefficient argg is the reference concentration maintained at



the top of the biofiim@’) and b is the unknown constant.

Models representing the concentration dependefusiliin of copper (equations 10 and 11)
were calibrated using the experimental data. ThH&udnce of concentration dependent
diffusion of copper upon models was investigatddgithe goodness-of-fit values{R

The physical reason behind the concept of condsmralependent diffusion coefficient is
unclear. Thus, the effect of both free and totalcemtration upon the diffusion coefficient was
investigated. The main driving force for the difftes transport is the gradient of chemical
potential, rather than the gradient of concentrafi@uthven, 2004). Therefore, the adsorbed
copper concentration may also have an effect orditfiesion of copper, in addition to free
copper.

6.4 Results

6.4.1 Transport of copper inside artificial biofilm S

The transport of copper into the artificial biofilmade up of 5:95 mix of agar and bacteria at
time intervals of 6, 12, 18 and 24 hours was restioly T,-weighted images, as shown in Fig.
6.4A-D. The presence of copper reducesThealues, hence the reaction transport of copper
into the artificial biofilm is shown by the expaasiof darker region over time down into the
artificial biofilm. Then by applying the calibratioprotocol (equation 2) described aboVe,
parameter maps were converted into copper contemrenaps as shown in Fig. 6.4E-H.
Here, the expansion of the brighter region dowm itite biofilm shows the transport of
copper. Figure 6.4l-L shows the two-dimensional elofbr adsorption and diffusion of
copper inside the artificial biofilm generated wpthe estimated values By, K andk; (see
table 6.1) at given time intervals.

The transport of copper into the artificial biofimade up of 50:50 mix of agar and bacteria at
time intervals of 6, 12, 18 and 24 hours was reetiolyT,-weighted images, as shown in Fig.
6.5A-D. The presence of copper reducesThealues, hence the reaction transport of copper
into the artificial biofilm is shown by the expaasiof darker region over time down into the
artificial biofilm. Then by applying the calibratioprotocol (equation 2) described aboVe,
parameter maps were converted into copper contemtrenaps as shown in Fig. 6.5E-H.
Here, the expansion of the brighter region dowm itite biofilm shows the transport of
copper. Figure 6.5I-L shows the two-dimensional etofbr diffusion and adsorption of



copper inside the atrtificial biofilm generated wpthe estimated values By, K andk; (see

table 6.1) at given time intervals.
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Figure 6.4. Transport of copper into the artificial biofil m of 5:95 mix illustrated as

T,-weighted images (A-D), calibrated copper concentra tion maps (E-H), and
diffusion-adsorption model results (I-L) at time in tervals of 6, 12, 18 and 24 hours.
The gray scale indicates the copper concentrations (mg/l) inside the biofilm.
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Figure 6.5. Transport of copper into the artificial biofil m of 50:50 mix illustrated as
T,-weighted images (A-D), calibrated copper concentra tion maps (E-H), and
diffusion-adsorption model results (I-L) at time in tervals of 6, 12, 18 and 24 hours.
The gray scale indicates the copper concentrations (mg/l) inside the biofilm.
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Concentration profiles along the transect showmhieywhite line (Fig. 6.4E and Fig. 6.5E) at

time intervals of 6, 12, 18 and 24 hours for bajaraand bacteria mixes are shown in figures
6.6A and B.
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Figure 6.6. Calibrated copper concentration profiles at ti  me intervals of 6, 12, 18,
and 24 hours along the transect shown by the white dotted line in Fig. 6.4E for (A)
5:95 and Fig. 6.5E for (B) 50:50 mix of artificial  biofilm. Note the difference in

scale between graphs on x and y axis.

6.4.2 Models describing the transport of copper ins ide artificial
biofilms

6.4.2.1 Transport of copper modelled with constant diffusion coefficients

Figure 6.7, compares the concentration profilecabper with the model data along the
transect shown by the white line in Fig. 6.4l and. 6.51 for both artificial biofilms. The
estimated values fdf, Dgr andk; are given in table 6.1 along with the goodnes&tqR?)
values.
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Figure 6.7. Comparison of experimental data with the adsor

data for artificial biofilms made up with (A) 5:95
agar mix at time intervals of 6, 12, 18, and 24 hou

Distance into Biofilm (mim)

ption-diffusion model

and (B) 50:50 bacterial pellets and
rs along the transect shown by

the white dotted line in Fig. 6.4E,l and 6.5 E,l. S ymbols represent experimental

data, and solid lines represent model data at respe

ctive time intervals.

Artificial-biofilm mix | K(I/mg) | D 4(m*/s) | k (mg/l) R’
(bacteria:agar)

5:50 4.45 7.9x1%° | 0.34 95.76

50:50 4.55 4.4x18 |0.32 97.16

Table 6.1. Estimated values of log stability constant,
diffusion coefficient, Dgi, forward constant rate,
the model is calibrated for both artificial biofiim
considering experimental data obtained at 6, 12, 18
together.

K (for adsorption), constant
ki and goodness of fit, R 2 when
s (5:95 and 50:50 mix) by

and 24 hour time intervals

6.4.2.2 Transport of copper modelled with different
different time intervals

diffusion coefficients at

Figure 6.8 and 6.9, shows the comparison of exmerial data and model data (along the
same transects shown in figures 6.4E, | and fig6rBE, 1) when diffusion coefficients were
separately estimated at each time interval for blo¢hartificial biofilms by using previously
estimated values fd andk: (see table 6.1). The estimated valuesDgf at different time

intervals for both artificial biofilms are given tables 6.2 and 6.3 along with the goodness-of-
fit (R?) values.
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Figure 6.8. Comparison of experimental data (5:95 mix) to the model data
modelled with diffusion coefficients estimated sepa rately for each time interval by
using previously estimated values for K and ks (see table 6.1). Symbols represent

experimental data, and solid lines represent model data at respective time
intervals.

Time interval 6 Hour 12 Hour 18 Hour 24 Hour

ait (M?/s) 4.3x10° | 6.5x10° | 7.9x10° | 9.9x10"
i 97.71 97.09 97.64 97.03
Table 6.2. Estimated value of constant diffusion coeffici ent, Dgir and goodness of

fit, R? when model is calibrated for (5:95) artificial biof ilm by considering
experimental data separately at 6, 12, 18 and 24 ho ur time intervals.
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Figure 6.9. Comparison of experimental data (50:50 mix) to the model data
modelled with diffusion coefficients estimated sepa rately for each time interval by

using previously estimated values for K and k; (see table 6.1). Symbols represent

experimental data, and solid lines represent model data at respective time
intervals.

Time interval 6 Hour 12 Hour 18 Hour 24 Hour

Dgit (M°/s) 1.8x10° | 3x10™ 4.2x10"° | 5.5x10"
R® 98.37 99.51 99.32 99.44

Table 6.3. Estimated value of constant diffusion coeffici ent, Dgir and goodness of
fit, R when model is calibrated for (50:50) artificial bio  film by considering
experimental data separately at 6, 12, 18 and 24  hour time intervals.

6.4.2.3 Transport of copper modelled with concentra  tion dependent diffusion
coefficient

Figure 6.10 and 6.11, shows the comparison of éxgeatal data and model data (along the
same transects shown in figures 6.4E, | and 6.pEBodelled using a systematic variation in
Dgif; i.e. proportional to the concentration of copfeuations 10 and 11) by using previously



estimated values fak andk; (see table 6.1). Here figures 6.10A, 6.10B, 6.114 &.11B
show the comparison when the concentration depértiasion coefficient with respect to
the free concentration of copper is used, whilerkg 6.10C, 6.10D, 6.11C and 6.11D show
the comparison when concentration dependent diffusbefficient with respect to the total
(adsorbed and free) concentration of copper is .uSsmnparison between the linear and
exponential relationship for concentration dependé#fusion coefficient for both biofilms are
shown in figures (6.10A, 6.10C, 6.11A and 6.11C) 6.10B, 6.10D, 6.11B and 6.11D)
respectively. The estimated values iy and values of constant, b for both artificial diok

are given in tables 6.4 and 6.5 along with the gesd-of-fit () values.
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Figure 6.10. Comparison of experimental data to the model data modelled with
concentration dependent diffusion coefficients for Cu* inside the artificial biofilm
made up with 5:95 agar and bacteria mix at time int  ervals of 6, 12, 18, and 24
hours along the transect shown by the white dotted line in Fig. 6.4E and I.

Diffusion coefficient as a (A) linear and (B) expon  ential function with respect to

the free copper concentration. Diffusion coefficie nt as a (C) linear and (D)
exponential function with respect to the total copp er concentration. Symbols

represent experimental data, and solid lines repres  ent model data at respective
time intervals.
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Concentration dependent diffusion coefficient | D, (m®/s) B R?
with respect to liquid phase
(i) Linear function 7.99x16° | 0.198 | 95.78
(i) Exponential function 8.06x18 | 0.1708 | 95.78
with respect to total phase
(i) Linear function 3.57x1®° | 0.0877 | 96.94
(i) Exponential function 4.12x19 |0.0414 | 96.85

Table 6.4. Estimated values of base diffusion coefficient , Do, unknown constant, b

and goodness of fit value, R 2 when model for (5:95 bacteria and agar mix) is

calibrated using linear and exponential functions f or concentration dependent

diffusion coefficient with respect to both free and total copper concentrations.

Here experimental data obtained at 6 ", 12", 18" and 24™ hour time intervals are

considered together for model calibration. Previous ly obtained values for K and k¢

were used (table 6.1).
Concentration dependent diffusion coefficient | D, (m’/s) b R’
with respect to liquid phase
(i) Linear function 5.88x16° |-0.4029 | 97.35
(i) Exponential function 5.94x18 |-0.4931| 97.35
with respect to total phase
(i) Linear function 2.73x16° | 0.0093 | 97.43
(i) Exponential function 2.78x18 | 0.0067 | 97.46

Table 6.5. Estimated values of base diffusion coefficient  , Do, unknown constant, b
and goodness of fit value, R 2 when model for (50:50 bacteria and agar mix) is
calibrated using linear and exponential functions f or concentration dependent
diffusion coefficient with respect to both free and total copper concentrations.
Here experimental data obtained at 6 ", 12", 18" and 24™ hour time intervals are
considered together for model calibration. Previous ly obtained values for K and k¢
were used (table 6.1).

6.5 Discussion

In this study, MRI was successfully used to quatitiely measure the time-varying, spatially
distributed concentration of copper as it was tpantgd into artificial biofilms made up with
two different compositions of agar and bacteriae Tjuantitative concentrations were then
used to estimate reaction and transport parametach as coefficients of adsorption and
diffusion, by using an adsorption-diffusion model.

Figures 6.6A and B clearly illustrate that increaséhe bacterial concentration has increased
the adsorption capacity of the artificial biofilnmhile the transport of copper inside that
biofilm was significantly retarded (also see Figd @nd Fig. 6.5) as increased adsorption of
copper is expected to reduce its transport ratecddfse one should expect approximately a
ten fold increase in the amount of copper adsoibsiie the biofilm made up with 50%

bacteria compared to that of the biofilm made ughvi% bacteria. However, only a four

times increase in the adsorbed copper levels aereéd (see Fig. 6.6). This may be due to



the possible interaction between functional groopsthe bacterial surfaces in the high
bacterial density system. As the bacteria are rolmgely packed, functional groups from one
cell can interact with, and mask, functional groénmasn another cell. For example, positively
charged amine groups (R-NH from one cell could mask negatively charged cgtsoxR-
CO,) from another. Functional group masking has bdesexwed in dense bacteria/mineral
composites, where the functional groups on theaserof minerals and bacteria mask each
other (Kulczycki et al., 2005). This effect may Wehve reduced the number of sites available
for copper adsorption. Significantly, this indicaténat bacterial density in biofilms may not
always correlate linearly with the number of meddksorption sites available. In terms of
optimal density for maximising metal adsoption idesigned biofilm, it appears there may be
a threshold density above which little extra ads8orpis generated. This, however, has no
effect in the accuracy of the adsorption-diffusioadel as the number of adsorption sites was
estimated from the maximum amount of copper adsbrbe

The two-dimensional adsorption-diffusion model loedted using all experimental data
obtained at all time intervals, did not perfecthatoh the experimental data as shown in
figures 6.7A and B. For both artificial biofilmshe model leads the experimental data at
earlier time intervals, and then lags behind arlétne intervals.

Despite the fact that the adsorption-diffusion matiees not perfectly represent the transport
of copper inside artificial biofilms, the calculdtevalues for log stability constant for
adsorption and diffusion coefficient (see table) Gk acceptable estimates. The estimated log
stability constantsKk, of 4.45 and 4.55 for copper adsorption onto 5% 0% B. subtilis
artificial biofilms respectively, are close to tipeeviously reported value of 4.3 for copper
adsorption onto planktoniB. subtilis(Fein et al., 1997). In addition the estimatedudibn
coefficient, D, of 7.9x10" m? s* and 4.4x18° m? s* for 5% and 50%B. subtilis artificial
biofilms respectively, are reasonable estimateglifitusion coefficients of copper inside these
systems. The diffusion coefficient value for Clb#b bacteria matrix is close to the previously
reported diffusion coefficient of 7.8x¥®m? s* for CU#* in an infinitely dilute solution at 25°

C (Quickenden and Xu, 1996). Agar is a highly paxibte, inert gel designed to give minimal
resistance to diffusion and the small concentratbrbacteria (5%) clearly does not alter
porosity and tortuosity enough to alter copperiudion coefficient. In contrast, when high
bacterial density is used, this clearly impactsopity and tortuosity sufficiently to reduce
copper’s diffusion coefficient.



When data was fit using a constdht in both artificial biofiims the model lead thetdaat
earlier time intervals, but lagged behind at laitee intervals. This may be suggesting that at
least one of the fit parameters was evidently clmngver the course of the experiment. In
response to this, the data was re-modelled alloidntp vary. The best model fits to the
experimental data were observed (see Fig. 6.8 a@dvéhen diffusion coefficients were
separately estimated for each time intervals bggipreviously estimated values fdrandk;
(see table 6.1). Interestingly, the estimated diffn coefficients for both biofilms (5:95 and
50:50 mix) increased with time (see table 6.2 aB). 6

It should be noted here that the prolonged exposaréhe observed elevated copper
concentrations (due to adsorption) may have stigdsBacillus subtilisbacteria and resulted
in cell lysis and sporulation. Previous studiexabper adsorption onto planktonic species of
Bacillus subtilisand Escherichiaoli bacteria (Navarrete et al., 2010) and indideherichia
coli biofilms (Hu et al., 2007) have shown that coppereixcess amounts is toxic to
microorganisms, causing cell lysis (death). Thisldchave increased the amount of copper
sequestered by the artificial biofilm, as upon dgdlis the cell generally bursts, releasing
internal components that have the ability to biogper (Navarrete et al., 2010). However, the
estimated log stability constants using the expenital data would have already accounted for
the copper adsorption onto lysed cell components.

Of course the lysed cell components likely have adhdity to move inside the artificial
biofilm. This will increase the net flux of coppéhnrough the biofilm compared to that
expected by the adsorption-diffusion alone as tkgusstrated copper on lysed cell
components becomes mobile. However, this effeabtas incorporated in the adsorption-
diffusion model; thus may be causing the modelittthe experimental data with increasing
diffusion coefficients at increasing time intervaldowever, the observed behaviour of
increasingly broadening diffusive reaction front fmpper inside the artificial biofilm was
also reported in previous studies of copper imnigddiion inside biological and non-biological
biosorbents such as immobilized yeast cells, algigels and Kombu leaves (Nestle, 2002).
Thus, the hypothesis of increasing diffusion cagdfits caused due to the mobility of
sequestrated copper onto lysed cell componenpeutative at the moment.

Previous studies on metal biosorption by biofilmatenl activated carbon (Scott and
Karanjkar, 1995) showed a concentration dependendtin the diffusion coefficient; i.e.
increase in diffusion coefficients with metal loaglior uptake. This observed increase in the



estimated effective diffusion coefficients with pest to the metal uptake may be due to the
saturation effect of the metal uptake onto adsdeheHowever, the effect of saturation
dependent diffusion coefficients have been imfjiditcorporated by the Langmuir isotherm
used to represent copper transport inside thacatibiofilm (Nestle and Kimmich, 1996).
However, Lin (Lin, 1992) suggested that explicitigorporated concentration dependence of
diffusion coefficients to the isotherms better esgants most adsorption-diffusion processes.

Consequently, the data was remodelled, but thig tirsing a systematic variation in D;
proportional to the concentration of copper (aswshan equations 10 and 11). Small
improvements in the model fits were observed whiee model was calibrated using
concentration dependent diffusion coefficient fopper (see tables 6.4 and 6.5). However,
concentration dependent diffusion coefficient wigéspect to the total concentration of copper
(adsorbed and free) showed better correspondentie ttve experimental data for both
biofilms, compared to just using free copper al@although the improvement in’Rvas only
~0.1 at a 50:50 mix). It was not clear whether linear or exponential relationship for
concentration dependant diffusion (equations 10Jdr)dvas more appropriate for this system.
Overall, this indicates that the amount of coppmuaulated onto the cell walls may have an
effect upon the transport behaviour of copper mdubfilms as well as the free copper in
solution. However, the physical explanation for tbleserved better agreement between
experimental data and model with a concentratigreddent diffusion coefficient with respect
to the total copper concentration needs furtheestigations.

Despite the improvements in fit, concentration chejaat diffusion could not generate a full
agreement between model and data. This indicdias the copper dependant diffusion
relationships (equations 10 and 11) need furthiamement, or that other mechanisms need to
be considered as discussed below.

The fact that model fits well with the experimendalta for constant reaction ratés gndk;)
and varying transport rateB) at increasing time intervals may indicate, tmahgport rate of
copper may have changed by some other phenomenaccaumted in the model. For
example, the electrostatic interactions betweerighie solutes (Cti) and ionic constituents
of biofilms may have changed the transport ratesodiiites inside biofilms. Previous studies
on surface charge characterisation of planktd@acillus subtilisbacteria (Yee et al., 2004)
have shown that deprotonation of surface functigmalps forms electrical potential which
extends across the cell walls and bulk solutiorusTimodels including Nerst-Planck equations



to incorporate the electro static interactions leetwbacterial pellets and copper ions may help
us interpret the experimental data more accurabdgtle and Kimmich (Nestle, 2002) have

showed that models incorporating Nerst-Planck eguand reaction kinetics better described

the copper adsorption in alginate gels.

The observed discrepancies between the experimamdainodel data may be the result of one
or a combination of the above mentioned factonsc&the behaviour of heavy metal transport
inside biofilms are seldom reported, the influeméehe above mentioned factors upon the
discrepancies between the experimental and modal rémain unclear. The results herein,
therefore, suggest that the above mentioned fadbmuld be further investigated and
considered when attempts are made to understandetietion kinetics of heavy metal

immobilisation inside biofilms.

Therefore, the use of MRI especially to investigatetal transport inside artificial biofilms
has the potential to significantly improve our ursiending of the way heavy metals are
sequestered inside biofilms.
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Concluding remarks

7.1 Summary of conclusions

Quantifying mass transport in environmental systammkey to understand the fate and
remediation of environmental pollutants and wastelpcts.

The transport rates of different molecules or iorssde biofilms can significantly control the
performance of pollutant capture and degradatiatgsses (chapter 1), and thus quantifying
mass transport is an essential part of understgr{dimd enhancing) the function of natural and

engineered biofilms.

In addition to interaction with biological systempgollutant fate can be influenced by
interactions with abiological systems. Consequenthaging transport of pollutants through
porous geological media is key to understand tineirsport and fate in systems such as soils,
aquifers, river beds and sustainable urban draiegsfems.

The particular question that was addressed in tieisearch is how transport of

macromolecules, nanoparticles and heavy metalbeajuantified inside biofilms and porous

packed columns. MRI is chosen as it can image énsigstems that are opaque to other
methods. Moreover, MRI can spatially resolve data inon-invasive manner; the system is
unperturbed by the analysis.

The property of (super)paramagnetic molecules, yhaaetals and ions affecting the MR
signal was exploited not only to track their tram$out also to quantify their concentrations
inside biofilms and porous packed columns (chapBerd, 5 and 6). Mathematical models
were then calibrated using experimental data tionast transport and reaction rates.

The work described in previous chapters addredsesimportance of understanding the
transport processes of different molecules insidélims and porous packed columns, with



the following conclusions being derived.

In chapters 3 and 4, MRI was successfully usedwestigate the transport of Gd-DTPA, a
commonly used MRI contrast agent inside phototropiofilms with thicknesses of 10 mm
and 2.5 mm. The comparison of spatially distributéthe-varying concentrations of
Gd-DTPA inside the biofilms with diffusion modelustrates that transport of Gd-DTPA is
via both diffusion and advection in the biofiimsedshere. Moreover, this illustrates the
potential of using MRI to image the transport ofdmio high molecular mass pollutants by
using paramagnetically tagged molecules as polistamogates.

In chapter 4, the ability of the bespoke RF coilittage biofilms with improved spatial
resolution revealed the influence of biofilm areliure upon its mass transport behaviour.
This simple to construct and cost effective custmade RF coil is a promising option to
investigate structural and mass transport behawiotibiofilms which can be too thick (e.g.
phototrophic biofilm and granules) for photon basedging methods.

In chapter 5, the ability to image inside opaquetays was further exploited to image
nanoparticle transport inside a coarse-grained gghcklumn. The quantitative concentration
profiles of carboxyl terminated and amine-termidat@noparticles inside the packed column
were compared with that of a convection-dispersioodel to estimate the coefficients of
dipersivity, retardation and deposition. This cbomted the robustness of this approach to
spatially and temporally quantify NP transport desigeological media. Thus more complex
systems can be explored which simple breakthrowgbecanalysis may struggle to describe.
This illustrates the potential of this technique fmaging spatial variation in transport
heterogeneity that are unobservable by traditiapproaches.

In chapter 6, MRI was successfully used to quaritify adsorption-diffusion transport of
copper, a well know toxic heavy metal, inside atifieial biofilm. The comparison between
experimental data and model data (modelled usingragmuir isotherm to represent the
adsorption-diffusion of copper) generated good Itestor the diffusion coefficient and
adsorption constant. However, discrepancies betwbe model and experimental data
showed that transport of copper was more complar #xpected. From this it is suggested
concentration dependant diffusion coefficientsrmorporation of transport by mobile organic
complexes may be required to improve heavy metbrdion models in biofilms.

Hence it is concluded that MRI together with thee usf the MRI compatible



(super)paramagnetic molecules constitute a higldysatile, non-destructive method for
imaging pollutant transport inside opaque biofilamsl saturated porous packed columns.

Therefore, the use of MRI has the potential to ificantly improve our understanding of the
way macromolecules, nanoparticles and heavy metadstransported inside natural and
engineered systems.

It should be noted here thaf Ras been used to measure the goodness of tHeHi codels
which are discussed in chapters 2-6. HefésReomputed from the sum of the squares of the
distances of the experimental data from the besufive (given by the model).’Rs used to
measure the goodness of fit when the model is assanpriori. Thus B can be used to
determine the combination of parameters that yaesiimulation that minimizes the difference
between simulated and measured variables. It cabeotused to assess the statistical
significance of a model in comparison to some hyflothesis in the way one might do with a
regression analysis, where p-values are routinedg uo assess the likelihood of seeing a test
statistic at least as extreme as that observeah gimeassumption that some null hypothesis is
true. With regression the null hypothesis is notynassumed to be that there is no trend in the
data. When fitting a complex finite element modeatphysical process like diffusion and (or)
advection it is not possible to define a neat hypothesis to use in a significance test. Rather
one can only compare a suite of potential modefsv#&tues are useful in this respect.
However, it may be the case that several combinatid parameter values give similarly good
fits or that there is little difference in theé Ralue for very large ranges of parameter values.
To assess this requires a more detailed analybisren the form of a sensitivity analysis or in
a more directed way using a Bayesian inference dvaork. In Bayesian approach a
distribution of possible parameter values are assiimwhich can be naive and assume no prior
knowledge of what the parameters might be, or cam prior information. Multiple
simulations of the model are then run with paransetelected from these distributions using
sophisticated algorithms that systematically explothe parameter space. Posterior
distributions are then generated for all uncent@nables/parameters in the model which give
the modified likelihood of the variables/parametgingen the data and the model. From these
is possible to derive statistics like the Bayesiaiormation criterion (BIC) and deviance
information criterion (DIC) which measure goodnessfit and can be used to compare
models. 'In a Bayesian approach these are pantigwiseful in that they penalise models that
are over parameterised and hence reward the messtnomious models that fit the data.



7.2 The future research of MRI of environmental sys tems

The present work contributes to strengthen the dation of investigating mass transport
processes in environmental systems using MRI. Angimg next step is to investigate the
influence of various physicochemical propertiesnaflecules such as molecular mass, size
and surface charge upon their transport behavimsisle biofilms and geological porous
media by using either commercially available (syp@ramagnetic MRI contrast agents or
bespoke (super)paramagnetically labelled real mutdsc of interest. For example,
commercially available Gadopolylysine (http://wwwajpal.com/), gadolinium-labelled
molecules with a range of molecular masses (e.&kDH) 22 kDa, 50 kDa, 110 kDa and 225
kDa) can be used to investigate the influence ofemdar mass upon their transport inside
biofilms. Galbumin another commercially available (http://www.biopalm/) gadolinium-
labelled molecule, 740 kDa in mass can also be tsedmpare the transport behaviour of
even higher molecular mass molecules.

Similarly, while two Molday ION nanoparticle contrast agents have already been luse
(chapter 5), these are available in other formshwat wide range of surface charge
characteristics (see table 7.1), and thus can bd te investigate the influence of surface
charge upon nanoparticle transport inside poroukquh columns. AlsofFeREX another
commercially available (http://www.biopal.com/) MBbntrast agent, 50-150 nm in diameter,
could be used to investigate the influence of nanape size upon their transport inside
packed columns.

Molday ION type ~ Size (nm) ~ Zeta potential (mV)
Molday ION 30 -4.8
Molday ION (-) 30 -15
Molday ION C6Amine 35 48
Molday ION Carboxyl 35 -38
Molday ION Rhodamine B 35 35

Table 7.1. List of commercially available Molday ION contrast agents; source
(http://www.biopal.com/).

Moreover, it may be possible to label actual envimental pollutants (rather than surrogates)
for transport imaging. Indeed, there is a consideraxpertise in paramagnetic labelling to
track tumor targeting molecules, investigate dradvery to specific organs (Saito et al.,
2004) and now to image virus transport in mammRBisty et al., 2006). For example, viral
nanoparticle MRI contrast agents with improved xatn properties have already been



developed by conjugation of more than 500 gadatmahelate groups (e.g. Gd-DTPA) onto a
viral capsid (Anderson et al., 2006). This suggebktt labelling of real pollutants with
(super)paramagnetic tags may be possible. How¢seper)paramagnetic labelling is not a
straightforward process and the ability to tag palutants would need considerable further
investigation such as investigating the MRI contphty of pollutants with and without
(super)paramagnetic tags and investigating the wa¢rproperties of pollutants to allow
better labelling of (super)paramagnetic tags.

There is a growing concern of the fate of nanoplagiinside biofilms. Waste water treatment
plants use biofilms to remove nanoparticle (NP)ytahts found in household and industrial
waste water while biofilms found in the natural Bomment also remove nanoparticle
pollutants which reach the natural water bodies dinect urban runoff and untreated
wastewater effluents. Therefore, there is cleanhead to investigate the fate of nanoparticles
inside both thick natural biofilms and biofilms ds@ waste water treatment plants. Here, the
bespoke RF coil can be used to investigate NP goahsnside biofilms with improved
resolutions. This can be further extended by ingashg how the biofilm growth inside
porous geological media affects the transport belas of NPs. Indeed, in this study, a clean
biofilm (bacteria) free coarse grained media wasdusHowever, in natural systems such as
aquifers and river beds, biofilms can coat grairfames and block pore throats. While this
may alter the hydrodynamic regime, the bacteriaéactive surface may sequester
nanoparticles; e.g. (Glasauer et al., 2001). Carmsty, biofilms are likely to retard
nanoparticle transport.

Laboratory grown biofilms and the use of MRI conilplat mineral grains in packed columns
offer the advantage of that they can be imagedyeasih MRI. However, the presence of
metal impurities in some industrial and naturalfibizs, and packed columns made up with
grains found in the natural environment can hinblR imaging either by shorting the
relaxation times or causing magnetic susceptibdgitiffacts. The limitation in detecting the
MR signal arising due to the shorting of relaxattones may be over come by using ultra-
short echo time imaging methods. In medicine, t8trart echo time MR imaging allows the
detection of signal components with relaxation times on the order of only a few hundre
microseconds, which are found in highly orderedugs such as tendons and ligaments and
cannot be detected with conventional imaging tegines in which the echo time is limited to
few milliseconds (Rahmer et al., 2006). Hence, damihat are hard to image due to shorter
relaxation times can be tried using theses advakifednaging techniques.



However, variations in the magnetic susceptibitifysamples such as packed columns made
up with naturally found grains, cause serious MRagmg artefacts. The magnetic
susceptibility of a material is a measure of itdighto become magnetized in an external
magnetic field. Thus, the susceptibility differeadeund in different components of a sample
(e.g. water and grains of a packed column) cauksengeneities in the imaging gradient
field across the sample, thus resulting geometreistortion of the boundary interfaces
(Farahani et al., 1990). Susceptibility artefactald be reduced when MRI scanners with low
main magnetic fields are used (Farahani et al.0l9%9owever, MR imaging at low main
magnetic fields reduces the achievable signal-isencatio (SNR). Therefore, the trade off
between SNR and susceptibility artefacts shoulddresidered when low main magnetic field
scanners are used to quantify pollutant transpsitleé porous packed columns.

It should also be noted here that models usedsnstbdy were capable of estimating only the
bulk transport and reaction rates of moleculesdmgiiofilms and porous columns regardless
to the usual spatial heterogeneities found in ssydtems. For example, many natural and
engineered systems of interest, such as biofilmd seturated porous matrices display
heterogeneity in structure (Lorente and Bejan, 20@6Beer et al., 1994), hydrodynamics (de
Beer et al., 1994), geochemistry (Bhattacharjeal.et2002) and microbiology (Kim et al.,
2010, de Beer et al., 1994). Consequently, modeksrporating spatial variations of physical
and chemical (or reactive) properties of theseesystmust be considered if the spatially
resolved quantitative concentration data obtairedguMRI is to be fully utilised.

The biofilm structure, mainly the shape was usedramput into the model (chapters 3 and 4).
In these chapters, biofilm structures were assussdtbmogeneous and transport of molecules
was simulated only for diffusion. The observed a@ons between experimental and model
data were then discussed by using previously obdeheterogeneities in the structure and
hydrodynamics of biofilms. This modelling approadid not impact the aims of this thesis
which are to introduce the capability of MRI in quifying environmental processes and using
mathematical models to estimate effective transgiod reaction rates of pollutants to test the
accuracy of the MRI methodology. Researchers, hewevave shown that heterogeneities
found in biofilms can be modelled when the actiand interactions of the biomass units with
each other and the environment is linked usingobotip approach models such as biomass
based models and individual based models (Krefalet2001). Here, structure (e.g. EPS
matrix, pores and channels), hydrodynamics (effusion and advection) and microbiology
(e.g. microbial colonies) of biofiims are emergebperties depending on the existing



environment such as microbial properties and mitrigvailability (Kreft et al., 2001).
Therefore, comparing spatially quantified MRI dada biofilm, modelled using such bottom-
up approaches would allow us estimating spatia$plved transport and reaction rates.

The transport of nanoparticles (NPs) inside porpasked column was also simulated by
assuming the system as homogenous (chapter 5). W¢owmore complex systems may not
allow the assumption of homogeneity. Therefore,oiporating heterogeneities into the
models is likely essential to understand the expemtal data from more complex systems.
For, example the usual flow heterogeneities foumbaterogeneously packed columns can be
deduced by using MRI itself. Researchers have Mfedto map flow velocities inside porous
media (Mantle et al., 2001). Thus, using MRI totedly resolve both flow velocities and
concentrations is a promising next step to improwlels. Moreover, incorporating biofilm
models into reaction-transport models of porousrices will enable us to investigate
influence of biofilm growth upon nanopatrticle transt. Combined approaches have already
been used by researchers to predicting biofoulingeverse osmosis membranes (Pintelon et
al, 2010).
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Appendix
A-1. IDL and MATLAB codes used in chapter 3
A-1.1. Construction of; parameter maps and concentration maps using IDL

The procedures implemented in IDL in order to coteflu parameter maps and concentration
maps are described in sections 3.3.5 and 3.3.&ctsgely.

The IDL codes used to constrult parameter maps and concentration maps are listeavb
The code is annotated with comments that refelnéaltustration of its processing as sown in
figure. 3.3.

A-1.1.1. IDL codes for construction @f parameter maps

Function T1_parametermap,data,s1,s2,s3
;the raw data matrix, the signal maps (data) with dimensions of s1 (number of pixels along x direction),
s2 (number of pixels along y direction) and s3 (number of flip angles).

signal=fltarr(s3) ;array to store signals at each flip angle

weights=fltarr(s3) ;array to store weights used during the curve fitting procedure
weights[*]=1.0 ;assign one (1) as value for weights

angle =[5.0,20.0,40.0,60.0,90.0] ;array with used flip angles

Tlimage=make_ array(sl,s2, /float) ;an array with pixels along x and y directions
for i=0,s1-1 do begin

for j=0,s2-1 do begin

signal(0:s3-1)=float(data(i,j,0:s3-1))

If signal[0] gt -2.0 then begin

a=[100000,0.5] ;initial guesses
res=curvefit(angle,signal,weights,a,sigma,/NODERIVATIVE,function_name="anglefit")
Tlimage(i,j)=a(1)*1000

endif else begin

Tlimage(i,j)=0.0

endelse

endfor

endfor

maxlimit=T limage It 2000
minlimit= T1limage gt 0

Tlimage=Tlimage * maxlimit *minlimit
;trims the T1 parameter map with maximum and minimum values for T1.

return,Tlimage ;T1 parameter map
end

The curve fit function, anglefit, called as a sututme in the above given function
(T1_parametermap) is given below;
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pro anglefit,angle,a,f

TR =75.0e-3 ;repetion time (TR) of the pulse sequence

x=angle

u= a[0]*sin(x*2.0*!P1/360.0)-a[0]*sin(x*2.0*IP1/360.0)*exp(-TR/a[1])
v=1.0-cos(x*2.0*!P1/360.0) * exp(-TR/a[1])

f= ulv ;signal equation for gradient echo pulse sequence

end

A-1.1.2. IDL codes for construction of concentratimaps

Function concmap,data,s1,s2,points
;the raw data matrix, the T1lparameter maps (data) with dimensions of s1 (number of pixels along x
direction), s2 (number of pixels along y direction) and points (number of time intervals).

R=1.06483E-05 ;relaxivity constant of the Gd-DTPA

concmap=fltarr(s1,s2,points)
T20=fltarr(s1,s2) ;T1 parameter map obtained without Gd-DTPA
T2=fltarr(s1,s2) ;T1 parameter map obtained with Gd-DTPA

T20=reform(data(*,*,0),s1,s2) ;reformation of the data matrix
R20=1.0/T20

for k=0,points-1 do begin

T2=reform( data(*,* k),s1,s2)

R2=1.0/T2

temp = ( R2-R20)/(R)

concmap[*,* k]=reform(temp,s1,s2,1) ;reformation of the data matrix
endfor

maxlimit=concmap It 1000

minlimit= concmap gt 0

concmap=concmap * maxlimit *minlimit

;trims the concentration map with maximum and minimum values for concentration

return,concmap
end

A-1.2. Estimating diffusion coefficient of Gd-DTP#side agar and biofilm
using MATLAB

The diffusion coefficient of Gd-DTPA inside agar svastimated using the curve fitting
toolbox available in MATLAB. The concentration datéth respect to their respective/ Jt
were first loaded as inputs into the curve fitttoglbox. The curve fitting procedure for input
data was then executed using standard graphicalintegface of the curve fitting toolbox.
The data were curve fitted to the solution of thiudion equation for a semi-infinite one
dimensional domain (see equation 4 in chapter 3).

The transport of Gd-DTPA with an arbitrary (e.g. iaitial guess) diffusion coefficient was
first simulated for biofilm using the model implented in COMSOL as described in section
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3.3.9. The model was then saved as an m-file. Ewed m-file was then modified to

incorporate an optimization routine (e.g. goldearsk algorithm), which called the COMSOL

model as a subroutine. The optimum diffusion coedfit was estimated at the minimum value
of the objective function of the optimization raugi The objective function was the sum of
square errors between observed and simulated coatens. The MATLAB codes used for

estimating diffusion coefficient of Gd-DTPA insithofilm is listed below.

A-1.2.1. MATLAB codes used to estimate the diffusiooefficient of Gd-DTPA inside
biofilm

function diffusion_Gadolinium_phormidiumbiofilm
[d,fval] = fminsearch(@ram_objective,5.5e-10,optimset('Tolx',1e-12,'Maxiter',10000))
end

function obj = ram_objective(d)
load exp_Gd_Phormidium %loads the experimental data

%%%%%6%%%% %% %% % %% %% % %% %% % %% % % %% %% % %% %% %0 % %% %% %% %% % % %%
%%%% %% %% % %% %% %% %% %% %% %% % %% % % %% %% % %% %% % % %% %% %%

%start of the COMSOI m-file

% COMSOL Multiphysics Model M-file

% Generated by COMSOL 3.5a (COMSOL 3.5.0.603, $Date: 2008/12/03 17:02:19 $)

% Some geometry objects are stored in a separate file.

% The name of this file is given by the variable ‘flbinaryfile'.

flclear fem

% COMSOL version

clear vrsn

vrsn.name = 'COMSOL 3.5';

vrsn.ext ='a’;

vrsn.major = 0;

vrsn.build = 603;

vrsn.rcs = '$Name: $';

vrsn.date = '$Date: 2008/12/03 17:02:19 $";
fem.version = vrsn;

flbinaryfile="optimize_alltime.mphm’;

% Geometry

clear draw
g3=flbinary('g3','draw',flbinaryfile);
draw.s.objs = {g3};

draw.s.name = {'CO1"%;
draw.s.tags = {'g3%;

fem.draw = draw;

fem.geom = geomcsg(fem);

% Initialize mesh
fem.mesh=meshinit(fem, ...
'hauto',5);



% Refine mesh

fem.mesh=meshrefine(fem, ...
'mcase’,0, ...
‘rmethod’,'regular’);

% (Default values are not included)

% Application mode 1
clear appl
appl.mode.class = 'Diffusion’;
appl.module = 'CHEM",
appl.assignsuffix ="' _chdi';
clear bnd

bnd.c0 = {0,1000};
bnd.type = {'N0O','C"};
bnd.ind =[1,1,2,2,1,2,2,1];
appl.bnd = bnd;

clear equ

equ.D =d(1); % diffusion coeffceint as a variable to optimise
equ.ind = [1];

appl.equ = equ;
fem.appl{1} = appl;
fem.frame = {'ref};
fem.border = 1;
fem.outform = 'general’;
clear units;
units.basesystem = 'Sl’;
fem.units = units;

% ODE Settings

clear ode

clear units;
units.basesystem = 'Sl’;
ode.units = units;
fem.ode=ode;

% Multiphysics
fem=multiphysics(fem);

% Extend mesh
fem.xmesh=meshextend(fem);

% Solve problem

fem.sol=femtime(fem, ...

'solcomp’'{'c’, ...

‘outcomp’,{'c}, ...

'blocksize','auto’, ...

'tlist',[0,129,429,737,1038,1341], ... %experimental time intervals
‘tout', 'tlist");

% Save current fem structure for restart purposes
femO=fem;

% Plot solution

postplot(fem, ...
‘tridata’,{'c','cont’,'internal’,'unit’,'mol/m~31%, ...
‘trimap’,'Rainbow’, ...

'solnum’,'end’, ...

title',' Time=540 Surface: Concentration, ¢ [mol/m~3]', ...
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‘axis',[-0.002694,0.002694,-0.0027001000000000004,0.0017001000000000002]);

% Plot in cross-section or along domain

postcrossplot(fem,1,[0 0;-1.084202e-19 -0.0025], ...

lindata’,'c’,

'title','Concentration, ¢ [mol/m”3], ...

‘axislabel' {'Arc-length’,'Concentration’,’ ¢ [mol/m~3]'});

%end of the COMSOL m-file
%6%6%6%6%6%6%6%6%6%6%%6%%%%%%%%%%%% %% %% %% %% %% %% %% % % % % % % % % % % % % %
%6%6%6%6%6%6%6%6%6%6%6%6%%%%%%%%%%%%%% %% %% %% %% %% % %% % % % % %%

% interpretation of model results along the transect of interest
concl = postinterp(fem,'c’,[(X)";-(y/1000),'solnum’,2);
conc2 = postinterp(fem,'c’,[(X)";-(y/2000)1,'solnum’,3);
conc3 = postinterp(fem,'c’,[(X)";-(y/2000)17,'solnum’,4);
conc4 = postinterp(fem,'c’,[(X)";-(y/2000)17,'solnum’,5);
conc5 = postinterp(fem,'c',[(X)";-(y/1000)],'solnum’,6);

%define the objective function

obj = sum((c1l-(concl)").”2)+sum((c2-(conc2)").”2)+sum((c3-(conc3)’).*2)+sum((c4-
(conc4)").”2)+sum((c5-(concb)’)."2)

%%%%% %% %% %% %% %% %% %% % %% %% % % %% % %% %% % %% %% % % %% %0 % % %% %

%calculating the mean of the experimental data
mcl = mean(c1(1:65,1)*ones(1,65));
mc2 = mean(c2(1:65,1)*ones(1,65));
mc3 = mean(c3(1:65,1)*ones(1,65));
mc4 = mean(c4(1:65,1)*ones(1,65));
mc5 = mean(c5(1:65,1)*ones(1,65));

%sum of squares of the differences between respective the experimenatl and model data points
SSreg = sum(((c1(1:65,1))-(conc1(1,1:65))")."2) + sum(((c2(1:65,1))-(conc2(1,1:65))")."2) +
sum(((c3(1:65,1))-(conc3(1,1:65))).72) + sum(((c4(1:65,1))-(conc4(1,1:65))").72) + sum(((c5(1:65,1))-
(conc5(1,1:65))").72);

%sum of squares of the differences between the experimenatl data points and the mean of the
experimental data

SStot = sum(((c1(1:65,1))-(mc1)").”~2) + sum(((c2(1:65,1))-(mc2)").”2) + sum(((c3(1:65,1))-(mc3)")."2) +
sum(((c4(1:65,1))-(mc4)").”2) + sum(((c5(1:65,1))-(mc5)")."2)

%goodness of fit value (R2)

R2 = (1 - (SSreg/SStot))*100

%%%%% %% %% %% %% %% % %% %% %% %% % % %% % %% %% % %% %% % %6 %% % %% %% % %% %
%%%%% %% %% %% %% %% %% %

%plot experimental data VS distance and model VS distance
plot(y,cl,y,concl,y,c2,y,conc2,y,c3,y,conc3,y,c4,y,conc4,y,c5,y,concb)

%value of the optimised diffusion coefficient
d(1)

%save the results
save results

end

A-2. IDL and MATLAB codes used in chapter 4

A-2.1. Construction of; parameter maps and concentration maps using IDL
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The procedures implemented in IDL in order to cotefily parameter maps and concentration
maps are described in section 4.3.8 and 4.3.9 cogply.

The IDL codes used to construtt parameter maps for agar and biofilm are similathi®
codes listed in section A-1.1.1, except thatveighted images were acquired only at three flip
angles. The known signal value of zero at 0° fligla was also used as an additional data
point to improve the curve fit results (see figdrB).

The IDL codes used to construct concentration naapssimilar to the codes listed in section
A-1.1.2. Appropriate relaxivity constariR) values for both agar and biofilm were used during
the calculation of concentration maps.

A-2.2. Construction of apparent diffusion coeffitiéADC) map using IDL

The procedures implemented in IDL in order to cotapthe relative apparent diffusion
coefficient map are described in section 4.3.13.

The IDL codes used to construct apparent diffusimefficient map are listed below.

A-2.2.1. IDL codes for construction of diffusion psga

function diffusion_map,data,s1,s2,s3

signal=fltarr(s3)
weights=fltarr(s3)
weights[*]=1.0

b =[114.22, 414.22]

diffimage=make_array(sl1,s2,/float)
for i=0,s1-1 do begin

for j=0,s2-1 do begin
signal(0:s3-1)=float(data(i,j,0:53-1))
If signal[0] gt -2.0 then begin
a=[1000000,2e-3]
res=curvefit(b,signal,weights,a,sigma,/NODERIVATIVE,function_name="difffit")
diffimage(i,j)=a(1)*1e-6

endif else begin

diffimage(i,j)=0.0

endelse

endfor

endfor

maxlimit=diffimage It 10e-9
minlimit= diffimage gt 1e-10
diffimage=diffimage * maxlimit *minlimit

return,diffimage
end



The curve fit function, difffit, called as a subutme in the above given function
(diffusion_map) is given below;

pro difffit,b,a,f

x=b

f= a[0]*exp(-a[1]*x)
end

A-2.3. Estimating diffusion coefficient of Gd-DTP#side agar and biofilm
using MATLAB

The transport of Gd-DTPA inside agar was simulatsing a model implemented in
COMSOL as described in sections 4.3.12.

Similar procedures used to estimate the diffusioeffecient of Gd-DTPA inside biofilm as
described in section A-1.2.1 were used to estintla¢e diffusion coefficient of Gd-DTPA
inside agar and biofilm.

A-3. IDL and MATLAB codes used in chapter 5
A-3.1. Construction of the concentration maps usidig

The procedures implemented in IDL in order to cotaproncentration maps are described in
section 5.3.6.

A-3-2. Estimating the concentration of nanopartickveraged along the flow
axis using IDL

The IDL codes used to estimate the concentrationaobparticles averaged along the flow

axis is given below.

A-3.2.1. IDL codes for the construction of concatibtn maps and estimation of concentration

averaged along the flow axis.

function conc_pro_average_multislice_1time_2part,data,s1,s2,s3,s4,time

aver_conc = make_array(sl,/float)
conc_image=make_array(sl,s2,/float)
conc = make_array(s1,/float)

nodes = make_array(s1,/float)
tot_conc =0.0

for k=s3,s4 do begin

I= time

s = data(*,*k,l)

sO = data(*,*,k,0)

for i=0,432 do begin
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signal_tot = 0.0

p=0.0

for j=35,135 do begin

If sO(i,j) gt 25000.0 then begin ;if s[0]<25000, then assume that is from rock.
conc_image(i,j)= (alog(s(i,j)/s0(i,)))/(-Te)-R20)/R ;carboxyl and C6Amine
signal_tot_new = signal_tot + T1limage(i,j)

p_new=p+1.0

endif else begin

conc_image(i,j)=0.0

signal_tot_new = signal_tot

p_new=p

endelse

signal_tot = signal_tot_new

p = p_new

endfor

conc(i) = signal_tot/p

nodes(i) = p

endfor

for i=433,s1-1 do begin

signal_tot = 0.0

p=0.0

for j=35,135 do begin

If sO(i,j) gt 25000.0 then begin ;if s[0]<25000, then assume that is from rock.
conc_image(i,j)= (alog(s(i,j)/s0(i,)))/(-Te)-R20)/R ;carboxyl and C6Amine
signal_tot_new = signal_tot + T1limage(i,))
p_new=p+1.0

endif else begin

conc_image(i,j)=0.0

signal_tot_new = signal_tot

p_new=0p

endelse

signal_tot = signal_tot_new

p = p_hew

endfor

conc(i) = signal_tot/p

nodes(i) = p

endfor

tot_conc_new = tot_conc + conc
tot_conc =tot_conc_new

endfor

aver_conc = tot_conc/(s4-s3+1)
maxlimit=conc_image It 1
minlimit= conc_image gt 0

Tlimage=conc_image * maxlimit *minlimit

return,aver_conc
end

A-3.3. Estimating the porosity of the column aldhg flow axis using IDL

The IDL codes used to estimate the porosity ofdbkemn averaged along the flow axis is

given below.
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A-3.3.1. IDL codes for estimating porosity averaaduhg the flow axis

function porosity_average_multislice_1time_2part,data,s1,s2,s3,s4,time

aver_porosity = make_array(sl,/float)
total_nodes = fltarr(512)
total_nodes(0:428) = 101
total_nodes(429:511) = 101

nodes = make_array(sl,/float)
tot_nodes = 0.0

for k=s3,s4 do begin
I= time

for i=0,428 do begin
p=0.0

for j=35,135 do begin
If sO(i,j) gt 25000.0 then begin ;if s[0]<25000, then assume that is from rock.
p_new=p+1.0
endif else begin
p_new=p

endelse

p = p_new

endfor

nodes(i) = p

endfor

for i=429,s1-1 do begin

p=0.0

for j=35,135 do begin

If sO(i,j) gt 25000.0 then begin ;if s[0]<25000, then assume that is from rock.
p_new=p+1.0

endif else begin

p_new=p

endelse

p = p_new

endfor

nodes(i) = p

endfor

tot_nodes_new = tot_nodes + nodes
tot_nodes = tot_nodes_new

endfor

aver_nodes = tot_nodes/(s4-s3+1)
aver_porosity = aver_nodes/total_nodes

maxlimit=T1limage It 1
minlimit= T1limage gt 0
Tlimage=T1limage * maxlimit *minlimit

return, aver_porosity
end

A-3.4. Estimating coefficients of dispersion, re@ion and decay of
nanoparticles inside porous column using MATLAB
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The transport of nanoparticles inside the poroukineo was simulated using a model
implemented in COMSOL as described in sections/5.3.

Similar procedures used to estimate the diffusioeffacient of Gd-DTPA inside biofilm as
described in section A-1.2.1 were used to estirtieecoefficients of interest for nanoparticles
inside the porous column.

A-4. IDL and MATLAB codes used in chapter 6
A-4.1 Construction of, parameter maps and concentration maps using IDL

The procedures implemented in IDL in order to cotepthe T, parameter maps and
concentration maps are described in section 6r816G&8.7 respectively.

The IDL codes used to construict parameter maps and concentration maps are lisiesvb
The code is annotated with comments that refeheallustration of its processing as sown in
figure 6.2.

A-4.1.1 IDL codes for construction @ parameter maps

function T2_parametermap,data,te,s1,s2,s3
;the raw data matrix, the signal maps (data) with dimensions of s1 (number of pixels along x direction),
s2 (number of pixels along y direction) and s3 (number of flip angles).

signal=fltarr(s3)
weights=fltarr(s3)
weights[*]=1.0

te_array=(findgen(s3)+1 )*te
t2image=make_array(s1,s2,/float)
for i=0,s1-1 do begin

for j=0,s2-1 do begin
signal(0:s3-1)=float(data(i,j,0:53-1))
If signal[0] gt 1000 then begin
a=[(data(i,},0)),-1.0/16,3000]
res=curvefit(te_array,signal,weights,a,sigma,/NODERIVATIVE,function_name="expfit’)
t2image(i,j)=-1.0/(a(1))

endif else begin

t2image(i,j)=0.0

endelse

endfor

endfor

maxlimit=T2image It 400

minlimit= T2image gt 0
T2image=T2image * maxlimit *minlimit
return,t2image

end
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The curve fit function, expfit, called as a sub toe in the above given function
(T2_parametermap) is given below;

pro expfit, x,a,f
bx=exp(a[1]*x)
f=a[0] *bx +a[2]
end

A-4.1.2 IDL codes for construction of concentratmonps

The IDL codes used for the construction of con@ittn maps are similar to the codes listed
in section A-1.1.2. Appropriate relaxivity constgR) values for both 5% and 50% bacterial
and agar mix were used during the calculation oteatration maps.

A-4.2 Estimating coefficients of adsorption andfusfon of copper inside
artificial biofilm using MATLAB

The adsorption-diffusion transport of copper withitiary (e.g. an initial guess) adsorption
constant and diffusion coefficient was first simtathfor biofilm using the model implemented
in COMSOL as described in section 6.3.9.

Similar procedures used to estimate the diffusioeffecient of Gd-DTPA inside biofilm as
described in section A-1.2.1 were used to estinteecoefficients of diffusion and adsorption
for copper inside artificial biofilms.
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