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People with cystic fibrosis often have chronic, antibiotic resistant Pseudomonas
aeruginosaiofilm infections, which are associated with worse decreased lung function
and mortality . This resistance has been partially attributed to periphery sequestration,
where antibiotics fail to penetrate biofilm cell clusters and clear infection. The physical
phenomena driving this periphery sequestration have not been definitively established
or modeled. This dissertation analyzed scientific literature to determine tha t size effects,
volume -exclusion effects and attachment effects were important physical phenomena
necessary to characterize chemical species diffusion in biofilms. These effects were used
as the basis of a mathematical model, termed the DIVAC model, for chemical species
diffusion in biofilms. It was found that this model, by allowing for spatially
heterogeneous attachment site density and biofilm porosity, was able to predict
periphery sequestration. Model predictions were bestaligned with both 2-D dynamic
and 3-D equilibrium simulation results when porosity and attachment site heterogeneity
were accounted for. Full use of model heterogeneity was needed to fit experimental
literature data on antibiotic periphery sequestration. A synthetic biofilm experimental
system to test the DIVAC model was developed, and while able to replicate the size
effects seen in real biofilms, it was not able to replicate the volume-exclusion and

attachment effects.
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[Disclaimer]: This dissertation directly uses passages and results from one published
paper(1) by the dissertation author and paperaughor, with their permission. In addition,
passages, figures and tables from drafts of several manuscripts in preparation are included in this
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are considered the intellectual contribution of the dissertation author and manusesaipthaos,
including but not limited, AAndrew Jones and Ishaan Brar. Thesauthors retain the
exclusive and perpetual right to publidie ideas discussed in this manuscript. This right
extends to any uniqgue and novel synthetic analysis of the scientific literature, which could be

used as the basis for future scientific literature reviews.

1.1 Background
1.1.1 Biofilms
3T T wOUT woOi wUl UOOW?EDOI POOO? wi Ol éaffoBE OwUOWE
Michigan State describing the microbial films which formed on a trickling wastewater
filter (2). Since these early studies, our understanding of these microbial aggregates has
progressed considerably. Biofilms are generally understood to be collections of micro-
organisms at an interface which exhibit some combination of several key hallmarks:
extracdlular matrix production, quorum -sensing, sociemicrobial interactions and

spatial heterogeneity (3-6).



1.1.2 Cystic Fibrosis and Antibiotic Periphery Sequestration

An important area where the concept of a biofilm has proven useful is in
describing the state of chronic microbial infections in the disease cystic fibrosis. Cystic
fibrosis is a genetic disorder mainly caused by mutation in the gene for the CFTR protein
affecting 100,000 worldwide (7). While the drug class known as CFTR-modulators have
significantly improved outcomes for people with cystic fibrosis, patients still acquire
chronic Pseudomonas aeruginaséections (7). In most cases of chronicP. aeruginosdung
infections, the bacteria have formed a biofilm that is recalcitrant to common antibiotic
therapies (8). Two classes of hypothesis have formed to explain this antibiotic-biofilm
recalcitrance: antibiotic diffusion -limitations and physiology -based mechanisms(9). The
diffusion -limitations hypothesis states that specific or non-specific physical interactions
between an antibiotic and the biofilm extra -cellular matrix lead to slower antibiotic
penetration into biofilms, preventing antibiotics from reaching and kill ing interior cells
(10). Mathematical models based on this hypothesis tend to quantify this diffusion -
limitation by assuming a biofilm with homogenous porosity and antibiotic attachment
site density and incorporate antibiotic -OE UUDPR wbOUT UEEUDPOOUWDOUOWE w? 1
diffusivity (11, 12) Experiments however have indicated that for certain antibiotics,
antibiotic -matrix interactions cause biofilm recalcitrance not due to hindered diffusion
but spatial heterogeneity in the biofilm causing antibiotics to disproportionately
accumulate atthex I UDx T 1 Ua wOi wUT T wEDOI POOwU (1¥B) Ew? x| UD x
This represents a gap in the antibiotic modeling literature: a need for a model which can

predict periphery sequestration of antibiotic in bacterial biofilms.
2



1.2 Dissertation Research Aims

To address this gap in the literature for modeling periphery sequestration of
antibiotics in biofilms, this dissertation will

1) summarize existing experimental literature to inform the modeling approach,

2) develop a model for predicting antibiotic accumulation in bacterial biofilms

and test this model against 2-D dynamic simulations,

3) determine the capacity of the model to predict periphery sequestration

through exploring its own parameters space, comparing its predictions to 3-D

equilibrium simulations, and testing the model against periphery sequestration

data from prior experimental literature, and finally

4) develop an experimental system for testing this hypothesis in a synthetic

biofilm analogue, and test the developed system for important functional

features of a biofilm.

1.3 Applications of Species Transport Modeling in Biofilms

In addition to the developed model having utility in better understanding the
phenomena of antibiotic periphery sequestration, the general approach of developing
models for species transport in microbial biofilms has applications beyond cystic

fibrosis.



1.3.1 Applications in Understanding Biofilm Antibiotic Recalcitrance
in Other Diseases

Other forms of microbial infection can present as bacterial biofilms, and develop
the trademark resistance to standard antibiotic treatment regimens, requiring more
intensive antibiotic therapies (8). Biofilm -related infections are estimated to be the case
for 1.7 million hospital -acquired infections annually (16). These biofilms are associated
with a wide -variety of diseases in addition to cystic fibrosis, including catheter -
associated urinary tract infections, central line-associated blood stream infection,
ventilator -associated pneumonia, diabetic foot ulcers, medical device implant infections,
endocarditis and urinary trac t infections (17). Models developed to better understand
antibiotic interactions with cystic fibrosis biofilms have the potential to improve

understanding of antibiotic -biofilms interactions for these diseases

1.3.2 Applications in PKPD Modeling of Nanoparticle Antibiotic
Therapies

Evidence in the scientific literature of biofilm recalcitrance to traditional
antibiotic therapies has motivated the development of antibiotic therapies which can
overcome the recalcitrance of biofilms (18). To overcome the theorized mechanism of
biofilm recalcitrance due to diffusive limitations, nanoparticles have been proposed as
drug delivery vehicles for traditional antibiotics (19, 20) By tailoring nanoparticle
properties to avoid diffusive -limitations like periphery sequestration, these
nanoparticles offer a way to deliver antibiotics in a manner which better treats biofilm -
infections (21). These novel nanoparticle therapies as antibiofilm agents will require

4



FDA approval, and thus will require Administration, Distribution, Metabolism and
Excretion (ADME) assessment in a drugs pre-clinical safety and efficacy evaluations
(22). A general model for species transport in biofilms, which can account for transport
of nanoparticles, can inform larger pharmacokinetic/pharmacodynamic models needed

to perform these ADME assessments(23).

1.3.3 Applications for Pollutant Exposure Modeling for
Environmental Biofilms in Environmental Risk Assessment

In addition to being important to understanding microbial infections, biofilms
are an important form of microbial life in the environment. These emergent forms of
microbial life are thought to be the dominant form of life for bacteria and archaea in the
environment, estimated to represent 80% of all bacterial and archaeal cells(24). Biofilms
are also an important form of life for other types of microorganisms, with periphyton, a
multi -phyla assemblages of microorganisms including algae and diatoms, representing
up to 90% of primary production in certain aquatic ecosystems (25, 26) Periphyton are
important primary producers in that they both fix carbon and sequester nitrogen and
phosphorous, making them bioavailable to consumers along with regulating their levels
within the ecosystem (27-29). This makes periphytic biofilms critical in both nutrient

cycling and food webs in freshwater and estuary systems (30, 31)



Figure 1: Picture of Periphyton . Reprinted with permission from Hobbs et al(32).
Copyright 2019 American Chemical Society.

To understand how a potential pollutant could affect the biofilms in an
ecosystem of interest, an environmental risk assessment for the pollutant in the
ecosystem of interest is performed. A critical component of these environmental risk
assessments is expsure assessmen{33). An exposure assessment determines, given a
certain amount of pollutant a biological component (aka. wildlife species) of an
ecosystem is exposed to, what the effective dose of that pollutant to the biological
component of the ecosystem will be. These exmsure assessments are usually informed
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by models for biological species uptake, which are almost exclusively speciesspecific

(34, 35) As discussed in Appendix J, the exposure assessment models available for
bacterial biofilms in the environmental risk assessment literature are limited. Many of

the most prominent exposure-assessmentmodels have no speciesspecific exposure
models for biofilms (36), and the most advanced model in this area has a biofilm

I BxOU0UI wOOET OwbT PET wbUwoOIl Ul OAawEOWEENUUUOI 00 wo
microbial cousin, phytoplankton (37). Given this state of literature, a generalized model

for chemical species accumulation in bacterial biofilms would help in developing these

biological species-specific exposure models for environmental biofilms such as

periphyton. An example of translating a model for species transport in biofilms to the

kinds of relations utilized in exposure models is outlined in Appendix H.

1.4 Prior Experimental Literature on Species Accumulation in
Biofilms

Experimental studies from several different areas of scientific literature provide
insight that can be used in developing a model for antibiotic accumulation in biofilms.
These areas broadly include: studies on chemical species accumulation in singlespecies
biofilms and multi -species environmental biofilms such as periphyton.

By analyzing these studies, the important effects of biofilms on chemical species

diffusion can be determined.



1.4.1 Prior Experimental Literature on Species Accumulation in Single -
species Biofilms

Prior experimental literature on accumulation of chemical species in single -
species biofilms will focus on the accumulation of two classes of chemical species:
antibiotics and nanoparticles. These two classes of chemical species have some of the
most extensive literature on experimental accumulation in single-species biofilms, and
the approaches and conclusions fromthese chemical classesre indicative of the field as

a whole.

1.4.1.1 Prior Experimental Literature on Antibiotic Accumulation in Single  -species
Biofilms

Research studies on the accumulation of antibiotics in bacterial biofilms are
numerous, spanning a wide range of antibiotics and bacterial species. Three pieces of
analysis will be done on this literature: what effects do biofilms have on antibiotic
transport, does the study provide evidence for antibiotic periphery sequestration, and
what this study suggests for the diffusion -limitations hypothesis.

Studies are analyzed for their evidence relating to two effects: hindered diffusion
of antibiotics in a biofilm compared to water, and antibiotic attachment to the biofilm
extracellular matrix (ECM). Evidence for the hindered diffusion effect required either
certain antibiotics diffusing significantly slower through a biofilm compared to others,
or more direct evidence like diffusivity estimates. Evidence for antibiotic attachment
was either immobilized antibiotic within the biofilm or evidenc e of strong interactions

between antibiotic and an ECM component. Evidence for the periphery sequestration



hypothesis constitutes concentrations of antibiotic deeper within a biofilm being lower
than measures of concentration at the periphery of a biofilm.

For a study to constitute firm evidence for the diffusion -limitations hypothesis
for biofilm antibiotic recalcitrance, concentrations of antibiotic must be measurably zero
in the deepest layers of the biofilm. Hindered diffusion is not sufficient. Peripher y
sequestration is not sufficient but constitutes mixed evidence. Neither of these
observations would be sufficient to explain antibiotic recalcitrance. In Table 1, a non-
comprehensive list of these experimental studiesin this field is outlined, listing the
bacterial species composing the biofilm, the antibiotic(s) tested, and the results of the
analysis.

A few key generalizations about antibiotic diffusion in biofilms can be shown
from these papers. First, there is significant evidence of hindered diffusion in biofilms.

Uwi YDEI OEl EwEaw2 U0l PEUUwp! YYt AOQOWE wO leEeEt® DI WE EOE
(38), shown in Figure 2,where higher sizes of diffusing species lead to lower diffusivities
in biofilms. This indicates that the extracellular matrix mesh in the biofilm could hinder

the free-diffusion of the antibiotic.
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Table 1: Studies on Antibiotic Accumulation in Biofilms.

importance of ¢-lactamase in limiting penetration independent of diffusion limitations.

*- Possibly refuted later in Anderl (2000), which showed

N/a- No evidence either way.

Bacterial : : Diffusion -
Study Antibiotic(s) Species H.|nde.red Attachment Perlpher)_/ Limitations
Diffusion Effect Sequestration .
Hypothesis
Hoyle Piperacillin P. aeruginosa N/a N/a N/a Support*
(1992)(39) P 579 PP
Dunne Vancomycin, . -
. - : N N N Ref
(1993)(40) Rifampicin S. epidermidis la /a /a efutes
Darouiche
Vv [ . epi idi N N N Ref
(1994Y41) ancomycin S. epidermidis la /a la efutes
vasuda Gentamicin, Ofloxacin P. aeruginosa Yes N/a N/a Refutes
(1994)42) ’ 1008
Anderl Ampicillin, Klebsiella
(2000Y43) Ciprofloxacin pneumoniae No N/a N/a Refutes
Walters Ciprofloxacin, P. aeruginosa
) N/ N/ N/ Refut
(2003)(44) Tobramycin FRD1 a a a eiutes
St t .
@ OS;\;?; 8) Theoretical study Yes No No Refutes
Vancomycin
Jefferson
23 0:225) S. aureus Yes N/a Yes Refutes
St t . . -
ewar Daptomycin S. epidermidis No No No Refutes

2009(46)
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Davison
2010(47)

Singh
201Q48)

Ortiz -Perez
2011(49)

Oubekka
2012(50)
Chiang
201313)

Tseng
(2013)14)

Doroshenko
(2014)51)
Lin
(2014)52)

Singh
(2016)53)

Nisin
Vancomycin,
Ciprofloxacin,
Amikacin, Cefotaxime,
Oxacillin
Amikacin,
Clarithromycin,
Cirpofloxacin

Vancomycin
Tobramycin
Tobramycin
Ciprofloxacin
Vancomycin

Erthromycin

Imipenem, Cefotaxime,
Amikacin,
Tetracycline,
Chloramphenicaol,
ciprofloxacin,
vancomycin

S. epidermidis

S. aureusand
S. epidermidis

Myocbacteriu
m sp.
(multiple)

S. aureusP.
aeruginosa
P. aeruginosa
PAO1

P. aeruginosa

PAO1
S. epidermidis
S. epidermidis
E. coli,

K
pneumoniae, <
epidermidis, S

aureus

No

Yes

N/a

Yes

No

Yes

Yes

N/a

N/a

Yes

N/a

N/a

N /a

Yes

Yes

Yes

No

Yes

N/a

N/a

No

N/a

N/a

N/a

Yes

Yes

Yes

Yes

N/a

N/a

Refutes

Mixed

Refutes

Refutes

Mixed

Supports

Mixed

Refutes

Mixed
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Figure 2: Increasing Antibiotic Size Decreases Diffusivity in Biofilms. Image courtesy

of Stewart (2003),replicated with publisher permission. Copyright 2003 American
Society of Microbiology.

There is also evidencein the literature for antibiotic attachment to the
extracellular matrix during accumulation in a biofilm, with some of the strongest
evidence coming from studies utilizing fluorescence correlation spectroscopy such as
Oubbeka et al(50) and studies which show tobramycin attachment to biofilm eDNA (13,
51).

A few studies also showed evidence of periphery sequestration, or at least an
extent of it. While these primarily were the same studies that showed tobramycin
attached to eDNA within P. aeruginosiofiims (13, 14, 51) micrographs from Stewart et
al 2009(46) also appear to indicate some degree of periphery sequestration of the

fluorescently tagged vancomycin in the S. epidermidigiofilm.
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While not the direct topic of this research, we also analyzed these studies for
support or refutation of the diffusion -limitations hypothesis for antibiotic recalcitrance.
In most antibiotic -biofilm combinations tested, across a variety of experimental
techniques, there was no evidence of biofilms causing limitations for antibiotic diffusion,
and strong evidence to the contrary. Studies acrossseveral combinations of antibiotics
and bacterial speciesdid find cases of antibiotic diffusion -limitations in bio films, but
often cases of diffusion-limitations were not correlated with antibiotic recalcitrance (48,
49, 53) The one notable counterexample is tobramycin accumulation in P. aeruginosa
PAOQL1 biofilm microcolonies, with Tseng et alproviding the strongest evidence, with its
guantitative concentration profiles showing no tobramycin penetration into the biofilm
microcolony (14). Chiang et aland Doroshenko et alprovided evidence of periphery
sequestration but did not show the quantitative concentration profiles with position
necessary to determine if the antibiotic fully penetrated their biofilms (13, 51) Overall,
these studies appear to indicate limited but important cases where a diffusion -limitation

hypothesis uniquely explains biofilm antibiotic recalcitrance.

1.4.1.2 Prior Experimental Literature on Nanoparticle Accumulation in Single  -species
Biofilms

In the medical context of biofilms , nanopatrticle-biofilm interactions have often
been studied through the lens of antibiofilm nanotherapeutics (19). Research studies on
the interactions between biofilms and nanopatrticles in a therapeutic context tend to
focus on single-species biofilms, with a heavy emphasis on Pseudomonas aeruginosa.

Studies of nanoparticle interactions with biofilms in therapeutics tends to have two

13



focuses: nanoparticles as direct antibiofilm agents, or nanoparticles a delivery systems
for other antibiofilm agents (19, 54, 55)In these contexts, a variety of studies have been
published which look at the transport properties of nanopatrticles in biofilms,
summarized in Table 2.

Table 2: Studies Investigating Accumulation of Nanoparticles in Single Species
Biofilms.

Nanoparticle(s) Reported Factors

. Bacterial Affectin
Study Core Size Surface . g
Composition [nm] charge Species Nanoparticle
P g Accumulation
Rhodamine,
Peulen and Dextrans, Negative, Nanoparticle size,
. . 0.5 Pseudomonas e .
Wilkinson Silver, 675 Neutral, flUOrescens biofilm density,
(56) Carboxylated ' Positive surface charge,
Microspheres
Dextrans, Negative Lactococcus
Guiot etal COOH-Latex g ' lactis, Biofilm Density,
4-55 Neutral, . .
(57) and NH »- . Stenotrophonas Nanopatrticle Size
Positive .
Latex maltophilia
. L-tyrosine Pseudomonas
Miller et al polyghosphat 500 3 aeruginosa Supernatant
(58) o 2,500 PAOL Flowrate
Fabregaet Pseudomonas Concentration of
al (5%) Citrate-AgNP 65 Negative utida OUS 82 Dissolved
P Organic Matter
Pseud .
Morrow et Quantum . seu qmonas Nanoparticle
al (60) Dots 2332 Negative aeruginosa size/charae
PAO1-GFP d
) ) Nanoparticle
Nevius et Polystyrene Negative, Alteromonas P
22-190 . . charge/surface
al (61) NPs Positive macleodii .
chemistry
. . Pseudomonas Nanoparticle
Tripathi et  Polystyrene, 10 . ) . part
al (62) QDs 1.000 Negative aeruginosa charge/surface
’ Boston 41501 chemistry
Pseudomonas
Jinget al Cerium fluoresceng : ,
. 100 . Bacterial Species
(63) Dioxide NPs Mycobacterium P
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Negative, i . Nanoparticle
Li et al(64) Quantum 7.524  Neutral, Esche'r |ch|a'1. col charge/
Dots " #' kY -
Positive hydrophobicity
Xiao et al nCeo, fullerol, Pseudomonas Nanoparticle
(65) Citrate-AgNP, 27-100 Negative aeruginosa hydrophobicity,
PVP-AgNP (ATCC 7700) biofilm density
PVP-AGNP, Nanoparticle
Desmauet  SiO-AgNP, ~90 Negative, Shewanella size/f:)har of
al (66) SiO2-NH 2- Positive  oneidensidMR-1 hvdro hobigcit
Negative,
Sank t Pseud . .
ankarane Nanodextran 5-20 neutral, Seu qmonas Nanoparticle Size
al (67) . aeruginosa
positive
Neutral, Nanoaprticle
Zhang et al Nanodextran, u Streptococcus . prt
1-35  positive, Size/Charge and
(68) fluorophores . mutans .
negative Biofilm pH
Habi . . -
abimama Polystyrene 50 Negative Lactococcus lacti Hydrophobicity
et al69)
Hollman et  Fluorescent Neutral, P. aeruginosa, ) )
~35 . Streptococcus Nanoparticle Size
al (54) Nanosensors Positive
mutans
R i -
oc,irlguez Positive, . Volume -
Suarezetal Polystyrene ~64 . P. aeruginosa .
(70) Negative exclusion

While these studies are not comprehensive of the field, important factors which
shape nanoparticle interactions with biofilms are highlighted. One factor which
unequivocally effects accumulation and transport is an interplay of nanopatrticle size
and biofilm ECM density, where there is significant hindered dif fusion when using
either larger nanoparticles or denser ECM, presumably decreasing mesh size. The effect
of charge, while not clear from the table, is more mixed. More evidence (54, 66, 70Yhan
not (64, 68)shows that charge itself has little effect on overall transport of nanoparticles
in biofilms. Instead, charge appears to be an inconsistent indicator of nanopatrticle
attachment to biofilm extracellular matrix, rather than having a distinct effect (61).

Evidence also appears that nanoparticles can be excluded from permeating significant
15



portions of biofilms (70). Additional factors observed are diffusing species
hydrophobicity, biofilm species composition/biomass density, and supernatant water

chemistry properties such as dissolved organic matter.

1.4.2 Prior Experimental Literature on Species Accumulation in
Periphyton

Prior experimental literature on accumulation of chemical species in periphyton
biofilms will focus on the accumulation of two classes of chemical species:
polychlorinated biphenyls, or PCBs, and nanoparticles. These two classes of chemical
species have sme of the most extensive literature on experimental accumulation in
periphyton, and the approaches and conclusions from this field are indicative of the

field as a whole.

1.4.2.1 Prior Experimental Literature on PCB Accumulation in Environmental Biofilms

Research studies on the accumulation of PCBs in periphyton primarily differ in
how these grow their periphyton, and what PCBs they use. The endpoints reported in
these studies are usually bioconcentration factors, with their primary results
summarized in Table 3.

Table 3: Summary of literature on accumulation of PCBs in  environmental microbes. dw -

Biocentration Factor on a dry-weight basis 1t FIMIF.FH- '4!: ‘:I' HérB-1 OI 7 OF Ol 7 Ok Ok 7
|

hexachlorobiphenyl. ~- BCF calculated using average BCF from individual sampling
events, data via Hobbset alTable S6.

PCB Periphyton Endpoint
PCB Microbial Growth
Study Used Taxonomy Apparatus BCF (dw)
Stigeoclonium
Wang et  Aroclor Culture
al(71) 1242 sp- (Green Flask 1,544
algae)
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Wang et al

Aroclor

Navicula
Culture

pelliculosa 1,293
71 1242 . Flask
(71) (Diatoms)
Oscillatoria
Wang et al Aroclor Culture
(71) 1242 formosa Flask 783
(Cyanobacteria)
Sallenave Natural Stream Slides in
et al(72) HCBP Mixture Agquarium 22,364
Slides in
Sallenave HCBP Naturgl Stream Culture 20,430
et al(72) Mixture
Jar
Natural
Hobbs etal Levels Natural Stream Natural 12017
(32) in Mixture Stream
Stream

These limited studies of PCB accumulation in periphyton shows exposure levels
have a direct relationship with accumulation levels, as seen in Figure 3, allowing for a
bioconcentration factor to be used to estimate accumulation levels in a biofilm.
Additionally, data from Hobbs shows that PCB hydrophobicity (K ow) had a strong effect

on bioconcentration factor.
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Figure 3: Direct Relationship Between Water concentration and Biofilm Concentration
for Periphyton. (Left) Water vs Biofilm Concentration of PCB mixture adapated with
permission from Wang et al(73). Copyright 1999 Elsevier Science. Right) Water vs
Biofilm Concentration of PCB mixture adapated with permission from Hobbs et al(32).
Copyright 2019 American Chemical Society.
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1.4.2.2 Prior Experimental Literature on Nanopatrticle Accumulation in Multi ~ -species
Biofilms

In an environmental context, biofilm interactions with nanoparticles have been
studied through the lens of nanoecotoxicology (74). Nanoecotoxicology, or the
ecotoxicology surrounding nano -sized objects of human origin, has been an emerging
field in the past two decades. The origins of the field can be traced to the seminal paper
Eaw" OOYDOwPI PET wOUT T EwOi | wUEDI OUDPI PEWEOOOUODUA
consequences before a nanotechnology industry is established:(75) Since then, a wide-
array of literature has investigated the possible effects of nano-objects such as
nanoparticles on the health of the environment (76-78). A review by Desmau et alof
periphytic biofilms control over engineered nanomaterials (ENMs) environmental fate
was published which gives a good overview of the current state of the literature (74). A
series of studies have been performed which quantified nanoparticle uptake in
periphyton or other microbial assemblages in environmentally relevant contexts and are
summarized in Table 4.

One study worth highlighting was a study by Miao et al2015(79). It found, when
controlling for pH, the kinetics of CuO NP bioaccumulation in periphytic biofilms
follow simple pseudo -first order kinetics (R 2= 0.940.96), with supernatant and biofilm
equilibrium well described by the Langmuir adsorption model (R 2= 0.90.98)(79)
However, it is worth noting that the first -order fit appears to systematically under, then
over, then underestimate the observed accumulation behavior. This systematic error
DOEPEEUI Uwx OOUWOOET Owi pOwpbiwdut.wubUOz OWOEYDOUU wI
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Given this range of bioconcentration factors (BCFs) observed in these studies, the
experimental factors which could be driving these differences should be discussed. No
studies reviewed here explicitly found an effect of particle size on BCFs. One study used
ENM with similar surface properties but different pristine diameters (30 and 115 nm
citrate-stabilized AgNP). These two nanoparticles were found to have very similar
logBCF (1.4 and 1.5, respectively). It is likely that agglomeration and dissolution

mitigated any effects of pristine particle-size in this experiment.
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Table 4: Studies Investigated Accumulation of Nanopatrticles in
Periphyton. || f3 %m EliiS'tHe reported bioconcentration factor (biofilm wet
weights used when possible). 4 .is the characteristic time for nanoparticle
accumulation, usually estimated as the biofilm nanoparticle concentration reaching 50%
of its equilibrium concentration. - i the characteristic time for nanoparticle
desorption, usually estimated as the biofilm nanoparticle concentration reaching 50% of
its equilibrium concentration. Hydrophobicity not quantified and difficult to determine,
thus not included.

Nanoparticle

Reported Kinetic
Study . Size Surface P
Composition logBCF Parameters
[nm] charge
Fluorescent leely . N
Flood and Microsphere 100 negative ) o} ¢ TQ i
Ashbolt (80) P (carboxylate 0 CPROGI
S -
modified)
Ferry et al Gold . . i~ o
65 Posit 2.18 0 Wwl
(81) Nanorods osttive P
Burns et al Gold o] p Cc i
- \% 4 \ o~ ey
(82) Nanorods 50 53m 3.46 o] oMwwi
, 0 X pCQ i
Cleveland et Citrate- 30 Negative 1.4 0 X W@ i
al (83) AgNP : 0 X pC i
115 Negative 15 0 X XQO®I
Fabregaet al Citrate- 100 . v
-18 mVv 2.05 o] @
84) AgNP 700 m PGt
Kroll et al p 18 Q& 0
ro85et a PVP- AgNP 117 -17 mV 4.6 TQWWi
(85) o pWOGI
an(g;)et A o, 150 17 mv 456 0  CUOGI
Miao et al 100 0 L T8 Q¢
(79) CuO-NP 800 -3515 mV 3.64.25 o TG |
Grun et al Citrate-
1 N i : 0 T i
87) AgNP 00 egative 0.8 C i
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Figure 4: Miao et al (2015) First order kinetics and Langmuir adsorption model fits of
CuO NP accumulating in periphytic biofilms.  (79)Figure reprinted with permission.
Copyright 2014 Springer-Verlag Berlin Heidelberg.

After size, surface charge is one of the most studied factors in ENM
bioaccumulation in biofilms. In the pair of studies by Burns et aland Ferry et al the BCF
of negatively charged AuNP was an order of magnitude higher than the BCF for similar
positively charged AuNP. The opposite effect was seen in Miao et al where positively
charged ENM were found to have higher effective BCFs. It is worth noting that the effect
of surface charge of the ENM on BCF seen in Miaoet alwas mediated by changing
supernatant pH, which could have confounded this effect.

Comparing Fabrega et aland Kroll et al[which used similar NP], the difference in
logBCF seen (2.05 vs 4.6) could be attributed to a variety of factors. These could include
the difference in hydropathic character of capping agent used, or even the change in
functional groups seen in the capping agent.

The importance of pH and dissolved organic matter (DOM) levels are seen in

Miao et al(2015), where the accumulation of ENM in periphytic biofilms decreased with

increasing levels of DOM and increasing pH. Similarly, in Furtado et al nanoparticle
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uptake was found to be affected by ionic strength and DOM levels. AgNP were found to
be stable in a natural freshwater environment, which was attributed to the low ionic
strength and high DOM of the water (88).

The bioaccumulation of ENM on periphytic biofilms hasalso been shown to
depend on where within a mesocosm they are grown and exposed. In Bradford et al
periphytic biofilms cultured in the sediment of a mesocosm showed no toxicological
effects at nominal concentration similar to those in other studies which did elicit toxic
effects (2680 ug/L).(89) The studies by Fabregaet aland by Griin et alalso indicate the
importance differences between biofilm, where similar AQNP lead to very different

logBCFs (~115 vs 7.5).

1.4.3 Prior Experimental Literature on Species Accumulation:
Conclusions

The literature on both single -species biofilms and multi -species biofilms indicates
a common set of factors which mediate nanoparticle transport/accumulation in biofilms.
This analysis is supported by a variety of review papers which have examined the same
topic (74, 90, 91) From this research, what emerges is three distinct effects of biofilms on
chemical species accumulation: a sizeexclusion effect, a volume-exclusion effect, and an
attachment effect.

The size effect relates to the size of the diffusing species and the biofilm
extracellular mesh andis comprised of two distinct components. The first is the size
exclusion effect. Since hydrated meshes such as a biofilm extracellular matrix and a

hydrogel are comprised of disorganized, overlapping biopolymer chains, they can allow
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particles to diffuse through them, but only up to a certain size. As the particle reaches a
available for it to occupy. Once the particle reaches a critical size, no amountof particle
can accumulate within the matrix. Thus, as particle size increases, the equilibrium

concentration it reaches within a hydrated matrix decreases, as less volume is available

for the particle to permeate into.
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Figure 5: Size Effect Diagram. The left side of the figure shows the effecton
nanopatrticle size, showing hindered diffusion and size -exclusion. The right side of the
figures shows the effect of mesh size.

The second aspect component of the size effect is the hindered diffusion
component. As diffusing chemical species get larger and approach the critical mesh size,

their diffusivity in the biofilm decreases. These two effect swill be referred to hereafter
as thesize effect This effect is due to aninterplay between the size of the accumulating
species and the extracellular matrix mesh size.

The second effect of biofilms on chemical species diffusion isthe volume -

exclusion effect. In this effect, certain portions of the biofilm are impermeable to the

23



accumulating chemical species, creating an impermeable volume within the biofilm.
This causes significant deviations from standard diffusion, as explored in literature on
diffusion in porous media (92). This effect in biofilms can be found in cases where the
diffusing species is bacteria impermeable. This context can be important in the case of
both charged diffusing species and nanopatrticles. This effect is distinct from the size-

exclusion effect due to hydrated mesh.

Figure 6: Volume -Exclusion Effect Diagram. The top of figure shows volume available
to diffusing species with an impermeable volume. The bottom of figure shows volume
available to diffusing species without an impermeable sub-volume.

The third effect is the attachment effect. This is where the diffusing species
attaches to some portion of the biofilm extracellular matrix, causing immobilization of
the diffusing species. This prevents the immobilized chemical species from contributing
to the concentration gradients driving dif fusion, effectively hindering diffusion. This

context can be important if there are sites within the biofilm extracellular matrix with
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strong interactions with the diffusing chemical species that cause irreversible

immobilization/attachment.

Figure 7: Attachment Effect Diagram. The left side of figure shows diffusing species
completely mobile in matrix. The right side of figure shows diffusing species
immobilized by attachment sites.

These effects are not an exhaustive list of effect biofilms have on chemical species
diffusion, as shown by other effects in Table 2. Other important effects include chemical
species hydrophobicity, effects of charge on partition coefficients, sub-diffusive
dynamics, more general obstruction effects, and hydrodynamic effects(93). These effects
could be mediated through the size, volume -exclusion and attachment effects, though
further evidence would be needed. While not explored here, these same effects also

appear in experimental literature on species diffusion in hydrogels (10, 93102).

1.5 Prior Modeling Literature on Species Accumulation in Biofilms

With this understanding of the important effects of size, volume -exclusion and

attachment on chemical species transport in biofilms, models for species transport in
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biofilms can be reviewed to determine how these factors could be incorporated into

current models.

1.5.1 Prior Modeling Literature on Species Accumulation in Single -
Species Biofilms

Several different models will be explored here for understanding prior literature
on species accumulation in biofilms. First is the basic model for diffusion utilized by

Stewart 2003(38), used for modeling non -reacting diffusion of species A in biofilms,
where @ — is the concentration of species A, and whereO [0 — isthe

diffusivity of species A in the biofilm, [ being a dimensionless diffusivity constant, and

‘O s the diffusivity of species A in the water.

o
— Onw
0

Equation 1: Simple Diffusion
O [0 RMM ®i o
Equation 2: Simple Diffusivity
This model was iterated on again by Stewart et alin 2016 in Equation 3, this time

accounting for reaction of oxygen, 'Y & —— , in the system, where the diffusivity of

the oxygen was not just constant throughout the biofilm, but was dependent on the

porosity of the biofim, %O WEEEOQUEDOT wUOw, ERPI OO0z UwipBddE UD OO wi
system (103). This porosity term was itself a spatially dependent term, %o, shown in

Equation 4.

[ [ %0 w Yw
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Equation 3: Reaction and Diffusion with Heterogenous Diffusivity
[ Q% LM % "Qw
Equation 4: Spatially Heterogenous Diffusivity due to Porosity
Building on this reaction -diffusion model, van Rossem et alpublished a model

for antibiotic diffusion in liquid crystals which utilized an equilibrated antibiotic
attachment term to the surface of impermeable liquid crystals, where @y — isthe

concentration of attached antibiotic, Il is dimensionless equilibrium constant, and | is a

dimensionless attachment rate (104).

!

O w
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¢

—a

(0]

Equation 5: Reaction with Surface Attachment

T® .
T I wpg wp

%

Equation 6: Surface Attachment Term

This work was then extended where the barrier of the impermeable crystals and
surface attachment wereincorporated directly in the diffusion of the antibiotic in the
viral liquid crystals through a homogenization procedure (11)by assuming an on-
average constant density of liquid crystals using scaling procedures. Another model
which explored antibiotic diffusion in biofilms with diffusion and adsorption was by
*OUaUOe OPPEAWEOEW, 1 U401 UOwPT b Editisivexydarits EwUT 1 wb
into diffusion of antibiotics in a biofilm (12).

While the previous models sought new ways of defining the governing
equations for the biofilm system to model diffusion of antibiotics in a biofilm, Peulen
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and Wilkinson applied a model from hydrogel transport theory to better understand the
effect of nanoparticle radius on diffusivity in biofilms, shown in  Equation 7.
I QON_ %Y
Equation 7: Peulen Diffusivity Relation for Nanoparticles
In this equation, _ lumps several fit parameters with a functional form for
porosity, and Yis the radius of the diffusing nanoparticle. Other models which
investigated modeling nanoparticle diffusion relating to biofilms, including  Miller et
al(58), Jing et al(63). The model presented by Jinget alis primarily concerned with
surface adsorption of nanopatrticles to biofilm cell clusters, and does not considered
penetration. Miller et aldoes consider penetration into biofilms along with the
concentration profile in the external fluid, but only considered simple diffusion within

the biofilm.

1.5.2 Prior Modeling Literature on Species Accumulation in Multi -
Species Biofilms

Few modeling efforts have been made to uniquely describe chemical species
diffusion in multi -species biofilms. The only known example was that Miao et al
highlighted earlier, where nanoparticle accumulation into periphytic biofilms was fit to
a first-order accumulation model (79). This lack of modeling shows the need for
application of outlined models for biofilm accumulation of chemical species for use in

environmental risk -assessment.

28



1.5.3 Prior Modeling Literature on Species Accumulation in Porous
Media

To develop models for species transport in biofilms, theories taken from
diffusion in porous media will be adopted. This is a natural extension of the approach of
modeling biofilms as hydrogels, which are themselves porous media. The models
developed will based primarily from two sources on diffusion in porous media: Bear
and Cheng (105)and Tsao(106), the latter of which was found through Crank (92).

The fundamental approach of using mass-balances to derive transport equations
for species in porous media is adopted from Bear and Cheng(105). This approach is
summarized in Equation 7.2.20 per source material, and modified slightly here for

clarity in Equation 8.

T %o

T n e %oY

Equation 8: Diffusion in Porous Media

In this equation, @ — represents the concentration of a diffusing species in

phasel of the porous media, 0 — represents the flux of said diffusing species in

phasef , %o represents the porosity of phasel , and'Y represents a source or sink term
for the diffusing species in phaser .

In addition to this model, the conceptual approach for porosity %.in porous
media outlined in Tsao is utilized (106). In this approach, the standard definition of
porosity is defined as the three-dimensional porosity, 0 , shown in Equation 9. Tsao then

conceptually defined a two -dimensional version of porosity, 0 , where the area occupied
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by the impermeable space within a cross-section of the total volume is divided by the
total area of the crosssection. This concept was then extended down to a one
dimensional version of porosity, 0 , defined as the length of the impermeable space
within a cross-sectional length of the total volume divided by the total length of the
cross-section.0 and 0 can then be turned into functional forms of position, 0 Qw

along with visualized in Figure 8, which is taken directly from Tsao.

L0 E A 0260 6 TN Q1 & @ 00
6t 8 66 a&Q

Equation 9: Tsao 3D Porosity

. Ol @006 REA) Q1 d @D 0Q

Equation 10: Tsao 2D Porosity

. AQFRE O 6 RYEI Q1 & @O 00
6 & Q800D

Equation 11: Tsao 1-D Porosity
While the use of this approach to porosity is novel to the field of modeling in
biofilms, the resulting approach of understanding porosity being a function of position
has roots in experimental studies of biofilms such as those by Lewandowski (107)and
Zhang (108, 109) The treatment of porosity in a biofilm as a function of position has

precedent in biofilm modeling, as shown in (103)
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Figure 8: Visual Representations of 1 -D and 2-D Definitions of Porosity. Figure
reprinted with permission from Tsao (106) Copyright 1961 American Chemical Society.
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2.1 Introduction

To develop a model for chemical species accumulation in bacterial biofilms
which predicts periphery sequestration, three of the identified effects of the biofilm on
chemical species diffusion from the analysis of the literature will be utilized: the volume -
exclusion effect, the sizeeffect, and the attachmenteffect. These effects will be
accounted for in a spatially heterogenous manner.

The volume-exclusion effect accounts for a diffusing species inability to freely
permeate through portions of the biofilm volume, such as cells. While not all diffusing
chemical species are celimpermeable, certain species, such as nanoparticles, have bae
found to be cell-impermeable, making this an important effect to account for in the
general case(20).

The size-effect will also be utilized but disaggregated into two distinct effects.

The first is the size-exclusion effect. This is the effect of regions of biofilm interstitial
volume being inaccessible to a diffusing species due to sizerestrictions in th e pore space
of the interstitial volume. This size -exclusion effect was combined with the volume -
exclusion effect to conceptually generate an impermeable volume for diffusing species in

a biofilm. The second part of the effect, hindered diffusion, or the r educed effective
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diffusivity of the diffusing species in the interstitial volume due to steric interactions
with the biofilm mesh, will not be explicitly accounted for in the model. *

Finally, the attachment effect of diffusing species to biofilm extra-cellular matrix
(ECM) will be utilized. While not all diffusing species attach to biofilm extracellular
matrix, the phenomena is common enough to merit modeling (seeTable 2).

While the model will be derived from first principles , the ultimate form of the
governing equation used was grounded in prior theory. Three previous models in
particular informed this theory. Stewart 2016 (103)accounted for biofilm porosity in a
spatially heterogenous manner in the diffusivity term. van Rossem 2022 (104),
introduced the reversible attachment term. Finally, diffusion of chemical species in
porous media, as presented in Bear and Verruijt (105), informed the use of porosity
directly in the model diffusion term. While not an explicit model of chemical species
EEEUOUOEUDPOOWPOWEEEUI UPEOQWEDOI DOOUOW3 UEOZz UWE x x
porosity also influenced the derivation approach (106)

In this research aim, our objective was to develop a mathematical model for
species diffusion in a hemispherical domain with an impermeable subdomain and
species attachment in the complement permeable domain. This was achieved by
accounting for the imperme able subdomain via porosity and its effect on 1) cross
sectional area available for diffusion, 2) effective diffusivity , and 3) total volume species

concentrations. These three porosity effects were then tested both separately and in

1 See Discussion section for implications of this limitation.
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combination for their ability to improve model agreement with simulations ofa  2-D

simplification of the system of interest compared to simpler diffusion models.

2.2 Theory

2.2.1 System Definition

Liquid Domain Q.

Solid 7 °
Hemisphere Q 4 Objects ? L
Qo
® Attached O \
Species, Ca; 7; \ cw=cu at 8Qy

Q O Attachment

Site, cs,

| Interstitium Q

Solid Wall Qs

Figure 9: Diagram of Modeled System Geometry . Origin in middle of solid wall.
Consider the diffusion of a dilute, mobile chemical species in the following
domain: a perfect hemisphere, with domain m , which contains an impermeable sub-
volume composed of discrete objects,m; O ) , leaving a permeable interstitial domain
mkm . m (wherem isthe complement of domain m ). The diffusing species can

only occupy the interstitial domain, which allows for its concentration to be represented

asw p —— . The surfaces formed by the interface ofm & O & will be

represented by m , and for our purposes will always be impermeable, making  j

TN T . The hemisphere rests on its perfectly flat face on a perfectly flat impermeable

solidwall mE OOUEEUDPOT wlT 1Yl UddniniEhEve willichll Hhé solid -
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interface, represented byl m Gwheren @y 78T m . The curved surface of the

hemisphere interfaces with a liquid source of diffusing species, m Qwith a constant
concentration @ —————— , leading to the following boundary condition at the

liquid interface with the permeable subdomain, @ @ N1 m . Within mOwOT 1 Ul wEUI w

UPUI Uwk b UIT wk;,0-6E1+-800 wikk hédiffusing species attaches and
becomes immobilized. This attachment is represented by the chemical reaction shown in
Equation 12, in which the Mobile ( 0 ) diffusing species reacts with an Attachment Site
(Y, resulting in an Attached (0) species, with concentration represented by
@
RAVEE AN
Equation 12 Chemical Reaction Representation of Diffusing Species Attachment

The curved surface of the hemisphere sits at a constant radial positioni from
the origin of a spherical coordinate system in radians, i ¥ T h—= 1it* b v mh- w
wh ere the origin is at the center of the hemisphere flat surface. The entire hemisphere
timeo i 1 OUWUT 1T wUP OIi ditbianalysitiediquid source is much larger
than the hemisphere, leading to negligible changes in @ overtime in the liquid source.
Additionally, we will consider the case where the resistance to mass-transfer due to the

boundary layer formed atthe T m @@ O U1 U hefligiblaudthewynamics of species

accumulation compared to internal resistance to diffusion, allowing for a constant
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concentration boundary condition. The system in consideration will also have no net
flow through m OwOl EEDOT wUOWEwUUPOOWRUDPEG w
2.2.2 Control Volume Definition

To model diffusion of the species in this domain, we will start with a mole -
balance on the mobile and attached diffusing species using spherical coordinates in a

control volume.

Equation 13: Control Volume Mobile Species Mole -Balance
Ehy €nq £ Yo
Equation 14: Control Volume Attachment Species Mole -Balance

In Equation 13,¢ & € ais the number of mobile diffusing species within the
interstitial -domain of the control volume; ¢ — is the instantaneous rate of mobile

species attachment; andé & ¢ ds the number of attached diffusing species within the
interstitial -domain of the control volume. The stoichiometric ratio of the attachment

reaction leads to the rate of change of attached species being equal and opposite to the
rate of change of mobile species.t0 ———————— s the flux of this species through the

facesof the control volume. 6 & Q¢ 0 Qi i intHR&rox»ectional area available for
diffusion along the facesof the control volume. Time and space subscripts refer to the
position or time evaluated for the denoted state variable. To get this mole-balance into a

differential form, the usual first step to divide both sides by the volume of the control
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volume. Since only a sub-volume of the control volume is available for diffusion, mO w
Lather than use the total control volume @ & , we will instead be using the volume
available for the diffusing species to permeate through, @ & Q& 60 Qi | La¥xER&RINA
Equation 15and Equation 16.s

Ery € 00 00 y YO 0o 00

e
<
o

00 06 g Yo & Yo

ERy €h € Yo
W &)

Equation 16: Control Volume Attachment Species Mole -Balance Volume Normalized

2.2.3 Interstitial Volume Function Derivation

The normal next step to convert this mole balance into a differential form is to

rewrite volume termas & "Qih-b 2z ¥i Y—¥  which, after re-arranging, allows for

aQd v .
Y60 Ho v to be applied on each term on both

the definition of a derivative —

the right -hand side (RHS) for time and the left-hand side (LHS) for each spatial
dimension. However, since we are dividing not by the total control volume but instead
the interstitial portion of the control volume, the u nique function @ Qih-f 2
Yi Y-¥e will need to be derived.

To do this for our system, the triple -integral definition of a volume in spherical
coordinates will be used, seeEquation 17, where rj i h- s the probability that a given

point in the hemisphere is within the interstitial volume.
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Equation 17: Triple -Integral Definition of Interstitial Volume

Thisf i EEOQOWET wOT OUT T Owoli 2uEdddullDrdékihitdidd 0T w3 UE Oz |
porosity to a 0-D (aka. a point) definition of porosity, so variation in all three spatial
dimensions can be accounted for. To solve this integral, we are going to only consider
systems wherer "Qi , and is constant with respect to—and ¢ . This translates to the
impermeable objects (and therefor the interstitium) only varying with respect to the
radial position in the hemisphere, and are uniformly distributed inthe —and e -
directions. Or, put another way, the interstitial volume is —and ¢ - invariant. 2 This —
and « -invariance in muE O E wU T & alldws Orldnother important simplification for
our system. Our system is now defined in a way which is invariantin —and a
combination of invariant/rotationally symmetric in « due to the no-flux boundary
condition on the flat hemisphere faceT m 6 w3 T PUWEOOOP U wi OUwUT 1 wEOOUD|
YOOUO! wOOwl RUI OEwUOWUE O wiyyYl O & it QuidcOBOb QGE OB
Ul OPEPUEUOGEUWHOU 000 @l wu®d®l wi OVwUT T wbOUI ULUUC
Ul P U D WHq@tiok 185u

- 4
@ OEi Qe O nfii Qi

Equation 18: Zenith and Azimuth Angle Invariant Triple  -Integral Definition of
Interstitial Volume for a Hemisphere

2We will revisit this system definition and invariance in the Discussion section.
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3 0wU OO Y iwisEbe foundfon a given system. In the interest of
simplicity, in this work we will consider systems with a linear relation between radial

nZ

distance and probability of permeable volume, 1) i it * ”° wheref “and” " are for
now arbitrary constants. Using this definition and solving the triple -integral yields

Equation 19.

z nZ

(bc“ZTT‘l AV @ i M -1 d N o Y

Equation 19: Non-simplified Interstitial Volume for a Hemisphere

30wUPOxOPi awli PUwi VUOT T UOwWPDPUT WUT T WOOOPOI EI

to a power of 2 or above become increasingly small compared to terms with a¥i ,
allowing for them to be neglected. Applying this and simplifying Equation 19further

yields Equation 20.
w oW
Equation 20: Interstitial Volume for a Hemisphere Function
0 ¢“ini

Equation 21: Definition of Interstitial Area

2.2.4 Differentiating the Mole -Balances

With the interstitial volume functi son formally defined, the control volume

equations can be rewritten as Equation 22 and Equation 23.
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Equation 22 Concentration -based Control Volume Mobile Species Mole-Balance
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Equation 23: Concentration -based Control Volume Mobile Species Mole -Balance

In this expression, the moles of both the attachment and mobile species have

been replaced by the definitions @ ; & Fw and @y & T, along with the
corresponding instantaneous rate of change. The—and ¢ - invariance of the system has
also been extended to the molebalance, allowing for those terms to be dropped from the
EEOEOQCEI dw xxO0abOT wUOT 1T wEl i pOPUDPOOWOI wlbd—,wETI UDYE
yields Equation 24 and Equation 25.
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Equation 24: Differential Form of Mobile Species Mole -Balance

A

ol =«
e
¢

Equation 25: Differential Form of Attached Species Mole -Balance

2.2.4 Incorporating Attachment Rate Expression

To account for diffusing species attachment in the system, the expression for

%!
¢

)]

7]

Q O

o R Qo f O Of

Equation 26: Rate of Diffusing Species Attachment
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In this equation, Q ———— represents the intrinsic rate constant for

attachment, andQ - represents the intrinsic rate constant for re-mobilization of the
diffusing species. The concentration of available sites for attachment,
© ; ——  , has been replaced usingEquation 27.
O OF O
Equation 27: Relation of Available and Total Attachment Sites
In consideration of simplicity, the distribution of attachment sites @y, in the
hemisphere will be assumed to have a similar linear relation with radial position as that
of porosity, summarized in Equation 28, where, * are for now arbitrary constants —".

O 1,7 -

¢

Equation 28: Attachment Site Profile
Combining Equation 24, Equation 25, and Equation 26 yields updated

differential mobile and attached species balances for this system.

1O

T o
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Ti Ti
Equation 29: Differential Form of Mobile Species Mole -Balance with Attachment

TG)F] i T T 1 i
5 QWi Wy i Wp

Q o
Equation 30: Differential Form of Attached Species Mole-Balance with Attachment

2.2.5 Incorporating Porosity as a Probability Function and Full
Governing Equation

While Equation 29 and Equation 30could be used as governing equations for this

system, the use of the interstitial cross-sectional aread hides an important feature of the
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equation: the positional dependance of this term. This can be done by exchangingd for

its definition in Equation 21,0  ¢“i n i . Rather than incorporate this definition, a

ET EOT 1 ubOWYEUPEEOI whPOOwWET wUOUI EGw31 DUwWETI i PODUD
available cross-sectional area for diffusion, allowing the quantity 1) i to be rewritten as
the 2-D porosity function %oi .
% 1f° "°
Equation 31: Relating Porosity to Probability Function
With these substitutions, the full dimensional governing equation for the system

can be written as Equation 32 and Equation 33.

TR pr . TD
S —— O% -
T 0 %ol | T1 ol 1 T

=

Q0§ O 1 O

Q O

Equation 32: Mobile Species Governing Equation - Dimensional

TOR v o .
% QWi Wy i W

Q o,
Equation 33: Attached Species Governing Equation - Dimensional
This governing equation now reveals the same incorporation of porosity as Bear

and Verruijt (105), assuming %o "Q0 .

2.2.6 Non-dimensionalizing the Governing Equations

With the dimensional governing equations defined, these equations can be
nondimensionalized. This nondimensionalizations serves several purposes. The first is
making the resulting solutions as generally applicable as possible. The second is to draw

out the relevant dimensionless parameters in the system. Using the dimensionless
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parameter definitions defined in Equation 36, the resulting dimensionless governing

equations are Equation 34 and Equation 35.

Tahg e T T .
mm—‘l K)o/)olHJH:JTTU | WO}‘[{JI"U@# ||0j‘|t,}

Equation 34: DIVAC Model Mobile Species Governing Equation

T(‘;}I’&}J %, Ty 7 ¥
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Equation 35: DIVAC Model Attached Species Governing Equation
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Equation 36: DIVAC Model Dimensionless Variable Definitions

T ary
TiH W

Equation 37: DIVAC Model Symmetry Condition

ady iHp p

Equation 38: DIVAC Model Liquid -Interface Boundary Condition

This dimensionless form was grounded in defining the dimensionless time in
terms of the diffusivity of the diffusing species in water , O — , which the model will

assume is the diffusivity in the interstitial space, since the hindered diffusion component
of the size-exclusion effect is neglected in our model. In this dimensionless form, three
dimensionless groups emerge. The first is the dimensionless diffusivity [ p , which is
equivalent to the ratio of effective diffusivity in the 1 -D hemisphere to the diffusivity in

water, and is assumed to be a function of porosity, %o The second is p , which can be
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thought of as a dimensionless attachment rate for the mobile species to the attachment
sites. Thefinal is I p , which is the dimensionless equilibrium constant for the
attachment reaction. The boundary condition in Equation 38is a restatement of® f
@ N1 m ws defined in the initial problem statement. The symmetry boundary
condition in Equation 37is the same as the boundary condition used for the spherical (as
opposed to the hemispherical) case, which is mathematically identical to this system.

In the interest of easier selfreference, these governing equations, definitions and
boundary conditions will be referred to as the DIVAC model moving forward, short for

Diffusion In Variable Attachment and Cross -sectional area.

2.2.7 Dimensionless Diffusivity Relation

An important aspect not captured in the above derivation was an important
change when the system moved from a3-D control volume to a 1-D control volume by
assuming — and ¢ - invariance. The diffusivity as defined before was the diffusivity in
the interstitial space, which given we are not accounting for the hindered diffusion effect

of the biofilm extracellular matrix, would just be equal to the diffusivity in water,
‘O — . The move to a D control volume led to a need to redefine the relevant

diffusivity as an effective diffusivity, or O [ 'O The relation between dimensionless

diffusivity and porosity, [ %o, in porous media is a well-explored field of physics, with a
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number of relations which can be utilized (93). The relation which will be explored here

is the most basic relation for diffusion in porous media, Equation 3923

%0

"3

Equation 39: Interstitial to Total Volume Basis Relation - Mobile
In this modeling effort, the tortuosity, T, given in most practical contexts it is

treated as a fitting-factor, will simply be takenas t p.

2.2.7 Attachment Site and Porosity Profiles
To obtain the attachment site and porosity profiles for the system, only the
function values at the radial boundaries need to be defined since both functions are
assumed linear. In both cases, the exact porosity and dimensionless attachment site
density values at the hemisphere center,%. and dk and at the liquid interface %o and
chy are left as variables in the model.
%oiHU T %o
Equation 40: Porosity Solid -Interface Value
%ol HU p %o
Equation 41: Porosity Liquid -Interface Value
it T b
Equation 42: Attachment Site Solid -Interface Value
dpitup  chy

Equation 43: Attachment Site Liquid -Interface Value

3 This approach will be critically examined in the Discussion of this research aim.
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From these definitions, the previously arbitrarily defined parameters 1 ,”,,, and
— can be defined in terms of the physical quantities %o , %o , Ghy , Gty . Combining these
definitions with Equation 28 and Equation 31 give Equation 44, Equation 45, Equation
47, and Equation 48.
) %0 %o
Equation 44: Heterogenous Porosity Dimensionless Parameter

" %o
Equation 45: Non-heterogenous Porosity Dimensionless Parameter
%o TiH”
Equation 46: Dimensionless Porosity Profile
Equation 47: Heterogenous Attachment Site Dimensionless Parameter
- G
Equation 48: Non-heterogenous Attachment Site Dimensionless Parameter
o iHI-
Equation 49: Dimensionless Attachment Site Profile
These new dimensionless parameters have important meaning. In particular, the
Heterogenous Porosity Dimensionless Parameterf and the Heterogenous Attachment
Site Dimensionless Parameter, entirely control the extent of porosity and attachment

site heterogeneity in the system. Thus, to study the effect of model heterogeneity, these

are the parameters that need be adjusted in the model.
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2.2.8 Converting Between Interstitial and Total Volume Basis

The DIVAC model as developed is designed to calculate concentration on an
interstitial volume basis for either the mobile or attached diffusing species in the model
system. While there are contexts where only the concentration on an interstitial-volume
bass would be of interest, in other cases concentration on a totalvolume basis could be
of interest. Total volume basis here refers to concentration based on the total volume
within the system domain, including the impermeable sub -volume. This translates to
i & fo and®yp ¢ To. To convert between these two volumes through the
DIVAC model, simply multiplying the interstitial volume by the porosity gives the total
volume concentration, summarized in Equation 50 and Equation 51

oHy %6y
Equation 50: Interstitial to Total Volume Basis Relation - Mobile
oy %6k
Equation 51: Interstitial to Total Volume Basis Relation - Attached
. W i
%o —_—
W

Equation 52: Porosity, Interstitial Volume, Total Volume Relation

2.2.9 Converting From Mobile and Attached Concentration to Total
Concentration

In addition to different contexts being better understood through interstitial vs.
total volume basis, other contexts are better understood not through distinguishing

between attached and mobile species, but instead through total diffusing species
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concentration, @y ®f{ ®f. In the DIVAC model, this can be accomplished with
simple addition, shown in Equation 53.
Equation 53: Total Species, Attached Species Mobile Species Relation

2.2.10 Differentiating the Three Effects of Porosity

This research aim sought to test the importance of the three distinct ways
porosity is incorporating into the DIVAC model. The model simplifications tested can be
organized by 1) the places porosity is incorporated in the model and 2) the values that
porosity takes on in those places. The places porosity is in incorporated into the model
are 1) the relation converting interstitial volume concentrations to total volume
concentrations (Equation 50), represented by %o, 2) the dependance of the dimensionless
diffusivity term , , on porosity, represented by %o , and 3) the incorporation of porosity
into the variable cross-sectional area terms, represented by%o. . In each of these places,
for the models tested, the porosity can take on three forms: 1) no porosity
considerations, or % p, meant to represent a model where the porosity effects are not
accounted for, 2) a constant average porosity, or%s meant to represent taking into
account the average porosity, and 3) a full spatially dependent porosity profile, %oi ,
meant to represent fully accounting for the spatially heterogenous nature of porosity. To

differentiate between the models, the notation 0 %o %0 P60  will be used.

e Ty p T R "
A o n P 1 o N 0
o i H_D T %eiF %o | Dhs T Noby  %otby

Equation 54: Model Simplification Notation
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In this notation, each element represents a different place porosity is accounted
for model number & and the value is takes represents the form the porosity takes on. For
example,0  pM%oi M6 would represent simplification wof the DIVAC model where no
concentration adjustments due to porosity are made, the diffusivity term is modified by
a spatially dependent porosity profile, and the area -dependance on porosity is modified

with an average porosity value for the system of in terest.

2.3 Methods

2.3.1 Overview

With the DIVAC model defined for our system we can test predictions of both
the proposed model and model simplifications against finite -element simulations of
different versions of the defined system to find if the proposed model outperforms
simpler models in those different system scenarios

Rather than testing model simplifications against simulations of a 3-D replication
of the system of interest, the system of interest will be tested against a2-D replication of
the system of interestusing a semicircular geometry. This was done due to the
computational intensity of dynamic 3-D finite element simulations over complicated
geometries. Due to this simplification of the system of interest, the DIVAC model will be
adjusted to be 2-D polar coordinates rather than 3-D spherical coordinates. This isseen
in the i Hather than i Hvalues in the denominator outside and numerator within the
diffusion term of Equation 54. Additionally, due to the exact way to geometries were

generated for the finite -element situations, it was more convenient that the characteristic
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radial length used to non -dimensionalize the system of interest not to be the
semicircular radius of the system, but some arbitrary length i Hiin practice leaving i Hu
¢ U.qhis adjusts the system boundary condition as shown in Equation 55.

oy IHHiIHL p

Equation 55: DIVAC Model Liquid -Interface Boundary Condition for 2 -D
Simulations

Additionally, due to divide -by-zero errors which emerge for radial coordinates
equal to zero for some of the models tested, the radial domain considered will exclude
zero by moving the reflective boundary condition to some inner semicircle of radius
iU po

TiH R
Equation 56: DIVAC Model Symmetry Condition

In the 2-D semicircle geometry, this is seen in a small concentricsemicircle acting
as a noeflux boundary in the system (seeFigure 11). All other aspects of the system of
interest defined in the theory section are preserved in the 2-D geometry and adjusted as
necessary.

This change in the radial domain of the system leads to the following changes in
the dimensionless parameters in the porosity profile for the system.

%o TI1H”

Equation 57: 1-D Model Porosity Profile

%0 Yo
iH TH

Equation 58: 1-D Model Heterogenous Porosity Dimensionless Parameter
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" % TiH
Equation 59: 1-D Model Non -Heterogenous Porosity Dimensionless Parameter
While we are using a term where attachment site density is heterogenous, this is
not expected to significantly change the applicability of th e approach as compared to
models like van Rossemet al(11). Since the attachment aspect of the DIVAC model is
not being investigated, both the attached species governing equation and the attachment
terms in the mobile species governing equation will be dropped in the tested full DIVAC

model.

2.3.2 1D Continuum Model Testing with Finite Differences
2.3.2.1Models Tested

The notation used in Equation 54 will be used to describe the DIVA C model
versions tested. Rather than develop each of the 27 possible model simplifications, a
curated subset of these model simplifications will be created to test distinct hypothesis
for each systemsituation simulated. The seven simplifications developed are
summarized below.

o Tdy pt chy
A
hh DTdﬂJ lrruw'?wn‘*w G

Equation 60: Model Simplification 1

U, B p'|' ahy .
A - 0,
h h q,T” THI I-?—r]m-p %ebl

Equation 61: Model Simplification 2

LT % by .
i - (o)
h h q,T FU 1RO I—?— Nk %eby

Equation 62: Model Simplification 3
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. T aly %o oy
Al - [o)
»h h d°T FU TR0 H?— Nok %ol by

Equation 63: Model Simplification 4

L. 1 dly pr T dHy .
1 - ML 0
»h »h q,T FU TH i PAai TIH Noky %ol Gy

Equation 64: Model Simplification 5

B o TGy %0 1 Tay . .
A " 9 9
h q,T FU %ol TFU1 %ol ll-?—‘l Nuby %ol by

Equation 65: Model Simplification 6

L Ty p T T dHy
a1 - 0 0 "
»h »h » q,T FU %ol 1RO %ol 1PAsl 3 n
oy %ol Gy

Equation 66: Model Simplification 7
All O x B fp and O * P 6 models are exactly identical since%o. being constant
leads the term exactly cancelling themselves out. This makes other identical

combinations redundant, with only one needing to be tested.

2.3.2.2 Finite-Difference Solution Techniques

To solve each of these DIVAC model simplifications, finite -difference equation
solution techniques for partial -differential equations were utilized (110). The primary
techniques used in this work were: domain discretization, centered finite -difference
approximations, and the Method of Lines (for solving the systems of equations
dynamically overtime), which itself utilizes the Newton -Raphson method combined

with standard matrix solvers. An outline of this technique is outlined in Appendix B.
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Python scripts used to implement these finite -difference algorithms along with the data

post-processing are contained in Appendix B.

2.3.32-D Finite -Element Simulations

' ) 4 A 4 )
Generate system Convert Create meshes
geometries geometries to for these
outside of the ’ MATLAB PDE geometries using
PDEtoolbox geometries the PDEtoolbox
o / o / " J
MATLAB PDE Toolbox |
( \
' ™
Define governing
Run the PDE equations and
o boundary
el;ﬁéﬁ?égngfcn B conditions for the
the PDEmodel generated mesh
in the PDE to
define PDE model
& S
" J

Figure 10: MATLB PDE Toolbox Finite -Element Simulations Workflow

Rather than creating custom codebases for running finite-element simulations,
the off-the-shelf MATLAB PDE Toolbox (referred to as the PDEtoolbox) was utilized to
run the finite -element simulations for the systems of interest. To utilize the PDEtoolbox,
the workflow was to generate the system geometries outside of the PDEtoolbox (referred
to simply as geometries), convert them to MATLAB PDE geometries (referred to as
PDEgeometries), create meshes for these geometries utilizing the PDEtoolbox, define the

governing equations and boundary conditions for the generated mesh in the PDE to

53



define the PDEmodel, and then run the PDEtoolbox finite -element solver on the
PDEmodel. Appendices C contain all of the MATLAB code used to run these finite -

element simulations, including the post -processing steps in this section.

2.3.3.1 System Variations Tested

To test the applicability of the DIVAC model, several different simulation
scenarios were considered of increasing complexity, under the assumption certain
DIVAC simplified models would be more appropriate in simpler scenarios, and more
complicated ones in more complicated scenarios.

The four system scenarios all test system geometry with different porosity
profiles, denoted by 4|, %o %o . The first,{| plp ,is where the system geometry has no
impermeable sub volume, or a constant porosity of 1. The second,ﬂ TdT®o | is the case
of porosity homogeneity, where in this case %0 Towas used. The third scenario,
| m@dT , is the case of porosity heterogeneity with a positive Heterogenous Porosity
Dimensionless Parameter, | , meaning the interior of the biofilm is less porous than the
exterior. The fourth scenario, -|| TS0 , is the case of porosity heterogeneity with a
negative Heterogenous Porosity Dimensionless Parameter, T , meaning the exterior of
the biofilm is less porous than the exterior.

{ oo g% p
Equation 67: Simulation Scenario 1
{ T g% o

Equation 68 Simulation Scenario 2
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| T g% TR I

Equation 69: Simulation Scenario 3

{ iy g% T iR Y

Equation 70: Simulation Scenario 4

2.3.3.2 System Geometry Generation (Conceptual)

Figure 11: Diagram of Model System Geometry Generation. Red circles indicate circles
added one-by-one to a semicircular shell, represented by the dashed lines, within the
larger semicircle geometry, the solid black line.

To generate the system geometries, while the details of how this wasdone via
MATLAB code are left for the next section, the conceptual approach will be explored
here. The larger semicircle comprising the system geometry was conceptually
UUEEDYDEI EwbOUOwI YI OO0a uberettiteisgacing ke@veeh OUUDE w? UT 1 O
semicirclesis ¥i HThe innermost hemispherical shell has inner radius iHy  YIB®BwWEUI E0ODOT w
EOQwb OO Uwbwk DB BDhE &I radius of the innermost hemispherical shell
isiHy i1Hgy YiBuw3 T PUWXxEYT UOwUI 0w ®W0wiwd@ b wiwk BIOE WiwE OOW
EOOCEDPOWOI wi EET wi 1l OPUKliHFUDHEE 6Tl 1 OOwWET BDOT w
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To generate each geometry, these shells were then filled with the number of
circles necessary for the porosity of the shell to match the porosity predicted by the
porosity profiles used in the 1D models for the center radial position of the shell , i Hy; -

HUF, HUR . !
—h " To calculate the number of circles needed for each shell, first the area of each

circle © with radius iHwas calculated using Equation 71.
0 “THU
Equation 71: Area of Circle Used to Generate 2-D Geometry

The area contained within each shell6 { was then calculated using Equation 72

“

0 5 — iHy 1H,
C
Equation 72 Area of Shell Used to Generate 2-D Geometry
The porosity of the shell %o can be calculated by dividing the area occupied by
the circles with the area occupied by the shell, and subtracting it from one. This is shown
in Equation 73, where & is the number of circles within the shell.

ca ziHu
1H, 1H,

Equation 73: Porosity of Shell Used to Generate 2 -D Geometry
It is worth noting in this calculation the assumption that the spheres are
completely contained within the shell. We can meet this condition by ensuring the center
of all spheresis within a restricted radial domain of the shell. This work specifically uses

(1Hgy 1H ¢hHy iHU ¢ ), where the constant 2 is used as a buffer.
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To ensure that the porosity profile of each shell matches the porosity predicted
by the porosity profiles used in the 1D, the number of spheres to add can be found by
setting the porosity profile from the 1 -D system (Equation 46) to* to get Equation 74.

ca zik CiHEe
T g

Equation 74: Condition for 1 -D to 2-D Porosity Matching
The central radial position of the shell, i Hy; -, is used to calculate the relevant
porosity to match for the shell. Solving this for the number of spheres in a shell a

yields Equation 75.

p TiHR: 7 iHy 1Hy
cziH

Equation 75: Number of Spheres Per Shell
To tailor the system geometry to each of the considered scenarios, which differed
by thet and” parameters, the values for these parameters used for each scenario were

used in the Equation 79to determine the number of circles per shell.

2.3.3.3 System Geometry Generation (Mechanical)

To generate the geometry of used in each system variation, the process was

generator generated interfaceg m \E OTEnuO wb | POD WEICAT W E U OUWh IadT UEUI E

UT 1 wbOx IiyOU EEDUOE®EODDO OWEEDET wbOwUI PUWEEUI whpEU

DOx1 UOI EEOI WEPUEOI UwpUIl | wEEOYIT A8 w
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Figure 12 (Left) Semicircle System Geometry (Right) Meshed System Geometry
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could be generated. Thecircle generator process was very similar to the semicircle
generator process, with the only difference being the method by which 2-D Boolean
matrix was generated, and how the geometry was made into a MATLAB polygon. This
meant looping through each shell, and if the number of circles had not yet reached the
number required as calculated by Equation 75, generating a random coordinate for the
new circle center within the restricted domain of the shell for a sphere center. This new
circle center is the checked for whether it overlaps with the edges of the semicircle, along
with any previously generated circles. If the new circle center passed these checks, then
the circle was added to the 2-D Boolean matrix for the impermeable domain. After all
the shells had been filled with the necessary number of spheres, the impermeable
domain 2-D Boolean matrix was turned into a series of boundaries defined by vertices
using the marching cubes algorithm to define T nj . After some light processing, these
circles were then subtracted one at a time from the semicircle polygon geometry,

culminating in the generation of m o
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Further details on these geometry generators are left to the MATLAB code in
Appendix C. The use of binary masks to define the geometries were intentional

decisions to facilitate future workflows involving utilizing confocal microscopy data

directly to generate the model geometries.

2.3.3.4 Mesh Generation

The generated/ # $ 1 1 O Quadkbhaerted to a mesh using the PDEtoolbox

mesh function, where the minimum element size was set to 2.

2.3.3.5 Defining Governing Equations and Boundary Conditions

With the system mesh generated, the governing equation and boundary

conditions for the simulations matches those of the system.

Lo A
Tou "M

Equation 76: 2-D Simulation Governing Equation

oy TNt
Equation 77: 2-D Simulation Interstitial -Impermeable Domain Boundary Condition
Ny TNt m

Equation 78 2-D Simulation Interstitial -Solid Domain Boundary Condition
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y pNTm
Equation 79: 2-D Simulation Interstitial -Liquid Domain Boundary Condition
The governing equation simply simulated free diffusion in the permeable

domain, as our model would predict since no attachment is occurring. The solid -
interface? m un the system comprised both the flat face of the semicircle and the small
inner semicircle of the geometry (used to ensure no divide by zero errors in the 1-D
case). The method by which the edges of the PDEgeometry were matched to the
corresponding interface is beyond the scope of this section, and is left in the MATLAB

codein Appendix C.

2.3.3.6 Solver Method

The finite -element solver used for this system is the built-in dynamic solver in
the PDEtoolbox. The time-domain used for the simulations was determined by trial and
error, with a ddbmain of 1p Tt 1t iound to ensure equilibrium is reached. The large
dimensionless time domain is due to the large dimensionless length domain from 0 to

256.

2.3.3.7 Data Processing

The concentration values at mesh nodes overtime generated by the finite-element
solver were used to generate two datasets. First, the values were used to generate
dynamic heatmaps displaying concentration overtime within the simulated geometry,
with locati on color corresponding to concentration at that point in the simulated

geometry. This was done using both interpolation between mesh elements and the
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MATLAB surfaceplot feature. These dynamic heatmaps (as there are .mp4 files) are
included in thus dissertations ProQuest page as multimedia files.

The second datases generated were diffusing species concentration overtime on
a total volume basis profiles. To compare the 1-D model results to the simulation results,
the values from the mesh nodes0 overtime needed to be transformed twice. First,
position value in cartesian coordinates of the node needed to be converted to radial
position i Hfrom the original cartesian coordinate system of the simulations . This simply
required using the distance formula of the node from the center of the semicircle
geometry.

The second transformation was converting the concentration for that node,
which represented the interstitial volume concentration, (IHH to total volume
concentration GHy . This required, as per Equation 50, cHy %6y, a porosity value for
that node. Three possibilities for this porosity were considered. The first would have
been calculating the porosity for the node using Equation 57, where the radial position
input was i HUThis method assumed the 1D porosity profile used to generate the system
was an accurate reflection of porosity throughout the geometry.

To test this assumption, porosity profiles were calculated using the generated
geometry for that simulation in two ways: on a position -average basis and a shell
average basis. The positioraverage basis took the2-D Boolean matrix, 6, generated for
the impermeable subvolume and grouped all of the elements of the matrix, 6 [ FE &

by their radial distance from the semicircle center,
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OMMES LwNOMES LIENG M ES HJH'JQCBJForeach unique distance
found, i Hithe true/false (1/0) values of the matrix elements, 6 b FE 6 ., for that

distance were averaged,0 w, n, Since 1 here represented being in the impermeable
subvolume, this average represented the average volume fraction of that unique radial
position. This was then translated to porosity by subtracting it from 1.

%oruru P O Hr

Equation 80: Position -Average Porosity

The shell-average method for calculating porosity was conceptually simper.
Using the same the 2-D Boolean matrix, 6, the average matrix element value within a
shell ¢ used to generate the geometry was averagedd . This average was then used to
calculate the shellaverage porosity.

% p O
Equation 81: Shell-Average Porosity

Both the shell-average porosity and the position-average porosity were then
compared to the theoretical porosity profile to determine the fidelity of the simulation
geometries to the input porosity profiles using these two separate metrics.

To calculate thetotal volume concentration (IHH results for each simulation, both
methods for calculating the porosity profile were utilized. In both cases, a number of
node elementsU needed to be averaged each time to determine an average interstitial
volume concentration ¢f ; for a given porosity value. For %o, 1y, for a given node, it was

averaged with the other nodes closest to a unique position i Hio get I i, FOr %o, all the
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nodes within each shell were averaged to give of 7 . The total concentrations for each
method were calculated as Equation 82and Equation 83.
i RRRZ %ory b
Equation 82: Position -Average Total Concentration
AR Rk 2 %o
Equation 83: Shell-Average Total Concentration
Since no attachment occurred in the system, all mobile species concentrations
aHy were also equal to the total species concentrationGiHy. Only the shell-average
versions of total concentration were then plotted against radial position i Hovertime for

use in comparing with 1 -D results.

2.3.4 1D and 2-D Comparisons

To test the ability of the DIVAC model to better predict behavior of diffusing
species in domains with an impermeable sub-volume, several scenarios with different
impermeable sub volume distributions where considered. First was “Y plp , with no
impermeable sub-volume. Second is,"Y 1@dT®o , with a spatially homogenous
distribution of impermeable sub -volume. Third, "Y T@&JT& , where the impermeable
subvolume is spatially heterogenous, with more in the center of the considered
semicircle. Finally, "Y T@f®o, where the impermeable subvolume is spatially
heterogenous, with more at the edges of thesemicircle. To test for the scenarios where
the DIVAC model offer better prediction, each scenario was tested against adifferent

subset ofthe 7 different model simplifications .
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2.3.4.1 Comparison Combinations

Rather than test a full-factorial combination of 1 -D and 2-D models, a select
number of 1-D model simplifications were tested against each system geometry scenario
simulated in 2-D using finite elements. The geometries with variable porosity each had
two comparison groups of models, to reduce visual clutter. Using the developed
notation developed , the following model simplification and scenario combinations were

considered.

{ oo DO pipip

Equation 84: Models Tested Against Scenario 1

{ maf@s DO plpip MO %épfp NG %étesp

Equation 85. Models Tested Against Scenario 2

| i@ 4O %Ep NO %ol Mekp

Equation 86: Models Tested Against Scenario 3 - Equilibrium Comparison Set

| T 9O %ei Fefp NO  %oi Mol M NO %ol MekPl NO %ol Mhoi ol

Equation 87: Models Tested Against Scenario 3 - Dynamic Comparison Set

| @@ 40 %EEp NO %ol Mekp

Equation 88 Models Tested Against Scenario 4 - Equilibrium Comparison Set

-" T[Eﬂfl'[&) DO %ol F\%Ep N0 %ol éoi Fp N0 %ol 4747728 N0 %ol Mool 6ol

Equation 89: Models Tested Against Scenario 4 - Dynamic Comparison Set

2.3.4.2 Comparison Techniques

To compare each model for each considered scenario, a qualitative measure and

a quantitative measure were used. The qualitative measure used was plots of the shelt
65



averaged concentration overtime for simulation of the scenario vs the predictions of

each model. The quantitative measure used was a residual sum of squares valueyY “Y,"Y

calculated using the total concentration data from the model prediction, dHy 5 , and the

shell-averaged total concentration data for the simulations, iy . Since sheltpositions
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the residuals were weighted, with the weights proportionally to the area of the shell.
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Equation 90: Models Tested Against Scenario 4 - Comparison Set #2
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Equation 91: Area-Weight for Shell

2.4 Results

In this research aim, our objective was to develop a mathematical model for
species diffusion in a hemispherical domain with an impermeable subdomain and
species attachment in the complement permeable domain. This was achievedby
accounting for the impermeable subdomain via its effect on 1) cross-sectional area
available for diffusion, %o 2) diffusivity , %o , and 3) total volume species concentrations,
%o . These three porosity effects were then tested both separately and in combination for
their ability to improve model agreement with simulations of a  2-D simplification of the

system of interest compared to simpler diffusion models.
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2.4.1 Testing Porosity in 2-D Geometries

To determine the degree of agreement between the porosity profile used to
generate the discrete geometries in the2-D finite -element simulations and the measured
porosity in these geometries, both the shell-averaged porosity %. and the position -
average porosity %o, pwere used as metrics of the2-D geometry porosity. Both these
Ol UUPEUWEOGEwWUT T wUT 1T OUI UPEEOQwx OUOUDEawmui OUwi EET w
along with a schematic of the geometry itself. Only Scenarios with porous geometries

were analyzed.

2.4.1.1 Porosity Profile for Scenario 2 Geometry

The geometry schematic and porosity profiles for Scenario 2 are shown in Figure
13. As would be expected based on how the geometries were generated, the shell
average porosity exactly matched the theoretical porosity. However, the position -
average porosity showed significant deviations from the theoretical porosity, ranging
within appro ximately 15% of the theoretical porosity. However, the position -averaged
porosity by definition does replicate the theoretical porosity on average. The deviations
observed reflect the discrete nature of the2-D geometries generated, and could be a
source o model deviation from simulations , see Discussion

The point-average porosity deviations from the theoretical porosity did not
appear to be random with respect to position. They instead appeared to follow a
periodic pattern. This pattern reflected the discrete nature of the geometry generation,

which fille d discrete shells with spheres. This is validated by the number of periods
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being equal to the number of shells in the geometry. This makes sense, as the shells had

buffer regions where no spheres could occupy, leading to radial stretches with high

porosity.
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Figure 13: Comparison of Measured Discrete Geometry Porosity Metrics to Porosity
Profile Used to Generate Geometry for Scenario 2. (a) Schematic of Scenario 2
geometry. (b) Theoretical, Shellaveraged and Point-averaged porosity vs radial position
in Scenario 2 geometry. Porosity outside of the interstitial domain from 16 to 256 always
1. A constant value of 0.9 was the theoretical porosity profile.
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2.4.1.2 Porosity Profile for Scenario 3 Geometry

The geometry schematic and porosity profiles for Scenario 3 are shown in Figure
14. The same patterns observed for Scenario 2 of an exactly aligning shellaverage and a
position -average deviating periodically within 15% of the theoretical porosity were

observed for Scenario 3.
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Figure 14: Comparison of Measured Discrete Geometry Porosity Metrics to Porosity
Profile Used to Generate Geometry for Scenario 3. (a) Schematic of Scenario 3
geometry. (b) Theoretical, Shellaveraged and Point-averaged porosity vs radial position
in Scenario 3 geometry. Porosity outside of the interstitial domain from 16 to 256 always
1. Alinear theoretical porosity profile ranging from 0.8 to 0.9 was used.
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2.4.1.3 Porosity Profile for Scenario 4 Geometry

The geometry schematic and porosity profiles for Scenario 4 are shown in Figure
15. The same patterns observed for Scenario 2 of an exactly aligning shellaverage and a

position -average deviating periodically within 15% of the theoretical porosity were

observed for Scenario 4.
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Figure 15: Comparison of Measured Discrete Geometry Porosity Metrics to Porosity
Profile Used to Generate Geometry for Scenario 4. (a) Schematic of Scenario 4
geometry. (b) Theoretical, Shellaveraged and Point-averaged porosity vs radial position
in Scenario 4 geometry. Porosity outside of the interstitial domain from 16 to 256 always
1. Alinear theoretical porosity profile ranging from 0.9 to 0.8 was used.
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2.4.2 Comparing Model Predictions to Simulations Results for
Concentration Profiles

2.4.2.1 Scenario 1 Concentration Profile Comparisons for Models and Simulation

The first scenario Y considered the case of a semicircle with no impermeable
volume, shown in Figure 16. This functioned as a basecase, as the model was a simple
diffusion model, and the simulation simply diffusion ina semicircle. Agreement
between the simulations and model indicated both solver systems were functioning

properly.

300 1

-50 _

50 100 150 200 250 300 350 400 450 500

Figure 16: Diagram of Meshed System Geometry for Scenario 4. Diagram of finite -
element mesh for system geometry of this scenario.
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Figure 17: Model Fit for Simulation Scenario 1. Shell-averaged concentration method
used for 2-D simulation results. Residual -sum-of-squares calculated using shellarea
weighting and are multiplied by 10,000 and rounded for convenience of comparison.

The strong agreement, as shown both qualitatively in the overlapping data in
Figure 17and quantitatively by the low 'Y "Y\/dlue (see below figures for higher values of
Y "Y)"¥etween the 2-D simulation and the model indicated the two solver methods were
setup properly to test unigue model simplifications and unique simulation geometries.

This case also shows that for a system with no impermeable subvolume, models
which have methods for accounting for the three distinct effects of porosity are not

necessary to predict diffusion behavior.
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2.4.2.2 Scenario 2 Concentration Profile Comparisons for Models and Simulation

The second scenario’Y considered the case of a semicircle with a spatially
homogenous impermeable volume, as shown in Figure 13(a). The models tested against
this scenario were: 0 , where no porosity effects are considered;0 , where only the
effect of average porosity on total species concentration%. was considered; andd
where both the effects of average porosity on%. and diffusivity %. were considered.

As shown in Figure 18, making no consideration of porosity in a system with
porosity leads to poor model predictions, as seen for 0 . Accounting for the average
porosity exclusively on %o, 0 , led to the model prediction matching the simulation for
the equilibrium diffusing species concentration profile on a total volume basis.
Accounting for both %o and %o, U , led to the model prediction closely matching the
simulation for the entire dynamic diffusing species concentration profile on a total

volume basis.
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Figure 18 Model Fits for Simulation Scenario 2. Shell-averaged concentration method
used for 2-D simulation results. Residual-sum-of-squares calculated using shellarea
weighting and are multiplied by 10,000 and rounded for convenience of comparison.

The need to only account for average porosity in a diffusion model to get
predictions with good agreement in this scenario makes perfect sense, as this geometry
had spatially homogenous porosity, allowing for a constant value to represent the entire
geometry.

As noted in the methods section, since using a constant average value oo is
identicial to not accounting for %o at all (%  p), its effect was not tested here. This

makes intuitive sense based on how%o is manifested in the diffusion equation. %o
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appears in both the numerator and the denominator of the diffusion term, where one is

within a spatial derivative. If % "QiHj then the two terms will exactly cancel.

2.4.2.3 Scenario 3 Concentration Profile Comparisons for Models and Simulation

The third scenario "Y considered the case of a semicircle with an impermeable
volume more heavily skewed to the interior, as shown in Figure 14(a). The models tested
against this scenario were:0 , where the effects of average porosity on%. and %. were
considered; and0 where the effects of the porosity profile on % and the average
porosity on %. were considered.

As shown in Figure 19, making only considerations for the average porosity of a
system with spatially variable porosity leads to poor model predictions, as seen for 0 .
Accounting for the spatially heterogeneous porosity through %o, 0 , led to the model
prediction matching the simulation for the equilibrium diffusing species concentration
profile on a total volume basis. The predictions of 0 reflected that in a semicircle with
more impermeable space in the interior, on a total-volume concentration basis, there will
be more diffusing species that accumulate at the periphery.

To find a model which could predict the diffusing species concentration profile
on a total volume basis dynamically, the predictions of the following models were
compared to "Y: 0 , where the effects of the porosity profile on %. and the average
porosity on %. were considered; 0 , where the effects of the porosity profile on %. and

%o were considered; 0 , where the effects of the porosity profile on %. and %. along
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with the effect of average porosity on %. were considered; and 0 , where the effects of
the porosity profile on %o, %0, and %. were considered.

As shown in Figure 20, making only considerations for the spatially
heterogeneous porosity through %. and average porosity through %. , 0 , led to
reasonably good model predictions for the dynamic diffusing species concentration
profile on a total volume basis, Y "Y"Yp ¢.)Accounting for the full porosity profile in %o,
0 , leads to better model predictions, 'Y "Y"Yu @Accounting for the full porosity profile
in %o, while only accounting for average porosity in %0, 0 , leads to better model
predictions than 0 with an 'Y "Y"Y@ T with little difference compared to 0 . Finally,
accounting for the porosity profile in each porosity effect, 0 , leads to the best model
prediction of Y Y"Y¢ T

These results indicate that in Scenario 3, the model which accounted for the full
suite of porosity considerations in a spatially heterogenous manner led to best

agreement with system simulations.
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Figure 19: Equilibrium Model Fits for Simulation Scenario 3.  Shell-averaged
concentration method used for 2-D simulation results. Residual -sum-of-squares
calculated using shell-area weighting and are multiplied by 10,000 and rounded for
convenience of comparison.
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Shell-averaged

concentration method used for 2-D simulation results. Residual -sum-of-squares
calculated using shell-area weighting and are multiplied by 10,000 and rounded for

convenience of comparison.

2.4.2.4 Scenario 4 Concentration Profile Comparisons for Models and Simulation

The fourth scenario “Y considered the case of a semicircle with an impermeable

volume more heavily skewed to the periphery, as shown in Figure 15a). The models

tested against this scenario were:d , where the effects of average porosity on%. and %o

were considered; and0 where the effects of the porosity profile on %. and the average

porosity on % were considered.
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As shown in Figure 21, making only considerations for the average porosity of a
system with spatially variable porosity leads to poor model predictions, as seen for 0 .
Accounting for the spatially heterogeneous porosity through %o, 0 , led to the model
prediction matching the simulation for the equilibrium diffusing species concentration
profile on a total volume basis. The predictions of 0 reflected that in a semicircle with
more impermeable space in the periphery, on a total-volume concentration basis, there
will be more diffusing species that accumulate at the exterior.

To find a model which could predict the diffusing species concentration profile
on a total volume basis dynamically, the predictions of the following models were
compared to "Y: 0 , where the effects of the porosity profile on %. and the average
porosity on %. were considered; 0 , where the effects of the porosity profile on %. and
%0 were considered; 0 , where the effects of the porosity profile on %. and %. along
with the effect of average porosity on %. were considered; and0 , where the effects of
the porosity profile on %o, %0, and %. were considered.

As shown in Figure 22, making only considerations for the spatially
heterogeneous porosity through %. and average porosity through %. ,0 , led to
reasonably good model predictions for the dynamic diffusing species concentration
profile on a total volume basis, Y "Y"Yo vAccounting for the full porosity profile in =~ %o ,
0 , leads to better model predictions, 'Y "Y"Yp 1 Accounting for the full porosity profile
in %o, while only accounting for average porosity in %o, 0 , leads to better model

predictions than 0 with an 'Y "Y"Yp gwith little difference compared to 0 . Finally,
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accounting for the porosity profile in each porosity effect, 0 , leads to the secondworst

prediction fit to the simulation data, Y"Y'Y¢ w

These results indicate that in Scenario 4, accounting for%. and %o individually

improved model predictions, but both simultaneously had a negative interactions effect.
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Figure 21: Equilibrium Model Fits for Simulation Scenario 4.  Shell-averaged
concentration method used for 2-D simulation results. Residual -sum-of-squares
calculated using shell-area weighting, and are multiplied by 10,000 and rounded for

convenience of comparison.
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Figure 22: Dynamic Model Fits for Simulation Scenario 4. Shell-averaged
concentration method used for 2-D simulation results. Residual -sum-of-squares
calculated using shell-area weighting, and are multiplied by 10,000 and rounded for
convenience of comparison.
2.5 Discussion

2.5.1 Primary Results of Study

In this research aim, our objective was to develop a mathematical model for
species diffusion in a hemispherical domain with an impermeable subdomain and
species attachment in the complement permeable domain. This was achievedby
accounting for the impermeable subdomain via its effect on 1) cross-sectional area
available for diffusion, %o, 2) diffusivity, %o, and 2) total volume species concentrations,
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%0 , summarized in Equation 34 and Equation 54. These three porosity effects were tested
both separately and in combination for their ability to improve model prediction of
simulations of a 2-D simplification of the system of interest compared to simpler
diffusion models.

The results of the model-simulation comparisons gave a few key findings. First,
the ability of a model to predict simulations results at equilibrium was only dependent
on the effect of porosity on total -volume basis concentration, %o . The other two effects of
porosity, % and %o, did not affect equilibrium behavior. This follows from the DIVAC
model equation, as both effects of porosity were captured in the diffusivity term, which
does not factor into steady-state solutions for the equation.

Second, the accuracy of model predictions compared to the dynamic simulation
results almost exclusively improved when %. and %. reflective of the system geometry
were incorporated into a model. For system geometries with a homogenous
impermeable sub volume, accounting for porosity improved performance in all cases.
For system geometries with heterogenous impermeable sub volumes, using
heterogenous porosity profiles for %. and %o usually improved model performance. In
the case of a heterogenous impermeable subvolume with more impermeable volume in
the interior of the semicircle, T , using heterogenous porosity profiles for %. and %o
individually improved model performance, and taken together improved model
performance. In the case of a heterogenous impermeable subvolume with more
impermeable volume in the exterior of the semicircle, using heterogenous porosity

profiles for %, and %o individually improved model performance, but taken together
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decreased model performance. While the reasons for%. and %o to work antagonistically
in the case of porosity profile with a negative heterogenous porosity dimensionless
parameter, 1 OwWE U1 Gapdiregi®@d futher study , overall, the value in accounting

for these terms is shown acrossdifferent scenarios considered.

2.5.2 Contextualization in Literature

The DIVAC model was grounded in three of the effects of biofilms on chemical
species diffusion found in experimental literature outlined in Chapter 1: size -exclusion
effect, volume-exclusion effect, and attachment effect. The combination of the size and
volume-exclusion effects were accounted for by the incorporation of biofilm porosity
into the model in three distinct ways: area -restriction, lowered diffusivity, and reduced
total volume concentration. The area-restriction and reduced total volume concentra tion
incorporation of porosity can be traced to Bear and Veruijt (105). The incorporation of
porosity to lower diffusivity can be traced to Stewart (2016) (103). The attachment effect
can be attributed to van Rossem(104), though this is the first example of attachment
with a spatially heterogenous attachment site density in the context of biofilms.

While the full DIVAC model is unigque in the context of biofiilm  models, it is
ultimately a simplified version of the generalized types of porous media transport found
in fields such as transport of species in groundwater, which is the field the Bear and
51 UUPNUZ UwOOET OWET UBYI Uwi UOOGS w3 i matiandi OPUwUT 1 wx
porous media transport theory in biofilm systems, as a foundation for models which can

predict more comp lex behavior in biofilms. Models such as Kosztolowicz et a(12)and

83



van Rossemet al(2023)(11) for chemical species transport in biofilms are other good
examples of this approach.
One modeling framework not utilized here but that has similar applications is
the modern Fick-) EEOEz Uwl gUEUDOOwi OUwWEDIT (111)Umi® Owb OwE wE O«
equation is also utilized to account for variable cross-sectional area available for
diffusion in a medium. The difference between the Fick-) EEOEz Uwl Bx Ul UUPOOwWEO

utilized in DIVAC be expressed below.
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Equation 92 Fick-Jacobs Equation(111)
th o1 1
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Equation 93: DIVAC Model Basis
The difference in these expressions are a direct consequence of the divergent
methods by which they were calculated, The DIVAC model via a traditional control -

volume method, Fick-Jacobs via a centereedifference approach. It is unclear what the

advantagesand disadvantages of each method are, and merits further study.

2.5.3 Study Limitations

The hindered diffusion component of the size effect of biofilms on diffusion was
not directly considered in this model. This would not be overly difficult to amend. It
would simply require the original diffusivity in the interstitial space, O, in Equation 24,
to be replaced by an effective diffusivity, which would itself be a function of the porosity

of the extracellular mesh, %0 . If this mesh porosity was homogenous in the biofilm, it
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could simply be incorporated as a constant into the dimensionless diffusivity [ . If this
porosity was itself a function of position in the biofilm, it would still be incorporated

into [, but now its functional form would directly interact with the functional form of

[ Q% %o itself. Ultimately, this could be simply incorporated directly
into the diffusivity. However, if the mesh significantly effects the available cross -
sectional area for diffusion, it would instead need to be incorporated all the way back in
the probability function for porosity, 1 w, leading it to be incorporated not just into %o ,
but also into %o .

This study notably did not use the well -established relation for effective
diffusivity in a two -phase medium with impermeable spheres, a simplification of
, ERPIT 00z U108) FubuEel&dibAswof the model should incorporate this to account
for the hindered diffusion component of the size effect .

Likely the biggest limitations of this model lies in part on its strength as a one
dimensional model for diffusion. The DIVAC model simplifies a more complex 3-D
system into one dimension for the purposes of predicted chemical species diffusion
profiles. This has obvious advantages, as 1D models can be solved using relatively
simple finite -difference solvers, and be solved much more quickly, quickly enough even
for the possibility of model fitting to data. This kind of versatility makes for a model
useful across more contexts.

However, this 1-D simplification was only made possible by perhaps the models
biggest assumption: the dependance of the porosity and attachment site profiles on only

one spatial dimension. In a real 3-D system with discrete objects comprising the
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impermeable volume of a biofilm, this is obvious never strictly true. This is seen in
Figure 13(b), where the position -average porosity, while it averages the theoretical
profile, oscillates around this value. The way this type of real system is usually
accounted for are the kinds of scaling and averaging procedures found in van Rossem
(11). Application of these ideas to this model might allow for a better characterization of
the deviations in position average concentration found in Appendix E.

The assumption of biofilm components such as bacteriabeing an impermeable
sub-volume of biofilm, while practically useful for nanoparticle transport, is likely not as
useful for antibiotic transport. Therefore, while this approach can still be used for
antibiotics, quantifying the impermeable volume for transport would likely require

experimental approaches such as(70), which can directly visualize these volumes.

86



tdw/ Ul EPEUPOOWOTl w/ T UBbxT 1T Uaw2l gUI

#(5 "w, OEl Ouw
3.1 Introduction

In this chapter, the DIVAC model for species diffusion and attachment in porous
media is applied to the problem of predicting periphery sequestration of antibiotic in
bacterial biofilms. A distinct version of the DIVAC model, the Heterogenous Biofilm
Model, is shown to be able to model periphery sequestration at equilibrium. The
equilibrium concentration profiles predicted by the full DIVAC model are shown to
agree with the equilibrium concentration profiles from three -dimensional simulations of
species diffusion and attachment, along with predicting periphery sequestration. Finally,
the Heterogenous Biofilm Model and several simplifications are tested for their utility in
fitting experimental data extracted from Tseng et al(14), where periphery sequestration
was observed in the accumulation of tobramycin and ciprofloxacin in Pseudomonas

aeruginos@AO1 biofilm microcolonies.

3.2 Theory

To test the applicability of the DIVAC model to predicted periphery
sequestration of antibiotics in bacterial biofilms, a distinct version of the DIVAC model
was utilized: the Heterogeneous Biofilm Model. The Heterogenous Biofilm Model is a
version of the DIVAC Model (Equation 35), with a few key adjustments, as shown in

Equation 94, Equation 95, Equation 96, Equation 97, and Equation 98.

'OQT—O?;U [T gy 2H | dHg e dy Iy
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Equation 94: Heterogenous Biofilm Model Mobile Species Governing Equation
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Equation 95; Heterogenous Biofilm Model Attached Species Governing Equation
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Equation 96: Heterogenous Biofilm Model Dimensionless Variable Definitions

Ty

T
Equation 97: Heterogenous Biofilm Model No -Flux Condition
o p p
Equation 98 Heterogenous Biofilm Model Liquid -Interface Boundary Condition

The first adjustment is that it was developed in a cartesian coordinate system

rather than the spherical coordinate system of the DIVAC model, with its spatial

coordinate variable being @ & ratherthani &

. The domain of this spatial coordinate

is changed tocw N 1, where 'O & is the height of the biofilm. Another adjustment for

the Heterogenous Biofilm Model is dropping the effect of porosity on the diffusivity

term, or %o

p, leaving T a constant. The last adjustments are distinct functional forms

for its porosity, %¢ and attachments site density, cks profiles, shown in Equation 99and

Equation 100

0 0
Q o

”

%0 1

Equation 99: Heterogenous Biofilm Porosity Profile
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Equation 100 Heterogenous Biofilm Attachment Site Profile

These forms were chosen as they can represent almost any monotonically
increasing or decreasing profile over their respective domains, with the porosity profile
having the additional benefit of well -defined derivatives. The dimensionless parameters
I,”,, and —represent the same quantities as the DIVAC model. The parameters®and &
are new dimensionless parameters meant to vary the shape of the attachment site and
porosity profiles in the biofilm, respectively.

All other aspects of the DIVAC model are maintained in the Heterogenous
Biofilm Model , with the necessary adjustments for the change to a cartesian coordinate

system.

3.3 Methods

3.3.1 Using Heterogenous Biofilm Model to Model Periphery
Sequestration at Equilibrium

To determine if the Heterogenous Biofilm Model predicts periphery
sequestration, the concentration profiles predicted by the model were solved
numerically at equilibrium over arange ofdimensionless parameter values. After an
initial sweep of the parameter space shown in Appendix D, the dimensionless
parameterst and, were identified to be the primary drivers of periphery sequestration,
motivating further study . The Heterogenous Biofilm Model was solved for

concentration profiles for heterogeneity parameter domainst ¥  1@®hl® and, V
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p 1p T To quantify the extent of periphery sequestration in the concentration profiles,

the Sequestration Number, "Y'Qwas quantified for each solution using Equation 101

ad rn o &

~Q _
uhpy

Equation 101 Sequestration Number

of | represented the average concentration within some small distance] from
the liquid interface (here defined to be 5% of the cdomain) &I j represented the
average concentration within the small distance | from the solid interface. Large
positive numbers indicated periphery sequestration, while large negative numbers
indicated interior sequestration. 6f; was the overall average concentration in the
biofilm.

The sequestration numbers for the steady-state concentration profiles found over
UT 1T wl BRxOOUI EwxEUEOI Ul UWwUXxEET wbl Ul wxOOUUI EwWEUWE
matplotlib package, showing the trend of sequestration with varying 1 and, .

3.3.2 SteadyState DIVAC Model Predicts Equilibrium Concentration
Profiles for 3-D Simulations of Species Diffusion

To determine the ability of the DIVAC model to accurately model periphery
sequestration behavior, the model was used to predict the concentration profiles
resulting from simulations of species diffusion and attachmentin a 3-D geometry at
equilibrium. Using the primary parameters which control sequestration identified in the
previous section, the DIVAC model was tested for three distinct values of both |

g and, phrip . Parameter values for the DIVAC model were otherwise
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kept constant atf  p,| p,— ¢®,” m@ andll p.The DIVAC model results were
then compared to 3-D simulations of systems with internal geometries that matched the
porosity profiles of the DIVAC models.

The DIVAC model was solved as presented in Chapter 2, with the exception that
the effect of porosity on diffusivity was dropped from the model, %. p, leaving[ a
constant. This was done since this effect of porosity only changes the dynamic results of
the system, not the equilibrium results, as shown in Chapter 2. In theory, the effects of
porosity on variable cross-sectional area,%.  p, could have been dropped for the same
reason, but was not due to practical limitations of the developed DIVAC finite -
difference solvers. This meant only the effect of porosity on the conversion from
interstitial concentration to total volume concentration, %. was accounted for with
respect to porosity. However, this set-up also allowed the effect of attachment site
density on equilibrium concentration profiles to be tested. All DIVAC models were ran
for 5 units of dimensionless time to confidently reach equili brium, as the i Hlomain of
this system was only 1ip . The DIVAC model was solved in its full spherical coordinates
form presented in Chapter 2, Equation 34, using the same numerical methods outlined
in that chapter.

To run the 3-D simulations, the same approach outlined in Chapter 2 of running
finite -element simulations utilizing the MATLAB PDE Toolbox was used. The primary
differences where the generated geometries were in3-D, and the stationary PDE solver
(rather than the full dynamic solver) was used. For the 3-D geometry, the same

conceptual approach of filling concentric shells of the hemisphere with small spheres
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was used (with the relevant math extended to three spatial dimensions). The primary
difference was in the mechanics of the approach after a3-D Boolean mask was
generated. Whereas for2-D, the approach was to usethe MATLAB contour function to
make the interstitial -impermeable interface, then use these vertices to generate a
polygon object, which as triangulated and used as an input geometry, in 3-D, the
isosurface function was used to make the interstitial -impermeable interface, m o}
which was then directly triangulated and used as an input geometry. Otherwise, the
simulation and data processing methods were the same, simply extended to three
dimensions. The concentration values reported for the simulations were calculated as
shell-average concentration values for clarity. Similar plots using the position -average

concentration values are available in Appendix E.

3.3.3 Using Heterogenous Biofilm Model to Fit Antibiotic Accumulation
Profiles in P. aeruginosa Microcolonies

To test the utility of this model in fitting the literature data from Tseng et al(14),
three different simplifications of the Heterogeneous Biofilm Model, O, were tested
against the full model. These simplifications were used to test the utility of the spatially
dependent porosity, %o hand attachment site density, G 6, terms in fitting the
experimental data of Tseng to the Heterogenous Biofilm Model . The first simplification,
the Homogenous Biofilm Model, "O, used a constant average porosity,% and
attachment site density profile, ¢, which translate to dimensionless heterogeneous
parameter values of T mmand, T The second, O fthe Heterogenous Porosity Model,

used a spatially dependent porosity profile %.w , which translates tof 11, and constant
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attachment site density profile, ¢J;,which translateto, Tt Finally, 'O, the
Heterogenous Attachment Profile, used a constant average porosity, % which translates
tof 1 and a spatially dependent attachment site density profile ¢ ), which

translates to, Tt
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Equation 104 Heterogenous Attachment Model Mobile Species Governing Equation

For all models, the porosity used was applied as both the %. and %0, where %o
was used to convert between interstitial and total volume concentrations. All models
used the same attached species governing equation ad0 . The boundary condition used
for the models at the liquid interface, normally a constant concentration boundary
condition, was adjusted to fit the boundary condition seen in the experimental data. The
antibiotic concentration at the biofilm -liquid interfa ce increased over time and gradually
reached a steadystate in the experimental system. This boundary condition was fit to a
6" order polynomial function to maximize goodness -of-fit, and this function used as the
concentration condition at the biofilm -liquid interface.

To fit the models to the experimental data, first the model results for total

concentration on a total volume basis were calculated. The total concentration on a total
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volume basis value was used as the experiments measured fluorescent probe
concentration in a confocal laser scanning microscope, such that the relevant volume
was the total volume, and the probe concentration reflected the total amount of
antibiotic in the system (not simply the mobile antibiotic). To get these concentrations on
the same unit scale, a conversion factor between concentration of fluorescent antibiotic
and fluorescence absorbance units was fit to each set of data. The position values from
the experimental data were converted to dimensionless positions using the radius of the
bacteria biofilm microcolonies for a given dataset. Experimental data from Tseng was
extracted from figures in the paper using WebPlotDigitizer.

With these adjustments made, the parameters for each model considered for each
antibiotic dataset were manually adjusted through trial and error until a local minimum
in the residual sum of squares values was found, Y "Y."While this manual approach to
model fitting likely precluded finding a more global RSSminimum, and therefor fit for
each model considered, this limitation was judged not to affect the subsequent
conclusions. In addition to reporting the RSSfor the fit of each model to the tobramycin
and ciprofloxacin accumulation datasets, the Akaike Information Criterion value for
each model fit was calculated, per Equation 105 where 1} was the number of model
parameters, and0 was the number of datapoints used in the fitting.
¢ ZYTYTY

006ch 0 a¢ 5 p

Equation 105 Akaike Information Criterion
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These values were then compared in a bar graph for each model fit for each
dataset. It is worth noting that model fitting was over all the time -points simultaneously
for each antibiotic accumulation profile, not every timepoint individually, leading to a

global fit of the data.

3.3.4 Numerical Solvers and Data Analysis

All numerical solvers and finite -element solution methods mirrored those used
in Chapter 2 and are available in the Appendices in their original form as Python and
MATLAB code. All other data analysis including calculations and figure generation was
performed in these coding environments (SPYDER IDE for Python, default scripting
environment for MATLAB), utilizing standard scientific Python packages such as
numpy, scipy, and matplotlib, or a standard edition of MATLAB 2022b with the Partial

Differential Equa tion Toolbox and the Data Analysis Toolbox.

3.4 Results

3.4.1Heterogenous Biofilm Model Predicts Periphery Sequestration

To understand the capacity of the Heterogenous Biofilm Model to predict
periphery sequestration, steady-state concentration profiles for the model over the
parameter space for the two dimensionless heterogeneity parameters, s and K, were
found. The extent of periphery sequestration in these solutions was quantified and

displayed on a heatmap in Figure 23.
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Figure 23: DIVAC Models Periphery Sequestration. Phasespace plot showing effect of
porosity and attachment site heterogeneity constants (7 and K, respectively) on degree of
antibiotic sequestration within the biofilm, { gPositive { ggorrespond to periphery
sequestration (red), negative-|| pForrespond to interior sequestration (blue). Contour

lines of { gghown along with heatmap. Parameter valuesof 2 b 4 &+
t YL 8,and# used for solving Eg. 1 & 2 with given 5° and Kvalues.

These results indicate that positive values of both 57 and Klead to prediction of
periphery sequestration by the Heterogenous Biofilm Model . Conversely, negative
values predict interior sequestration. A homogenous or homogenized antibiotic
transport model for biofilms is not able to predict this periphery sequestration
correspondingtof  mand, Tt Overall, this plot shows that the Heterogenous

Biofilm Model can predict periphery sequestration of antibiotic in a biofilm.
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The curved shape of the isocontour lines and general asymmetry of this plot
likely reflects the exact functional forms of the porosity and attachment site density
profiles used. The sudden bumps in the isocontours on this plot are likely indicative of
corruption in the dataset, as a previous version of the plot (1) had smooth isocontours,
and no error issues near the xaxis. This previous version used the opposite definition of

4, requiring it to be updated.

3.4.2 DIVAC Model Agreement With  3-D Simulations at Equilibrium

To determine the ability of the DIVAC model to accurately replicate periphery
sequestration behavior, the model was used to predict the concentration profiles
resulting from simulations of species diffusing in and attaching in a 3-D geometry at
equilibrium. The results are shown in Figure 24, where both the DIVAC model and 3-D
Simulation equilibrium results for the nine different parameter combinations of 1 and K

are shown.
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Figure 24: DIVAC Model Predicts Equilibrium Total Species Concentration Profiles
from 3-D Simulations and Periphery Sequestration . Equilibrium model predictions
from DIVAC model match results from simulations of diffusing species in  3-D system

for varying heterogenous model parameters 5 and K, All DIVAC model solutions used
A , ) 3 8.,z 8,and 4

As shown in this figure, the DIVAC model results almost exactly mirror the 3-D
Simulation results at equilibrium over the values of | and, tested. The results
additionally showed the same pattern observed in the Heterogenous Biofilm Model :

increasing! and, led to increasing periphery sequestration in the system.

3.4.3 DIVAC Better Fits Experimental Data on Periphery Sequestration

To test the utility of the Heterogenous Biofilm Model , "O, in fitting the literature
data from Tseng et al three different simplifications of "O were tested against the full

model for both the ciprofloxacin and the tobramycin accumulation datasets into P.
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aeruginosaiofilm microcolonies. The use of the homogenous biofilm model and the
heterogeneous porosity profile model led to a poor fit to the observed accumulation data
for both antibiotics ( Figure 25At D). The heterogenous attachment site profile with a
homogenous porosity profile replicated the tobramycin accumulation data ( Figure 25E)
but had poor goodness-of-fit measures to the ciprofloxacin data (Figure 25F). The model
with both a heterogeneous porosity profile and heterogenous attachment site profile
(Figure 25G and H) was able to replicate both the tobramycin and ciprofloxacin
accumulation, with the AIC goodness -of-fit criteria lower or nearly as low as all other

models for both antibiotics (Fig. 2I).
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Figure 25: Heterogenous Model Best Fits Antibiotics Periphery Sequestration Data
Fits of homogenous biofilm model (A,B), heterogenous porosity model (C,D),
heterogenous attachment site model (E,F), and fullHeterogenous Biofilm Model (G,H)
to data on accumulation of tobramycin (A,C,E,G) and ciprofloxacin (B,D,F,H) into P.
aeruginos@®A0O1 microcolonies. Dots represent accumulation data from Figure 2 of
Tsenget al with different colors representing different time -points. Solid lines represent
fits of the data using the respective model, with color matched between literature data
and model fits. An assumption of positive i for the porosity profile was inferred from
biofilm cross-sections where antibiotic accumulation was tracked. (I) Comparison of AIC
goodness-of-fit criteria of each model to the tobramycin and ciprofloxacin datasets.

Bestfit parameter values for A, B, C, D, E, F, G, and H, respectively:»
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3.5 Discussion

3.5.1 Main conclusions

In this chapter, the DIVAC model for species diffusion and attachment in porous
media is applied to the problem of predicting periphery sequestration of antibiotic in
bacterial biofilms. A distinct version of the DIVAC model, the Heterogenous Biofilm
Model, is shown to be able to predict periphery sequestration at equilibrium by
increasing the values of the dimensionless heterogeneity parameters for porosity and
attachment site density,] and, , repsectively.

The equilibrium concentration profiles predicted by the full DIVAC model are
shown to agree with the equilibrium concentration profiles from three -dimensional
simulations of species diffusion and attachment, with the same trend of increasing I and
, leading to higher periphery sequestration observed. This result was evidence of the
importance of accounting for the effect of porosity on total volume concentration, %o, in
a spatially dependent manner. It also provide s evidence of the importance of accounting
for the spatial dependance of disat equilibrium. These effects are important when
attempting to predict periphery sequestration in particular, in addition to concentration
profiles in general.

Finally, testing of the Heterogenous Biofilm Model and several simplifications

against experimental data of periphery sequestration of antibiotics extracted from Tseng
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et al(14), showed the value of accounting for both porosity heterogeneity (both %. and
%o ) and attachment site heterogeneity, disin the dynamic profiles modelled. The
importance of the effect of porosity of variable cross-sectional area,%. , appeared to be of
limited utility in  modeling tobramycin accumulation, as shown in the stronger
performance of the Heterogenous Attachment Site Model "O, which does not account for
%o ,. This was likely due to the overwhelming effect of attachment site heterogeneity in
this system, shown by the elevated heterogenous attachment site density parameter,
needed to fit the tobramycin data. While the importance of %o for tobramycin was
limited, its importance for ciprofloxacin was shown by the strong fit of the full
Heterogeneous Biofilm Model, which accounted for the spatial dependance of both %o
and G

Overall, both these results and the results from Chapter 2 provide evidence of
the importance of accounting for all three of the investigated effects of biofilms on
species diffusion in a spatially dependent manner: the size-exclusion effect, the volume-
exclusion effect, and the attachment effect. The importance of the sizeexclusion and
volume -exclusion effect are found in the importance of the three distinct effects of
porosity, all of which when included in the DIVAC model improved model performance
compared to simulations. The only exception to this was the negative interaction effect
of accounting for %0 and %o in the time-dependent case, only for scenario of a porosity
profile with negative T . The importance of the attachment effect through a spatially
dependent attachment site density, which, when included in the DIVAC and

Heterogenous Biofilm Model , improved both agreement with simulations and fit to
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experimental data on periphery sequestration. Overall, these results show the capacity
of the DIVAC model to account for the three effects of porosity, improve model
performance across a number of contexts, and ultimately, predict periphery

sequestration in a biofilm system.

3.5.2 Context in Literature

In addition to how this model differentiated from prior model in the literature
highlighted in Section 2.5.1., results in this section highlight differentiations from other
models for species accumulation in biofilms. A common model used for diffusion wher e
species react is the CrankA ssumption Set, which usually assumes a constant attachment
stie profile (10). The Heterogenous Biofilm Model allows for a depth -dependent
attachment site concentration site profile, which in part allows for prediction of
periphery sequestration (4). The use of thg term in the porosity profile , which equates
to heterogeneousporosity , allows for antibiotic to reach higher total volume
concentration in areas of high porosity in the biofilm. This highlights the O O E | dbitityJ
to account for the volume -exclusion effect of porosity where antibiotic is unable to
occupy impermeable-volume, distinguishing it from the Hinson and Kocher method of
porosity incorporation, which only modifies the diffusion constant (10). Both the
homogenous biofilm model ( 9) and the homogenized biofilm model (5) can be
represented as the origin of the investigated phase-spacein Figure 23 and shows no
degree of sequestration, highlighting their inability to predict periphery sequestration at

equilibrium.
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While the Heterogenous Biofilm Model utilizes a more flexible porosity profile
than the DIVAC model, experimental evidence of porosity profiles indicates the

functional form of the porosity profile is likely highly context dependent (107, 108, 112)

3.5.4 Limitations and Future Directions

Concentrations at early times in Figure 25are likely underestimated due to
implementation of the proposed model in Cartesian coordinates rather than the
cylindrical coordinates more appropriate for this experimental system. Future work
could implement algorithmic RSS -minimization techniques for m odel fits to ensure
global minimums, rather than the manual trial -and-error procedure used.

The inability to test the model in a time -dependent manner in all three spatial
dimensions precludes the ability to test the utility of the model in the most -realistic

simulations and would be an interesting future direction of the work.
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4.1 Background

This research aim sought to create a synthetic biofilm system for use in testing
the DIVAC model. The specific type of biofilm we attempted to replicate are the
hemi/spherical Pseudomonas aeruginosalonies grown on a solid substratum common
under low nutrient availability conditions (113). The important features of the real
system we wanted to model were: (a) a biofilm colony size of 25¢ 250 um (b) with a
well -developed extracellular matrix encasing (c) bacteria, forming a multiscale porous
structure with (d) extracellular sites for attac hment of diffusing species, like an
antibiotic. We simulated this system with a synthetic biofilm colony, that we termed a
microcap, with a) size (25250 microns), comprised of (b) a nanocellulose hydrogel
loaded with (c) impermeable particles (~1 micron) providing a multiscale porous
structure, where (d) the spherical particles had charged surfaces to which a diffusing
species would irreversibly attach and immobilize too. Other than size, which was
selected in part for imaging purposes, these features allcorrespond to the core features
of a biofilm established in Chapter 1 which were found to impact chemical species
accumulation. The hydrate mesh of the hydrogel was designed to provide a size effect,
the impermeable particle was designed to provide a volum e-exclusion effect, and the

charged surface of the spheres was designed to provide sites for an attachment effect.
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Creating the microcaps with these core features would allow for testing of the DIVAC

model.
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Figure 26: Microcap and Experimental Apparatus Diagram. Red circles represent
microspheres. Microspheres with amine-coating represented. Nanodextran with no
modification shown.

This research aim tested the ability of a microcap synthesis method to replicate
the important effects of a biofilm on species diffusion: (a) the size-effect, (b) the volume-
exclusion effect, and (c) the attachment effect. This was a necessary first stepsaaDIVAC
model experimental testing requires quantitatively predictable spatiotemporal profiles.
This level of experimental precision requires a well -characterized and vetted
experimental system. These important biofilm effects were translated to falsifiabl e
hypothesis. For the size effect, the sizeexclusion component was tested: do larger
diffusing species accumulate at lower concentrations in the mesh domain. For the
volume -exclusion effect: do diffusing species accumulate at a lower concentration in a

microcap with impermeable particles compared to one without. For the attachment
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effect: do diffusing species accumulate at a higher concentration in the microcap when

attachment sites are present.

4.2 Methods

4.2.1 Microcap Design and Nanodextran Information

To generate the microcaps, hydrogels were used as the hydrated mesh domain
to achieve a sizeeffect. Hydrogels have been used in prior studies to simulate the
extracellular matrix of the biofilm (95). The hydrogel platform chosen for our system
was nanocellulose hydrogels. This was primarily due to existing capacity in our research
lab for nanocellulose design and synthesis, along with the flexibility of nanocellulose for
chemical modification (114), which future studies could choose to utilize for a method of
generating attachment sites independent of microspheres. Fluorescent polystyrene
microspheres ranging from 0.7-0.9 microns in diameter were used to simulate bacteria
and achieve a volume-exclusion effect. Three distinct microspheres, each with distinct
microsphere surface chemistry, were used: no surface modifications (Plain), carboxylate-
modified (Carboxyl), and amine -modified (Amino). The carboxylate and amine -
modified microspheres were coated with these functional groups, which are either
negatively or positively charged at neutral pH. These charged microsphere surfaces
were designed to only act as attachment sites for thediffusing species if the diffusing
species was oppositely charged. Nanodextrans conjugated to FITC (fluorescein
isothiocyanate) were used as the diffusing species for the system Two nanodextran

molecular weights used were 150 kDa and 2,000 kDa, on the premise these molecules

107



would have different sizes, to test the size-exclusion effect. The fluorescently labelled
nanodextrans were chemically modified to have either carboxymethyl (CM) groups with
negative charge, diethylaminoethyl (DEAE) groups with positive charge, or no
modif ication at all (Dx). The use of charged nanodextrans and charged microsphere
surfaces was designed to produce the attachment effect.

The microspheres were fluorescently labelled with a vendor proprietary
fluorescent tag Nanodextrans were fluorescently labelled with fluorescein

isothiocyanate (FITC).

4.2 2 Materials and Equipment

The following chemicals were used in this experimental process: cellulose
powder (CAS#9004-34-6 | Sigma-Aldrich | Burlington, MA); sodium hydroxide
(CAS#131073-2 | Sigma-Aldrich | Burlington, MA); urea (CAS#57 -13-6 | Sigma-Aldrich
| Burlington, MA); pol ystyrene microspheres (Spherotech | Lake Forest, IL) with no
surface modifications (Prod# FP-08622), carboxylate-modified (Prod# FP-08622), and
amine-modified (Prod# FP-08622); fluorescent nanodextrans (TdB Labs, Uppsala,
Sweden) with no chemical modif ication and lower molecular weight (Prod# FITC-Dx-
150), carboxymethyl groups (Prod# FITC-CM-dextran-150), diethylaminoethyl groups
(Product # FITC-DEAE-dextran-150) and with no chemical modification and high
molecular weight (Prod# FITC-Dx-2000);Calcofluor White (CW) stain (Cat# 29067 |

Biotium | Fremont, CA, USA).
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The following materials were used in this experimental process: 6-well culture
plate (Pro# 10062892 | VWR | Radner, PA, USA); 5 mL syringe with Leur -lock tip
(SKU# 309646); 27G nozzle (SKU# NZ3270005001 | CELLLINK | Gothenburg, Sweden);
two -channel microscopy flow cell (Prod# FC 275-AL | BioSurface Technologies |
BozemanrOw, 30w42 AwbbUTl wt BRI kBRI wOOwx OOAEEUEOOEUI wEC
(Prod# 1371277 | Fisher | Pittsburgh, PA).
The following equipment was used in this process: refrigerated centrifuge with
fixed angle rotor (Prod# 5910 Ri | Eppendorf | Hamburg, Germany); pressure -driven
microfluidic system (Fluigent | Lowell, MA) with a primary pressure controller (Prod#
LU-FEZ-0345), valve controller (Prod# ELU-SEZ), computer link (Prod# LU -LNK -0002),
flowrate sensor/controller (Prod# FLU -L-D), multi -switch valve (Prod# ESSMSWO003)
EOOOI EUI EwWYDPEwWYSY! Y2 w( # wkiT-HQ);Zeiss ESMO@ Edfddalwp/ UOE s
microscope (Zeiss| Oberkochen, Germany); NanoSight Pro with NTA Technology
(Model # HBG5000 | Malvern Panalytical | Malvern, United Kingdom); Anton -Paar

Particle Analyzer Litesizer 500 (Anton -Paar | Graz, Austria).

4.2 3 Nanocellulose Solution Synthesis

Nanocellulose was generated by taking 4.00 + 0.05 g of dry cellulose powder and
slowly mixing it with an ionic liquid solution composed of 7.00 + 0.05 g sodium
hydroxide, 12.00 + 0.05 g urea, and 81.00 * 0.05 g of reversmsmosis filtered (RO) water
and adding it to a 125 mL Erlenmeyer flask. The resulting suspension was mixed using

an inert stir bar at 500 rpm until it was homogenous and consistently cloudy. The
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suspension wasthen submerged in an ice-isopropy! alcohol bath with a temperature
ranging between -10 and °C while still being stirred. After more than 1 hour of stirring
and the dissolution of the cellulose, the liquid was separated into two 50 mL centrifuge
tubes. The tubes were centrifuged at 10,000 RPM (rcf=13,751) fakt0 minutes while
maintaining a temperature of 22°C. After centrifugation, the supernatant was decanted

and saved as nanocellulose solution, with any settled solids discarded.

4.2 4 Nanocellulose -Microsphere Solutions

For each batch of nanocellulose solution made, four different nanocellulose-
microsphere solutions were made: one with Plain microspheres, one with Carboxyl
microspheres, one with Amino -microspheres, and one with no microspheres. These
nanocellulose-microsphere solutions were prepared by mixing 5.0+0.1 mL of
nanocellulose solution with 50+0.1 pL of 1wt% microsphere solution in the well of a 6 -
well culture plate. Once all four nanocellulose -microsphere solutions were prepared for
each nanocellulose batch on he same plate, the plate was covered, wrapped in
aluminum foil, and mixed for 24 hours on a shaking plate at 250 RPM at room
temperature ranging from 22 -26°C. After 24 hours of mixing, the resultin ssg

nanocellulose-microsphere solutions were stored at 4°C.
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Figure 27: Design of Experiments and Replicates
4.25 Microcap and Flow Cell Preparation

With the nanocellulose-microsphere solutions prepared, a 5 mL syringe affixed
with a 27G nozzle was used to fill the nozzle with nanocellulose -microsphere solutions.
The nanocellulose solution was then extruded through the nozzle using the syringe.

Once a small amount of nanocellulose solution was extruded, priming the nozzle, the
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repeatedly (between 10-30 times) pressed onto the surface of a polycarbonate coupon,
with a microscopic amount of hydrogel being left behind on the coupon as residue with
eachpress. The coupon then sat at room temperature in a plastic petri dish for greater
than 48 hours to dry with no plastic cover but aluminum foil cover, which prevented
contamination and fluorescent overexposure, but allowed for air flow. This led the
hydro gel residues to dry onto the coupon and form microcaps. Before an experiment,
the microcap covered coupon was loaded into a flow cell, where the flow cell chamber
containing the coupon was filled with reverse -osmosis water first to rehydrate the
microcap. Almost immediately after, the chamber was then filled with a 5 pM solution
of Calcofluor White (CW) stain dissolved in water. The fluorophore would then slowly
diffuse into the microcaps, allowing for fluorescent imaging of the hydrogel domain of

the microcap.

112



Microcrap-laden Coupon Inlet Flow Ports

Coupon Recess Flow Channel

Figure 28: Labelled Picture of Flow Cell.
4.2 6 Nanodextran Exposure and Imaging Procedure

Once the flow cell was loaded with coupons covered with CW-stained
microcaps, the flow cell was then connected to a microfluidic apparatus with two inlets:
reverse-osmosis filtered (RO) water and 30 mg/L fluorescently labelled -nanodextran
EPUUOOYI EwbPOwW#UOEI EEOzUwxT OUxT EUI wEUIT T 1T UwUOOUU
confocal laser scannng microscope, which allowed for real -time 3-D fluorescent imaging

of the microcaps.
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Figure 29: Experimental Procedure Diagram.

Each experiment involved a three-phase procedure: characterization,
accumulation, and desorption. To perform an experiment, the flow chamber was flushed
with 1 mL/min RO water during the characterization phase. While the flow chamber
containing the microcap -covered coupon was flushed with 1 mL/min RO water, the
microcaps on the coupon were checked to determine if there were three microcaps less
than 250 microns in diameter (all tests had at least three). A zstack, or a series of
microscope images taken atclose, regularly spaced focal lengths to reconstruct a3-D
image of a sample, was taken of three microcaps on each coupon (with the three smallest
microcaps usually chosen). Field of view size was adjusted for each microcapto take up
the entire image. Nyquist sampling was used to select z-section thicknesses and image
resolution. These zstacks were set up to image three features in each microcap: the
hydrogel mesh by imaging the CW stain (Laser: 405 nm/Detector Range: 416546 nm),
the impermeable microspheres (Laser: 561 nm/Detector Range: 58500 nm), and the
presence of FITC (Laser: 488 nm/Detector Range: 41846 nm). In addition to measuring

the presence of FITC, this same signal was also used to determine the location of the
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coupon within the image, as the coupon reflected green light at its surface. This first
image before any FITC was added to the system will be referred to as the
characterization image.

After the characterization image of each of the microcap of interest, the
microcaps were exposed to a continuous stream of nanodextran during the
accumulation phase of the experiment. This was done by flowing 1 mL/min of the 30
mg/L nanodextran dissolved i n PBS into the flow chamber continuously for 24 minutes.
After this continuous exposure to a constant concentration of nanodextran, the flow in
the chamber was stopped, and the microcaps reimaged using the same parameters as
those for the characterization image, producing an accumulation image for each
microcap. This was done to quantify two things: the concentration of nanodextran (via
the proxy measurement of FITC-signal) in the water immediately surrounding each
microcap, and the concentration of nanodextran within each microcap.

After these accumulation images, the flow chamber was flushed with RO water
for 10-20 minutes (depending on amount of nanodextran in the inlet line), during the
desorption phase of the experiment. No z-stacks of the microcaps were taken after this
desorption for the primary experiments considered in this dissertation.

During accumulation and desorption phases of each experiment, time -lapse
imaging of a single-z-plane within one of the imaged microcaps was taken to monitor if

the system reached equilibrium during each phase (which all were confirmed to reach).
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4.27 Experimental Design

To test the functional properties of these microcaps, three predicted experimental
effects were tested to determine the capacity of these microcaps to replicate the biofilm
features of interest: the size-exclusion effect to determine if a hydrated mesh was
formed, the volume -exclusion effect to determine if the embedded microspheres were
diffusing species impermeable, and the attachment effect to determine if the diffusing
species were immobilized via opposite charge interactions with the surface of the

microspheres, indicating diffusing species attachment sites.

Nanodextran
Concentration
in Hydrogel

nanodextran
Large

nanodextran

Figure 30: Diagram of Size -Exclusion Effect Test for Verifying the Hydrogel Mesh
Property of the Synthetic Biofilm System.

To test for the size-exclusion effect, the two different sized nanodextrans were
used: 150 kDa and 2,000 kDa. The 2,000 kDa nanodextran was expected to have a larger

particle size than the 150 kDa case. This was tested and confirmed using Nanopatrticle
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Tracking Analysis and Dynamic Light -Scattering measurements, shown inTable 5.

Additional details on nanopatrticle characterization are provided in Appendix F.
Table 5: Nanodextran Characterization. OOwWOEOOEI RUUEOQUWEDPUx1 UUI Eu
Phosphate Buffer Solution (PBS).NTA error reported as standard error from measured
particle size distribution (n=5). *- Standard error not reported on instrument. FITC -Dx-
2000 size measured twiceon NTA , both sizes reported. DLS/ELS error reported as
standard deviation of three triplicate measurements.

Nanodextran Nanodextran Molecular Size via Size via Charge via
Weight [kDa] NTA [nm] DLS [nm] ELS [mV]
FITC-Dx-150 150 226 £ 14 115+ 24 -1.2+0.4
FITC-DEAE-150 150 178 £5 107+ 16 -0.4+x0.4
FITC-CM-150 150 173* 7711000 -5.7£3.2
297 + 18
FITC-Dx-2000 2000 306 + 24 81+0.1 -24+0.7

Since hydrated meshes such as a biofilm extracellular matrix and a hydrogel are
comprised of disorganized, overlapping biopolymer chains, they can allow particles to
diffuse through them, but only up to a certain size. As the particle reaches a
characterisUD Ew? O UT wUPal 2 OwlOl UUwOi wlOi 1T wyodoUOl wbbUI B
available for it to occupy. Once the patrticle reaches a critical size, no amount of particle
can accumulate within the matrix. Thus, as particle size increases, the equilibrium
concertration it reaches within a hydrated matrix decrease, as less volume is available
for the particle to permeate into. Hence, a decrease in diffusing species concentration
with particle size within the matrix at equilibrium shows the presence of a size -exclusion

effect in the microcap, which in our system is likely indicative of the formation of a
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hydrogel . Microcaps prepared using identical conditions were used in size -exclusion
experiments.
To test for the volume-exclusion effect, hydrogels were prepared either with

microspheres within them or without microspheres .

Nanodextran
Concentration
in Hydrogel

Hydrogel Hydrogel
w/ w/o

Particles Particles

Figure 31: Diagram of Volume -Exclusion Effect Test for Verifying Impermeable
Volume Property of the Synthetic Biofilm System.

The microcaps without microspheres within them would be expected to reach a higher
concentration of nanodextran if the volume -exclusion effect was observed. The
reasoning for this is similar to the reasoning for the size-exclusion effect: certain portions
of the microcap volume, specifically the volume occupied by the microspheres, would
be unavailable for the nanodextran to occupy, leading to a lower concentration overall in
the microcap. Identical nanodextrans were used in volume -exclusion experiments.

To test for the attachment effect, hydrogels embedded with three different

microspheres were prepared and tested against three different nanodextrans.
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Figure 32 Diagram Attachment Effect Test for Verifying Presence of Attachment Sites
in the Synthetic Biofilm System.

The different microspheres tested were no surface functionalization (Plain,
neutrally charged surface), amine-functionalization (Amino, positively charged surface),
and carboxyl-functionalized (Carboxyl, negatively charged surface). The different
nanodextrans tested were no chemical modification (None, neutrally charged),
carboxymethyl -modified (CM, negatively charged) and diethylaminoethyl -modified
(DEAE, positively charged). Since we only expect oppositely charged combinations to
lead to attachment between microsphere surface and nanodextran, we expect to see
significant increases in hanodextran concentration within the microsphere only for the
combination of CM -modified nanodextran accumulating in microcaps with amine -
modified microspheres, and DEAE -modified nanodextran accumulating in microcaps
with carboxyl -modified microspheres. Two different control cases are considered for
each of these combinations: (a) charged nanodextran and uncharged microspheres, and

b) uncharged nanodextran and charged microspheres. Decreases in nanodextran
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concentrations within the microcap would be expected in both cases compared to the

oppositely charged nanodextran/microspheres case.

4.28 Image Analysis

To determine nanodextran concentration for each z-stack image taken, each pixel
was assigned to be in one of four spatial domains in the image: (1) the water domain
(liquid domain m ), (2) the hydrogel domain (interstitial domain m) (3) the microsphere

domain (m ), and (4) the coupon domain (solid domain ny).

Microspheres

Hydrogel

Figure 33: Labelled Microcap from Characterization Image. Red channel: fluorescent
polystyrene microspheres (carboxyl-modified). Blue channel: CW-stained nanocellulose
hydrogel. Green-channel: polycarbonate coupon-microcap interface.

This was done by segmenting the hydrogel using the CW signal, the
microspheres using the AF594 signal, and the coupon using the FITGsignal in each

image, and assuming all remaining pixels were within the water domain. The total

microcap domain was the uni on of the microcap and microsphere domains.

120



The microspheres were segmented using an Otsu threshold on the AF594 signal
in MATLAB. The hydrogel domain was segmented in ImageJ using a Otsu threshold,
followed by a region -filling algorithm (CW -stain only penetrated ~10 microns into
hydrogel), followed by an algorithm for discarding very small filled regions. The coupon
was segmented using an edgedetection algorithm along the z -direction. An important
note on this process was that coupon segmentation was not perfect. Thecoupon
segmentation algorithm was designed to favor a pixel as coupon as opposed to water or
hydrogel on purpose, since the accuracy of the water and hydrogel signal was more
important than the coupon signal.

With each pixel assigned to a domain, the average value of the
nanodextran/FITC signal in each domain in the microcap was quantified. Rather than
use average FITC-signal in the microcap, "O'0"Y0 , directly, the ratio of the FITC -
signal in the microcap to the FITC-signal in the water, "O'0"Y0 , or the nanodextran-
microcap partition coefficient , 0 OwP EUWEEOEUOEUI Ewi OUwI EET wOPEUO
image, Equation 106. This ensured any variation in FITC concentration and signal within

the flow cell was normalized between microcaps.

"00"Y6
"00"Y6

Equation 106 Microcap Partition Coefficient
No image analysis was done on the collected characterization images, nor the
dynamic accumulation/desorption images. The MATLB code for image analysis was

included as Appendix G.
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4.2 9 Statistical Analysis

For each nanodextran-hydrogel combination tested, two types of replicates were
used, all on the hydrogel side: batch replicates and microcap replicates. Three batches of
each hydrogel tested (no microspheres, plain microspheres, carboxytmicrospheres and
amine-microspheres) were generated, leading to 12 different hydrogels with three batch
replicates each. For each batch, one couporovered with microcaps was generated for
each nanodextran tested, leading to 33 different coupons. On each coupon, three
micro cap replicates were tested on each. This led to a total of 99 microcaps tested.

To compile the data for each experimental condition (nanodextran -microcap
combination), the nanodextran-microcap partition coefficient for each microcap tested
was first found (see Image Analysis for how this was calculated). This value was then
averaged for the three microcaps on each coupon tested, as these replicates were
determined to be technical replicates, which warrant averaging together for the
purposes of statistical analysis. This left three nanodextran-microcap partition
coefficients for each experimental condition, each one representing a different hydrogel
batch. These three nanodextrarmicrocap partition coefficients comprised the sample for
each experimental condition.

For each set of experimental conditions compared for each hypothesis, the three
nanodextran-microcap partition coefficients for each batch were compared to each other
UUDOT we I Avayitgebtsudr@ bn alpha of 0.08 w6 1 OET z UwUl U0wPEUWUUI E

variances were not assumed to be equal. Oneway tests were used since only an effect in
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one direction would constitute evidence for each hypothesis. All samples passed the

Shapiro-Wilks test for normality.

4.3 Results

The microcaps generated using this synthesis procedure were tested for their
ability to replicate the core features of a synthetic biofilm. These included size-exclusion
effects, volume exclusion effects and attachment effects. Different combinations of
microcaps and diffusing nanodextran were used to test for these effects through

equilibrium nanodextran partition coefficients in the microcaps.

4.3.1 Testing for Hydrated Mesh Property via the Size Effect

To test for the size-exclusion effect, nanodextran-microcap partition coefficients
for microcaps with plain microspheres were compared between a 150 kDa nanodextran
and a 2,000 kDa nanodextran. The results, as shown irFigure 34, show a statistically

significant size-exclusion effect in the hydrogel mesh was observed.
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Figure 34: Size-Exclusion Effect Test for Verifying the Hydrogel Mesh Property of the
Synthetic Biofilm System. Error bars represent 95% confidence intervals on the sample.
P-value represents results from one-U E B O1 E w-ebt. E&pkriments Used 4 wt%
hydrogels loaded with 0.01 wt% plain polystyrene microspheres with neutrally charged
nanodextrans. Partition coefficient represents nanodextran-microcap partition

coefficient.

4.3.2 Testing for Impermeable Sub -volume via the Volume -Exclusion
Effect

To test for the volume-exclusion effect, nanodextran-microcap partition
coefficient for 4 wt% hydrogel microcaps embedded with either no microspheres or 0.01
wt% plain microspheres were compared using a neutrally charged, 150 kDa
nanodextran. The results, as shown inFigure 35, show no volume-exclusion effect due to

the presence of the microspheres was observed.
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Figure 35: Volume -Exclusion Effect Test for Verifying the Impermeable Subdomain
Property of the Synthetic Biofilm System. Error bars represent 95% confidence
intervals on the sample. P-value represents results fromoneUE D Ol E w#estOET z UwU
Experiments used 4 wt% hydrogels loaded with variable wt% plain polystyrene
microspheres and neutrally charged, 150 kDa nanodextran. Partition coefficient
represents nanodextran-microcap partition coefficient.

4.3.3 Testing for Attachment Sites via the Attachment Effect

To test for the attachment effect, 4 wt% hydrogels embedded with 0.01 wt%
neutrally, negatively, and positively charged microspheres were tested against neutrally,
negatively, and positively charged 150 kDa nanodextrans, shown in Figure 36. Opposite
charge combinations were tested for increases in nanodextrarrmicrocap partition
coefficients compared to both the same charged nanodextran and uncharged
microspheres and the uncharged nanodextran and same charged microspheres. No

statistically significant attachment effect was observed across all comparisons. A non
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statistically significant attachment effect was observed for the microcaps embedded with
amine-modified microspheres with a carboxymethyl -modified nanodextran for

comparisons to both control cases.

p=0.09
p=0.73
,, p 0.66
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Figure 36: Attachment Effect Test for Verifying Presence of Attachment Sites in the
Synthetic Biofilm System. Error bars represent 95% confidence intervals on the sample.
P-values represent results from one-U E B O1 E w-ebt. E&pbriments Used 4 wt%
hydrogels loaded with variable 0.01 wt% plain -, carboxyl- and amine-modified
polystyrene microspheres and neutrally, positively or negatively charged, 150 kDa
nanodextrans. Partition coefficient represents nanodextran -microcap partition
coefficient.
4.4 Discussion
This research aim sought to create a synthetic biofilm system for use in testing
the DIVAC model against diffusing species which are bacteria impermeable. To
accomplish this, nanocellulose hydrogel microcaps loaded with polystyrene
microspheres were developed to proxy bacterial biofilms in the important features of a
hydrated mesh, an impermeable subdomain, and presence of attachment sites. The

replication of these features in the generated microcaps were tested for by quantifying

an important experimental effect for each feature: the sizeexclusion effect for verifying
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the hydrogel mesh, the volume-exclusion effect for verifying the impermeable
subdomain, the attachment effect for verifying presence of attachment sites.

Experimental results indicated that while the size -exclusion effect, and therefor
the hydrogel mesh feature of the microcaps, was verified, the attachment effect and the
volume exclusion effect were not observed. This indicates that the microcaps as
currently designed are unable to replicate the key biofilm properties needed to perform
transport studies of an impermeable subdomain and presence of attachment sites.

This finding of a size -effect is in agreement with much prior literature on
chemical species diffusion in single bacterial species biofilms (38, 56) However,
evidence of this effect is limited in multispecies biofilm literature on nanoparticles (59).
This is most likely due to effects of agglomeration, dissolution and changes to the
nanoparticle biopolymer corona in multispecies biofilms studies having strong effects on
effective nanoparticle size during diffusion (115, 116) This shows the need for studies
with more controls over nanoparticle stability in multispecies biofilm transport studies.

A few distinct hypotheses could explain why the presence of microspheres and
the use of chemically modified microsphere surfaces and nanodextrans did not elicit the
effects of volume-exclusion and attachment. The simplest explanation is that the use of a
0.01 wt% microsphere percentagewithin the hydrogels was too low to observe the
anticipated effects. If little volume is made impermeable due to low concentration of
microspheres, then the volume-exclusion effect would be anticipated to be small to the
point of negligibility and certainly below any statistically significant threshold. In

addition, too low of a concentration of microspheres would mean there are very few
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sites for nanodextran attachment, which would also predict a small attachment effect,
again possibly to the point of negligibility and certainly below any statistically
significant threshold.

For the volume-exclusion effect specifically, the other primary possibility is that
the nanodextran can penetrate and diffuse into the polystyrene microspheres. While this
does not seem likely, no experimental evidence is offered in this research proving or
disproving this hypothesis.

For the attachment effect, the other primary possibility is that the charged
microsphere surfaces do not act as attachment and immobilization sites for its oppositely
charged nanodextran. This could be due to a variety of reasons including the charge-
charge interactions not being strong enough to immobilize the nanodextran, the
microsphere or the nanodextran not being charged species as anticipated, or even that
the immaobilization of the nanodextran does not lead to higher levels of nanodextran to
accumulate into the hydrogel to balance the chemical potential gradient. While it is
possible attachment does occur in these systems but too slowly to observe in this
experiment, direct charge-charge interactions are the strongest intermolecular forces in
chemistry, which would make for quick attachment, making this possibility seem
unlikely. This lack of a clear effect of charge in common in the scientific literature on
diffusion of chemical species in hydrogel matrices such as biofilms (53, 67, 68, 7Q)see
Section 1.4.1.2.

Assuming the hypothesis that the none-observed effects were primarily due to a

low concentration of microspheres within the microcaps, further experimental work
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could replicate these experiments with higher concentrations of microspheres and look
for the same effects on attachment and volume-exclusion. Further evidence for the size-
exclusion effect could be found by comparing current results to higher weight
percentage nanocellulose hydrogels, which theoretically lead to smaller critical mesh
size, which would be anticipated to cause lower nanodextran concentrations in these
higher weight percentage microcaps (56, 93)

If the microcaps experimental platform can be modified to achieve clear volume -
exclusion and attachment effect, it would provide a system that can test models for
species diffusion in biofilms. This would be done using quantitative spatiotemporal
profiles of diffusing species in the microcaps overtime. These profiles can then be
compared to both simulations and modeling results to test proposed models for
diffusion. Furthermore, many of the experimental and data analysis methods used for
the microcaps experimental system could be applied to species diffusion in real biofilm

systems, allowing for more direct testing of proposed diffusion models.
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The objective of this dissertation was to develop a model which could predict
periphery sequestration of antibiotics in biofilms to better characterize and understand
biofilm antibiotic recalcitrance. Analysis of prior experimental literature on chemical
species diffusion in biofilms indicated three effects of interest of biofilms on chemical
species diffusion: size, volume-exclusion and attachment. These effects were
incorporated into the DIVAC model for species diffusion in biofilms. The effects of size
and volume -exclusion were incorporated into the porosity terms in the DIVAC model,
while the attachment effect was incorporated into the attachment terms. Both the
porosity and attachment sites were dependent on species position in the biofilm in the
model. 2-D simulations showed the importance of incorporating all three effects of
porosity heterogeneously to predict species accumulation profiles in geometries with
heterogeneously distributed impermeable sub -volumes.

3-D simulations also showed the importance of accounting for attachment site
profile heterogeneity to predict periphery sequestration, along with the importance of
the heterogenous dimensionless parameters in the DIVAC model to predict periphery
sequestration. Use of a variant of the DIVAC mode, the Heterogeneous Biofilm Model,
where porosity and attachment stie density where functions of biofilm position, was
able to better fit experimental literature data for biofilm periphery sequestration than the

Homog enous Biofilm Model .
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An experimental system for quantitatively testing the DIVAC model utilizing
nanocellulose microcaps loaded with polystyrene microspheres was developed. This
system was tested for its ability to replicate the size, volume-exclusion and attachment
effects of biofilms on chemical species diffusion using nanodextrans as the diffusing
species. While the developed system did show size-exclusion effects, it did not show
volume -exclusion and attachment effects, likely due to too low of a density of
microspheres in the nanocellulose microcaps.

Overall, this dissertation was able to lay the groundwork for future work
investigating the importance of periphery sequestration in biofilm antibiotic
recalcitrance. A flexible modeling framework for accounting for the spatially
heterogeneous effects of impermeable subvolumes and attachment site density should
have the flexibility to fit and characterize most quantitative experimental data on species
diffusion in either biofilms or synthetic analogues. An experimental platform for
generating biofilm synth etic analogues was developed, along with the tests necessary to
EIT U1l UOPOT wUT 1 wlaul0l OZUWEEDPOPUawUOwWUI xOPEEUI WED

Ultimately, it is quite possible that periphery sequestration is not correlated with
biofilm antibiotic recalcitrance. Future studies beyond this dissertation can seek to
answer this question. Even so, a good quantitative model and experimental system,

developed here, provides the framework necessary to make this hypothesis testable and

falsifiable.
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Symbol | Definition | Units
Chapter 1
@ Concentration Of Species A QQ
a
(©) Diffusivity In Biofilm a
i
f Dimensionless Diffusivity Constant p
(®) Diffusivity of Species Ain The Water é(_
i
Y Reaction Rate of Oxygen QQ
a zi
%0 Porosity of Biofilm p
W Concentration of Attached Species Q0
a
I Dimensionless Equilibrium Constant p
| Dimensionless Attachment Rate p
- Porosity Effect Constant on Diffusivity p
@ Concentration of Diffusing Species in 39
Phasel a
0 Flux of Diffusing Species in Phaser QQ
a zi
Y Sourceor Sink Term for The Diffusing QQ
Speciesin Phasel a zi
0 Three-Dimensional Porosity P
0 Two-Dimensional Porosity p
0 One-Dimensional Porosity p
Chapter 2
Domain of Model Geometry, Perfect
i Hemisphere P
Diffusing Species Impermeable Sub-
m Domain composed of Objects of Model p
Geometry
Diffusing Species Permeable Interstitial
m Sub-Domain of Model Geometry P
& Concentration of Mobile Diffusing a€a
Species ininterstitial Domain Qe 0 QI i ©
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Interface of Permeable and

rm Impermeable Hemispheres Domains P
Domain of Diffusing Species
M Impermeable Solid Wall P
Permeable Domain-Impermeable Wall
m Domain Interface P
Domain of Diffusing Species Liquid
M Source P
m Permeable Domain p
& Diffusing Species Concentration at aéa
Liquid Interface a Qe oQiiag
O Concentration of Diffusing Species aéa
Attachment Sites in Interstitial Domain G Qe oQi i o
O Concentration of Attached Diffusing ae¢a
Species in the Interstitial Domain a QE0Qi i o
i Hemisphere Radius/Distance From 4
Center to Liquid Interface
i Radial Position a
— Spherical Coordinate for Elevation i 0Q
Spherical Coordinate for Azimuth C e
. I 0Q
Angle
O Mobile Diffusing Species Initial aéa
Concentration in Hemisphere a QEo0Qi i o
O Attached Diffusing Species Initial ae¢a
Concentration in Hemisphere a QEOoQi i g
0 System Initial Time i
0 System Time Dimension i
. Number of Mobile Diffusing Species in .
€ a€a
Control Volume
s instantaneous rate of mobile species i a
attachment i
. Number of Attached Diffusing Species .
3 . a€a
in Control Volume
o Flux of Diffusing Species through a€a
Interstitial Space G QE0Qi izd
o Cross-Sectional Area of Intersitital Cwms s e~
o a Qe oQi i
Space
W Volume of Hemisphere a
W Volume of Interstitium a QEoQi i o
Ay Probability Function For Likelihood A o

Point is Within the Interstitial
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Subdomain of a the Hemisphere
Domain

1 Arbitrary Constant p
" Arbitrary Constant p
Q Intrinsic Rate Constant For Attachment a Q,S, 0 Q e
a € @i
0 Intrinsic Rate Constant For Re- p
mobilization i
& Concentration Of Available Sites For déa
h Attachment a Qe oQiiag
%0 Porosity p
- Arbitrary Constant p
= Arbitrary Constant o
agu Dimensionless Time p
Dimensionless Concentration of
oy Attached Diffusing Species in the p
Interstitial Domain
iHU Dimensionless Radial Position p
Dimensionless Concentration of
oy Mobile Diffusing Species in Interstitial p
Domain
Dimensionless Concentration of
o) Diffusing Species Attachment Sites in p
Interstitial Domain
r Dimensionless Diffusivity p
| Dimensionless Attachment Rate p
Il Dimensionless Equilibrium Constant p
o Diffusivity Of The Diffusing Species In a
Water i
t Tortuosity p
%0 Porosity at Solid Interface p
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Porosity at Liquid Interface

Dimensionless Attachment Site
Density At Solid Interface

Dimensionless Attachment Site
Density At Liquid Interface

Heterogenous Porosity Dimensionless
Parameter

Non-heterogenous Porosity
Dimensionless Parameter

Heterogenous Attachment Site
Dimensionless Parameter

Non-heterogenous Attachment Site
Dimensionless Parameter

Dimensionless Concentration of
Mobile Diffusing Species in the
Interstitial Domain on a Total Volume

Basis

Dimensionless Concentration of
Attached Diffusing Species in the
Interstitial Domain on a Total Volume

Basis

Dimensionless Concentration of Total
Diffusing Species in the Interstitial
Domain on a Total Volume Basis

Arbitrary Characteristic Radial Length
Used for Non-Dimensionalization

Dimensionless Radial Position of
Liquid -Hemisphere Interface

Dimensionless Radial Position of Solid-
Hemisphere Interface

Model X used to Test DIVAC Model
Assumptions

%0

Porosity Term Which Accounts for
Effect on Conversion Between
Interstitial And Total Volume Basis For
Diffusing Species Concentration

135




Porosity Term Which Accounts for

Element Mesh

%
> Effect on Diffusivity P
% Porosity Term Which Accounts for
> Effect on Variable Cross-Sectional Area P
o Average Porosity in Considered
> Geometry P
o Full Spatially Dependent Porosity
%o | . P
Profile
Y Model System Porosity Profile B
Scenario Tested
1 Hy Inner Radial Position Of Shell £ p
1 Hy, Outer Radial Position Of Shell ¢ o
Radius of Circles Used To Populate
iHU The 2-D Semicircle Geometry With p
Impermeable Volume
Area Of Circles Used To Populate The
0 2-D Semicircle Geometry With p
Impermeable Volume
0 f Area Of Shell € p
a Number of Circles in Shell & p
. Porosity of Shell & p
1 HY; Central Radial Position Of Shell & p
0 Node in Finite -Element Mesh p
5 2-D Boolean Matrix Used to Generate
Finite-Element Geometries P
vy Unique Radial Position in Finite - 0
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O wH

Average Boolean Value at Unique
Radial Position

Yoory H

Average Porosity at Unique Radial
Position

Average Boolean Value in Shell¢

%0

Porosity Value in Shell ¢

Average Mobile Diffusing Species
Concentration on An Interstitial
Volume Basis at Unique Radial

Position

Average Mobile Diffusing Species
Concentration on A Total Volume
Basis at Unique Radial Position

Average Mobile Diffusing Species
Concentration on An Interstitial
Volume Basis in Shell £

Average Mobile Diffusing Species
Concentration on A Total Volume
Basis in Shell¢

v UYY

Weighted Residual Sum of Squares

Predicted Average Mobile Diffusing
Species Concentration on A Total
Volume Basis for Model

Area-weight for RSS

Chapter 3

Dimensionless Depth within Biofilm

Biofilm Height

Attachment Site Profile Shape
Parameter
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Porosity Profile Shape Parameter

W
0 Heterogenous Biofilm Model (or .
Simplification of)
YQ Sequestration Number [1]
& - Average Concentration Close to The (1]
h Liquid Interface
a Average Concentration Close to The (1]
h Solid Interface
ofr Average Concentration in the Biofilm [1]
0 "00 Akaike Information Criterion [1]
Chapter 4
W Dimensionless Depth within Biofilm p
00"V Average FITC Sign'al in Comaprtment B~
W
o Nanodextran Partition Coefficient 0

from Water to Microcap
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This appendix covers the finite -difference methods used in this dissertation to

solve the DIVAC and Heterogenous Biofilm Model s. The derivation for 0 with

attachment included is shown here.

B.1 Finite -Difference Derivation

B.1.1Governing Equations

The objective of this model is to solve a set of partial-differential equation which
describe the accumulation rates of both mobile and immobilized (unbound/bound)

nanoparticles in a hemispherical biofilm system .

L iHbe— | GUGHIH U G
T TFE TR TR | R

Equation 107

TJHH AUAHIHU QU TG
JU

—a

Equation 108
GUH ,i1H-
Equation 109
% T1H”
Equation 110
%ee 1

Equation 111

With BCs
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Equation 112
G
Equation 113
Ui R
Equation 114
cHad HU

Equation 115

B.1.2Modified Component Balances
Expanding out the governing equation s, we get:

TAU T o T QU ¢ %ee

TH Tl T TH%

THU TTH | U, iHU— U llahu

Equation 116

g.l

| U, iHU— aHU Nldku

:

Equation 117

B.1.30utline of Solution Method

Given the complex nature of these governing equations (coupled, second order
nonlinear differential equations), a numerical method will be used to determine
solutions. The method used here is a compilation methods outlined in Numerical Methods
with Chemical Engineering ApplicatioidRather than explaining all of the theory behind
this solution procedure, the general solution procedure will be outlined. Specifics to the

problem at hand will be described later.
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The solution method employed here fundamentally relies on what is referred to

EUwOT 1 OQw?, 1 01 OEwOi w+bHOI Ud2 wauUDOT wUI PUWOI UI

derivatives are solved simultaneously. This is done by first discretizing the spatial
domains and making finite -differences approximations on the governing equations,
leading to a set of ODES, one for each spatial node. These ODEs are then solved using
ODE solver technigues, which in this case will be the Newton -Raphson method given
the non-linearity of the governing equations. As with any set of coupled boundary -value
problems, where each spatial node has two components, one for each dependent

variable, the indexing will be interlaced to ensure sparse matrices for rapid solutions.

B.1.4Finite -Differences Approximations on Governing Equations
(Interior Nodes)

Before any code can be written, first the finite-differences approximation should
be applied to the governing equations, and spatial variables replaced with a global
index.

The finite differences approximations can be summarized in the following

equations for first and second derivatives.
T ww W
T w ¢3wW
Equation 118

) Cw W
30

T
T w

Equation 119
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In these equations,c0 and w refer to the y-values of the nodes adjacent in the
x-direction to the node being evaluated (w), and 3-wdistance between nodes in the x
direction. Centered finite difference approximations are used to minimize solution error.

Plugging in these expressions to the spatial derivatives in our governing equations

yields:
T U iU ahu au aku C I
13U 3 HU [ N H [ THUT TH”
au| ,iHi— | llahu

Equation 120

T o e @U 11
Tou VIS |

Equation 121

B.1.5Finite -Differences Approximations on Boundary Conditions
(Interface Nodes)

6DUT wOT T wbOUI UPOUWOOET UzwEDPI T 1 UI OUPEOwWI GUECL
interface nodes. We will start with the "Q €& node, or the liquid -biofilm interface node.
The relevant boundary conditions for this node are as follows (note: the dimensionless
bound NP concentration, diHhas no boundary conditions since it has no spatial
derivatives in its conservation equation).
auiHup p
Equation 122
For this node, we can assume the following equation:
T U p
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Equation 123
For the other interface node "Q 11, the solid-biofilm interface node, this is a no
flux boundary conditions, written as follows:

HedHITT T

Equation 124
We can apply a finite-difference approximation to this node to get the following

node equation:
c¢3i
Equation 125
T aU  a
Equation 126
In applying this centered finite difference approximation, we have introduced an

imaginary node ‘Q  p. We can now eliminate this imaginary node by also applying the

unbound nanopatrticle balance to the interface node, as follows:

g Ul - U I

Equation 127

—— U ,iHU— dU | lIdu

Equation 128
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B.1.6Indexing of Variables (Global Variable)

With the finite -differences approximation applied, the two variables, au, Ay
will combined into a global variable . This done using an indexing procedure, which
for one spatial variable is relatively simple. The individual variables in terms in terms of
the global variable will be defined by :

o
Equation 129
AU @
Equation 130
Plugging in these new variables into the governing equations yields the

following for the interior nodes ( 'Q picfofE B p).

T ) Cw ) ) C I
T o 3 H ¢ HU iHIT THU
0w | ,iIl- | Tw

Equation 131
—_— 0| ,il- | T
Equation 132

For the solid-biofilm interface node ('Q 1), incorporating the global variable

leads to the following equations :

Tw W W

T Y TH R

w| - | lw

Equation 133

144



T 5 ST
—, O] - ® A
rou

Equation 134
For the biofilm -water interface node ("Q ¢), incorporating the global variables
leads to:
T p

Equation 135

w |, - o | T
Equation 136
Thus, what was originally a set of two PDEs has been changed to a set of;¢

ordinary coupled differential equations which need to be solved simultaneously.

B.1.7Implicit Euler Set -up

With the ordinary differential equations set -up, we can now incorporate the
Implicit Euler scheme into our equations. Implicit Euler is a technique for solving sets of
1st order ordinary differential equations, usually with a time -dependance, which can
summarized with the following equation, with the underbar representing a vector

guantity and r) representing a set of parameters used in the equation.

X »
Y
Qo -
Equation 137

To solve this set of ODEs,Implicit Euler in a sense just applies a forward -finite

approximation to the time -derivative, as such where k is the time-index.
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: Q¢ o
Yo - fom

Equation 138

We can then rewrite Yo "Q or the time-step, and re-arrange the equation such

that:

T o © Qo hm
Equation 139

Note that when evaluating the left -hand side of our ordinary differential

equation, written as "QuidiT) , we evaluate not the value at the previous time-point but

the value at the NEXT time-point. This is the distinction between implicit and explicit
Euler.
What we can now do is apply Implicit Euler to each of the equations from each
node. What we will end up with are a bunch of non -linear equations equal to zero. We
willcallthenon-41 UOWUDET wOl wOT 1 Ul wi gUEUDPOOUWOUUW?UI UDI
Y onoo o @

Equation 140

B.1.8 Steady-State Residual Vector Set-up

Next up will be defining the steady -state residual vector we will be using to
solve the system of non-linear equations which will be the basis of solving this problem.
%OUwl EET woOl wUT T wOOET zUwl OYI1 UOP @ incoip@dict, w® OOU wp B U
will apply the Implicit Euler equation and get them in the form of a residual. We can
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start with the equations for the interior nodes ('Q phghofE i p). Applying the Implicit
Euler equation gives:
Re-arranging these to get residuals gives:

v . - () Cw F W W rc 1
h 3 HU c3iH THIT IH”

®w | ,il- ®© | 1
Equation 141
Y 5 Mmoo | ,iH- | T
Equation 142

For the solid-biofilm interface node ("Q ), we have:

Yp T O ©_o W @ Il
R C 1 | - |
Equation 143
Y T O] - | Tw

Equation 144

For the biofilm -water interface node ("Q ¢), incorporating Implicit Euler and

converting to residual form leads to:

Equation 146

With these expressions, the residual vector for this problem can be defined as:
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Equation 147

B.1.9 Steady-state Jacobian Matrix Definition

With the residual vector defined, the Jacobian matrix for the problem can be

E1 1 DOl EOwUUDPOT wbUzUwWETI I DPOPUDPOOWET | POI EwbO

”T'Y,ﬁ T'Y,ﬁ 8 8 T',Yﬁ T',Yﬁ 0l
1w Tw Tw Tw i

Yo Yo Yo Y Il

::T ,h ) ,h 8 8 T, R T, R o

. ||T‘§ T(g 88Tw8 Tw o
_yv il 8 8 8 8 8
L I A Ty Ty Ty "
LT o 28 g T -
mY & 'Y & Ty Ty 0

g o o 2% To o U

Equation 148
Each of these entries will be defined in this section. First, Jacobian expressions
for the solid -biofilm interface nodes (all Jacobian values not mentioned hereafter are
zero entries). It is worth noting that only that derivatives of ® not need to be taken and

can be considered constant because the>  vector is what is actually be solved for after

every time-step. The @ is assumed to be known from the previous iteration, and is thus

constant.
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Equation 149

. TYh o
Uh T | w v

Equation 150

TR o
Tw M H

Equation 152

. T YR o
Uk T | w v

Equation 153

Next, the Jacobian expressions for the interior nodes are provided below:

U S
h HH c3iHIHTIH”

Equation 154

q . .
5 —_ J(IHU-
h 3H |
Equation 155
0 f | © 0

Equation 156

J;_ I S f
H ¢HIHUT TR

=y

Equation 157
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0 {5 | ,IH- ®
Equation 158
0 j | ® 0
Equation 159
Next, the Jacobian expressions for the biofilm-water interface node are:
VR P
Equation 160

O 5 I, - ®

Equation 162

Thus, the Jacobian matrix (_15 and Residual vector (5]_ for this system have been

defined.
B.1.10Method of Lines

The solution of this system then will look like a set of vectors « for each time
point, defining the dimensionless concentrations of mobile/immobilized nanoparticle at

each spatial node overtime.

Equation 163
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To get these values, fundamentally what is being solved are sets of nonlinear
equations, and the solution method for this is a modified Newton -Raphson algorithm
for implementation in initial value problems. This involves solving the following

equation for «E | which represents the y-vector at some time poin _ ,wherekisthe

index for time -points (thus, time point

the timepoint following timepoint

{ & & qyf

Equation 164

This method assumes that « Ehas already been solved for, and expressioniﬂ ¥
l « has been determined, and a time step sizéGhas been defined. This equation is an

adaption of the implicit euler method for solving initial value problems for non -linear

systems. This nonlinear equation is solved by making a guess for « 7 using it to
calculate the value of the steady-state residual matrix 3[_“ 1? B& | andthen
evaluating these terms to find 3[_ for that guess of « & . If the value of 3[_ is then very

small (defined by the norm of 5]_ being less than some tolerance), then the equation has

been solved for and «& is known. If not, then to determine the next guess for « g , the

Jacobian for the system _lL is calculated using:

il

Equation 165
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Where Lis the identity matrix, and F QB . The nextguess for. B s

then calculated using the following equation, where the backslash operator represents

solving the linear system.

L .k

Equation 166

This new value of «B s then used to evaluate Equation Error! Reference source
not found. , and if the norm of 4 is less than the set tolerance, than the 8 is accepted,
and the next value of «& s calculated by using the just calculated value of the next first

guess. This whole process can be summarized by the following algorithm:

B.2 Python Scripts

. Parameter
Main Code | \/-trix Generator

r p
- ~
_ Residual-
Main Solver Megil:]%g of Jacobian
Generator
\_ v
L J

( .CSV Generator ]

v
[Report Generator]
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B.2.1 Main Code

#!/usr/bin/env python3
# -*- coding: utf -8 -*-

# %% Code Version Numbers
vn_N6=1.0 #See meta - data at bottom for details
vn_Main_Code=1.0 #See meta - data fro details

# %% Current Machine Running Code with neccesary adjustments

"""Machine code feature is commented out as we aren't running the code on multiple
machines for now, just my local machine Replaced with simple direct_export_path and
internal_export_path variables™"

# %% Current Machine Running Code with neccesary adjustments
machine_number=2 #Input the machine you are running this code on

""Machine codes:
Josh's Macbook - 1
Josh'sPC - 2

if machine_number == 1: #Code to assign the right export paths for each machine, since
each is unique

direct_export_path=r'/Users/joshuaprince/Library/CloudStorage/Box - Box/Quantum
Biofilms/Code/Aim3/Finite - Differences/Code/Direct Exports'

internal_export_path=r'/Users/joshuaprince/Library/CloudStorage/Box - Box/Quantum
Biofilms/Code/Aim3/Finite - Differences/Code/Internal Exports'

if machine_number == 2: #Code to assign the right export paths for each machine, since
each is unique

direct_export_path=r'C: \ Users \ joshu \ Box\ Quantum Biofiims  \ Code\ Aim3\ Finite -
Differences  \ N16\ Code\ Direct Exports'
internal_export_path=r'C: \ Users \ joshu \ Box\ Quantum Biofiims  \ Code\ Aim3\ Finite -

Differences  \ N16\ Code\ Internal Exports'

# %% | don't remember what this is for but I'm scared to delete it
from IPython import get_ipython
get_ipython().magic(‘reset - sf')

# %% Imports

import time

import os

import numpy as np

from N16_RJ import *

from N16_method_of_lines import *
from N16_parameter_tester import *
from N16_parameter_matrix import *
from N16_report_generator import *
from N16_csv_generator import *
from N16_linear_fitting import *

from N16_experimental_data_extractor import *
from N16_exp_data_fitter import *

# %% Start Timer
t_start=time.time()

# %% Determine what run number this is then update run number
counter_file = open(f‘counter_file.txt",'r+")
old_count_number=int(counter_file.read())
new_count_number=str(old_count_number+1)

counter_file = open(f“counter_file.txt",'w")
counter_file.write(new_count_number)

counter_file.close()

# %%lnputs Code Block
h=np.array([0.01]) #Define timesteps to test
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tol=np.array([10**( - 8)]) #Define the tolerance the code will run with when
Newton - Rhapson

tl=np.array([0]) #Define initialtime vector of values to test

t2=np.array([5]) #Final Time

nx=np.array([100]) #Mesh size

gamma=np.array([1]) #Define effective diffusivity

alpha=np.array([1]) #Define dimensionless and porosity adjusted binding rate constant
xi=np.array([ - 1]) #Define attachment site density heterogeniety parameter
eta=np.array([2.5]) #Define dimensionless attachment site density at center of
hemisphere

kappa=np.array([1]) #Definedimensionless equilibrium constant

beta=np.array([ - 0.1]) #Define porosity heterogeniety parameter (phiLl - phi0)
phiO=np.array([0.8]) #Define porosity at center of hemisphere

Kp=np.array([1]) #Define partition coeffecient

# rho=np.zeros(len(phi_min)) #initialize rho vector

# eps=np.zeros(len(phi_min)) #initialize epsilon vector

# for i in np.arange(0,len(rho)):

#  rho[i]=phi_max

#  # eps[i]=0 #hard - coding in beta equal to zero to simualte no porosity profile
#  epsli]=(phi_max[i] - phi_min[i])/(np.exp(b)+1)

ci=10**( - 10) #Define the inital concentration in the biofilm (Can't be zero, if one
wants to be zero, set it to a very small number instead)

#%% Grab Experimental Results to fit to model

# # experimental_data_file=r'C: \ Users \ joshu \ Box\ Quantum Biofiims  \ Processed
Data \ Extracted data from literature \ tseng_fits_Fig2B_Cyt5tob_incubation.csv'

# experimental_data_file=r'C: \ Users \ joshu \ Box\ Quantum Biofiims  \ Processed Data
data from literature \ tseng_fits_Fig2B_Cy5cipro_incubation_bump.csv'

# [experimental_results,fit_coeff] =

experimental_data_extractor(experimental_data_file)

# %% Generate Parameter Matrix for Testing
[parameter_matrix,parameter_combos_count,vn_parameter_matrix_generator]=parameter_matri
x_generator(h,tol,t1,t2,nx,gamma,alpha,xi,eta,kappa,beta,phi0,Kp)

# %% Run parameters through numerical model (Heart of the Code)
[c_set,vn_parameter_checker,vn_method_of_lines,vn_RJ] =
parameter_checker(parameter_matrix,ci) #output the set of concentration over time and
space results for each set of parameters tested
#[c_set,vn_parameter_checker,vn_method_of_lines,vn_RJ] =
parameter_checker(parameter_matrix,ci) #output the set of concentration over time and
space results for each set of parameters tested

# # %% Compare Model to Experimental Data

#
fitting_results=exp_data_fitter(c_set,experimental_results,parameter_combos_count,inter
nal_export_path,kconv,t2,direct_export_path,new_count_number,machine_number)

# %%

# %% Export results to csv files

vN_csv_generator =
csv_generator(c_set,parameter_combos_count,parameter_matrix,direct_export_path,new_coun
t_number,machine_number)

# %% Fit model to first order approximation, plot approximation, and determine fit of
approximation
#[perc_acc_matrix,vn_linear_fitting]=linear_fit(c_set,parameter_combos_count,parameter_
matrix,internal_export_path)

# %% Report Generator: Exports Plots as Word Document to Seperate Directory (see file
N2_report_generator.py)
#report=plot_generator(c_set,parameter_combos_count,parameter_matrix,new_count_number,v
n_N6,vn_Main_Code,vn_parameter_matrix_generator,vn_parameter_checker,vn_csv_generator,v
n_method_of_lines,vn_RJ,perc_acc_matrix,vn_linear_fitting,machine_number,internal _

t_path)
report=plot_generator(c_set,parameter_combos_count,parameter_matrix,new_count_number,vn
_N6,vn_Main_Code,vn_parameter_matrix_generator,vn_parameter_checker,vn_csv_generator,vn
_method_of_lines,vn_RJ,machine_number,internal_export_path)

running

\ Extracted

expor
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# %% Stop Timer

#End timer

t_end=time.time()

total_time=t_end - t_start

print(‘Total time is sec'.format(total_time))

#%% To export report, turn on this code block

#Finish Report

para5=report.add_paragraph(f'Time to Run (sec): ")
report_filename_partial=FN16_report.docx'
report_filename_full=os.path.join(direct_export_path,report_filename_partial)
report.save(report_filename_full)

B.2.2 Parameter Matrix Generator

#!/usr/bin/env python3
# -*- coding: utf -8 -*-

vn_parameter_matrix_generator=1.1
import numpy as np
def parameter_matrix_generator(h,tol,t1,t2,nx,gamma,alpha,xi,eta,kappa,beta,phio,Kp):

parameter_combos_count=len(h)*len(tol)*len(t1)*len(t2)*len(nx)*len(gamma)*len(alpha)*le
n(xi)*len(eta)*len(kappa)*len(beta)*len(phi0)*len(Kp) #Number of combination of
parameters needed to test

parameter_matrix = np.zeros((parameter_combos_count,13)) #Initialize matrix with
new combo of paramters in each row. 9 is because there are 9 paramteres, can change if
model changes

k=0 #Begin counter for parameter matrix loop

for h_iin h: #Loop for timestep

for tol_i in tol: #Loop for tolerances
fortl_iin tl: #Loop for inital time
for t2_iin t2: #Loop for final time
for nx_i in nx: #Loop for mesh - size
for gamma_i in gamma:
for alpha_i in alpha:
for xi_i in xi:
for eta_i in eta:
for kappa_i in kappa:
for beta_i in beta:
for phiO_i in phiO:
for Kp_i in Kp:
k=k+1
parameter_matrix[k,:]=

[h_itol_i,t1_i,t2_i,nx_i,gamma_i,alpha_i,xi_i,eta_i,kappa_i,beta_i,phi0_i,Kp_i]

return [parameter_matrix,parameter_combos_count,vn_parameter_matrix_generator]
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B.2.3 Main Solver

#!/usr/bin/env python3
# -*- coding: utf -8 -*-

vn_parameter_tester=1.1

import numpy as np
from N16_method_of_lines import *
from N16_Newton_Rhapson import *

def parameter_checker(parameter_matrix,ci): #unpack paramteres and test
#def parameter_checker(parameter_matrix,ci): #unpack paramteres and test

#Calculate other internal paramters to model
parameter_combos_count=np.shape(parameter_matrix) [0]
c_set = [[0 for i in range(15)] for j in range(parameter_combos_count)]
for i in np.arange(0,parameter_combos_count,1): #Begin for loop to test the
different model paramters using MOL #Check if you got he upperbound right
h=parameter_matrix[i,0] #Define timesteps to test
tol=parameter_matrix[i,1] #Define the tolerance the code will run with when
running Newton - Rhapson
tl=parameter_matrix[i,2] #Define initialtime vector of values to test
t2=parameter_matrix[i,3] #Final Time
nx=int(parameter_matrix[i,4]) #Mesh size
gamma=parameter_matrix[i,5] #Define effective diffusivity
alpha=parameter_matrix[i,6] #Define dimensionless and porosity adjusted binding
rate constant
xi=parameter_matrix[i,7] #Define attachment site density heterogeniety
parameter
eta=parameter_matrix[i,8] #Define dimensionless attachment site density at
center of hemisphere
kappa=parameter_matrix[i,9] #Define shape paramter for binding site profile
beta=parameter_matrix[i,10] #Define porosity heterogeniety parameter (phiLI

phi0)

phiO=parameter_matrix[i,11] #Define porosity at center of hemisphere

Kp=parameter_matrix[i,12] #Define partition coeffecient

#Calculate internal paramters to model

x=np.linspace(0,1,nx+1) #Define x (note, if x doesn't range from 0 to 1, should
edit this)

c_set[i][0]=x #Pass along x - vector for this parameter set for plotting

t=np.arange(t1,t2+h,h) #Define t

c_set[i][1]=t #Pass along t - vector for this parameter set for plotting

ny=2*nx #Solution vector size

nt=len(t) #Define the number of timepoints

c_set[i][2]=nt #Pass along number of time - points used for this parameter set
for plotting

y=np.zeros((ny+2,nt)) #Initialize y

y=y+ci #Make starting values not exactly equal to zero (divide by zero erros
pop up)

y[ - 2,0]=1 #Set the boudnary condition to the right value (makes everything
easier)

p=[gamma,alpha,xi,eta,kappa,beta,phiO,Kp] #dimensionless parameter matrix

#Run calculation for parameters of interest

[c,whoops,vn_method_of _lines,vn_RJ]=method_of_lines(t,x,y,h,p,tol) #Find the
concntration profiles in space and time using Method of Lines (MOL)

#[c,whoops,vn_method_of_lines,vn_RJ]=method_of_lines(t,x,y,h,p,tol) #Find the
concntration profiles in space and time using Method of Lines (MOL)

print('you whoopsed many times'.format(whoops))

#Unpack the data

cim=np.zeros((nx+1,nt)) #Initalize new concentration array where bound and
unbound NP concentrations are "unpacked" such that they occupy two different matrices
in the same 3 - D array

cia=np.zeros((nx+1,nt))

cit=np.zeros((nx+1,nt))
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ctm=np.zeros((nx+1,nt)) #Initalize new concentration array where bound and
unbound NP concentrations are "unpacked" such that they occupy two different matrices
inthe same 3 - D array

cta=np.zeros((nx+1,nt))

ctt=np.zeros((nx+1,nt))

xindex=np.arange(0,nx+1)

ySS_guess=np.zeros(2*nx+2)

#Define porosity profile for total voluem concentrations

#Translate results into better defined matrix
for x_i in xindex:
j=2*x_i #secondary index (position of unbound NP concentration in original
concentration matrix)
k=2*x_i+1 #Secondary index (position of bound NP concentration in original
concentration matrix)
cim[x_i,:]=c[j,:]
cia[x_i,:]=c[k,:]
cit[x_i,:]=c[j,:]*+c[k,:]
phi=beta*x[x_i]+phiO
ctm[x_i,:]=clj,:]*phi
cta[x_i,:]=c[k,:]*phi
ctt[x_i,:]=ctm[x_i,:]+cta[x_i,:]
yss_guess[j]=c[j,nt -1]
yss_guess[k]=c[k,nt -1]
c_set]i][3]=cim
c_set]i][4]=cia
c_set[i][5]=cit
c_set[ij[12]=ctm
c_set[i][13]=cta
c_set[i][14]=ctt

# # %% Calcualte Steady - state profile
# [css,whoops2,vn_Newton_Rhapson,vn_RJss]=Newton_Rhapson(x,yss_guess,p,tol)
#Find concentration profile at steady - state using Newton - Rhapson method

# print('you were bamboozled on ss calc many times'.format(whoops2))

# #Unpack SS profile and pass along to c_set

# cm_ss=np.zeros((nx+1,nt)) #Initalize new concentration array where bound and
unbound NP concentrations are "unpacked" such that they occupy two different matrices
in the same 3 - D array

# ca_ss=np.zeros((nx+1,nt))

# ct_ss=np.zeros((nx+1,nt))

# for x_i in xindex:

# j=2*x_i #secondary index (position of unbound NP concentration in
original concentration matrix)

# k=2*x_i+1 #Secondary index (position of bound NP concentration in
original concentration matrix)

# for x_iin xindex:

# j=2*x_i #secondary index (position of unbound NP concentration in
original concentration matrix)
# k=2*x_i+1 #Secondary index (position of bound NP concentration in
original concentration matrix)
# cm_ss[x_i]=css][j]
# ca_ss[x_i]=css[k]
# ct_ss[x_i]=Kp*css[j]+css[k]
# c_set[i][9]=cm_ss #Pass along steady - state mobile nanoparticle concentration
# c_set[i][10]=ca_ss #Pass along steady - state attached nanoparticle
concentration
# c_set[i][11]=ct_ss #Pass along steady - state total nanoparticle concentration

#Find average NP Concentration Overtime
average_mobile_conc_overtime=np.zeros(nt)
average_attached_conc_overtime=np.zeros(nt)
average_total_conc_overtime=np.zeros(nt)
tindex=np.arange(0,nt)

for t_i in tindex:
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average_mobile_conc_overtime[t_iJ=np.average(ctm[:,t_i])
average_attached_conc_overtime[t_i]=np.average(cta[:,t_i])
average_total_conc_overtime[t_i]= é
average_mobile_conc_overtime[t_iJ+average_attached_conc_overtime[t_i]
c_set[i][6]=average_mobile_conc_overtime
c_set[i][7]=average_attached_conc_overtime
c_set[i][8]=average_total_conc_overtime

return [c_set,vn_parameter_tester,vn_method_of_lines,vn_RJ]

B.2.4 Method of Lines

#!/usr/bin/env python3
# -*- coding: utf -8 -*-

vn_method_of_lines=1.1

import numpy as np

import scipy as sp

from scipy import sparse
from scipy.sparse import *

from N16_RJ import *

def method_of_lines(t,x,y,h,p,tol):
yw=y[:,0] #Initalize the working concentration vector
index=np.arange(0,len(t)) #Creater index vector
whoops=0 #initialize error function
for i in index: #Begin for loop which iterates over all the entries in the time
vector, assigning them the value td
yold=yw #update the old y - value
[R,J,vn_RJI=RJI(x,yw,p); #Calculate Residual and Jacobian from new y value
R=yw-yold - h*R

k=0
while np.linalg.norm(R)>tol :
k=k+1
J=np.eye(len(yw)) - h*J; #Calculate new Jacobian from new y

J=sp.sparse.csc_matrix(J)

dif= - sp.sparse.linalg.spsolve(J,R) #Apply built in sparse Linear solver to
find delta from J and R

yw=yw+dif ; #Update y

[R,J,nv_RJ]=RJ(x,yw,p); #Calculate Residual and Jacobian from new y value

R=yw yold - h*R ; #Update Residual

if k>100:
print("Whoops')
whoops=whoops+1
break
yl:il=yw

return (y,whoops,vn_method_of_lines,vn_RJ)
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B.2.5 Residual-Jacobian Generator

#!/usr/bin/env python3
# -*- coding: utf -8 -*-

vn_RJ=1.1

import numpy as np

def RJ(x,y,p):

#def RI(x,y,p,t):
nx=len(x) -1 #Grab the mesh size for position
ny=len(y) -2 #Grab number of y - points

dx=1/nx #Calculate the distance between nodes (assumes domain is from 0 to 1)
gamma=p[0] #Define effective diffusivity
alpha=p[1] #Define dimensionless and porosity adjusted binding rate constant
xi=p[2] #Define attachment site density heterogeniety parameter
eta=p[3] #Define dimensionless attachment site density at center of hemisphere
kappa=p[4] #Define shape paramter for binding site profile
beta=p[5] #Define porosity heterogeniety parameter (phiLl - phi0)
phiO=p[6] #Define porosity at center of hemisphere
Kp=p[7] #Define partition coeffecient
R=np.zeros(ny+2) #Initialize R
J=np.zeros((ny+2,ny+2)) #Initialize J
index=np.arange(0,ny+2) #Creater index vector
for i in index:

if i==0:

I=int(i/2)

R[i]=2*gamma/dx**2*(y[i+2] -y[i) - vylil*(alpha*(eta -
yli+1]))+alpha*kappa*y[i+1]

scopel=2*gamma/dx**2*(y[i+2] -y[i) - vli]*(alpha*(eta -
yli+1]))+alpha*kappa*y[i+1]

Ji,il=  -2*gammal/dx**2 - alpha*(eta - y[i+1])

J[i,i+2]=2*gamma/dx**2

J[i,i+1]=alpha*(y[i]+kappa)

elif i%2==1:

I=int((i -1)/2)

Ril=yli - 1]*(alpha*(xi*x[]]+eta -y[i)) - alpha*kappa*y[i]

Jli,il= - alpha*(y[i - 1]+kappa)

Jli,i - 1]=alpha*(xi*x[|]+eta -y[iD

elif i==ny:

I=int(i/2)

Rlil=yfl -1

J[i,i=1

elif i%2==0 and i!=0:

I=int(i/2)

R[i]l=gamma/dx**2*(y[i+2] - 2%y[il+y[i -
2])+gamma/(2*dx)*(2/x[l]+beta/(beta*x[I]+phi0))*(y[i+2] -y[i -2]) -
ylil*(alpha*(xi*x[]] +eta - y[i+1]))+alpha*kappa*y[i+1]

J[i,i]= - 2*gamma/dx**2 - alpha*(xi*x[l]+eta - y[i+1])

J[i,i+2]=gamma/dx**2+gamma/(2*dx)*(2/x[l]+beta/(beta*x[l]+phi0))

Ji,i - 2]=gamma/dx**2 - gamma/(2*dx)*(2/x[|]+beta/(beta*x[l]+phi0))

J[i,i+1]=alpha*(y[i]+kappa)

else:

print('Uh oh)

return (R,J,vn_RJ)
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B.2.6 .CSV File Generator

#!/usr/bin/env python3
# -*- coding: utf -8 -*-

vn_csv_generator=1.2

import numpy as np
import pandas as pd
import os

def
csv_generator(c_set,parameter_combos_count,parameter_matrix,direct_export_path,new_coun
t_number,machine_number):
for pc_i in np.arange(0,parameter_combos_count,1): #Begin for loop to plot the
different model paramters using MOL
cm=c_set[pc_i][3] #Grab current Mobile concentration data to plot
ca=c_set[pc_i][4] #Grab current Attached concentration data to plot
ctt=c_set[pc_i][14] #Grab current Total total volume concentration data to
export
t=c_set[pc_i][1] #Grab time - vector for this parameter set for plotting
x=c_set[pc_i][0] #Grab the position - vector for this parameter set for plotting
t_oof=np.floor(np.log10(np.abs(t[1]))).astype(int) #order of magninutde of
time - step
t=np.around(t, - t_oof) #Remove some rounding errors from time data - set
x=np.around(x,3) #Remove some rounding errors from position data - set
ca_data=pd.DataFrame(data=ca, index=x, columns=t) #Create pandas dataframe for
bound concentration
cm_data=pd.DataFrame(data=cm, index=x, columns=t) #Create pandas dataframe for
unbound concentration
ca_data_filename_partial=f'bounddata{pc_i_{new_count_number -
{machine_number.csv'
ca_data_filename_full=os.path.join(direct_export_path,ca_data_filename_patrtial)
cm_data_filename_partial=f'unbounddata{pc_i_{new_count_number -
{machine_number.csv'
cm_data_filename_full=os.path.join(direct_export_path,cm_data_filename_partial)
ca_data.to_csv(ca_data_filename_full) #Export bound dataframe as csv
cm_data.to_csv(cm_data_filename_full) #Export unbound dataframe as csv
ca_data_filename_partial=f'bounddata{pc_i_{new_count_number -
{machine_number.csv'
ca_data_filename_full=os.path.join(direct_export_path,ca_data_filename_patrtial)
cm_data_filename_partial=f'unbounddata{pc_i_{new_count_number - {machine_number
.csv'
cm_data_filename_full=os.path.join(direct_export_path,cm_data_filename_partial)
ca_data.to_csv(ca_data_filename_full) #Export bound dataframe as csv
cm_data.to_csv(cm_data_filename_full) #Export unbound dataframe as csv
ctt_data=pd.DataFrame(data=ctt, index=x, columns=t) #Create pandas dataframe
for unbound total concentration
ctt_data_filename_partial=f'totaltotaldata{pc_i_{new_count_number -
{machine_number{.csv'

ctt_data_filename_full=os.path.join(direct_export_path,ctt_data_filename_partial)
ctt_data.to_csv(ctt_data_filename_full) #Export unbound dataframe as csv

return vn_csv_generator
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B.2.7 Report Generator

#!/usr/bin/env python3
# -*- coding: utf -8 -*-

vn_report_generator=1.8

import os

import numpy as np

import matplotlib.pyplot as plt

import docx

from docx.shared import Pt

from datetime import datetime

import matplotlib.animation as anim

from matplotlib.animation import FuncAnimation

def
plot_generator(c_set,parameter_combos_count,parameter_matrix,new_count_number,vn_N2,vn_
Main_Code,vn_parameter_matrix_generator,vn_parameter_checker,vn_csv_generator,vn_method
_of_lines,vn_RJ,machine_number,internal_export_path):
""" Static Plotting (Exported to Word Document)™"
report=docx.Document()
report.add_heading(f'Results from N16 Run #{new_count_number - {machine_number',0)
now = datetime.now()
dt_string = now.strftime("%d/%m/%Y %H:%M:%S")
date_time_line=report.add_paragraph('Date and Time Report Generated: ')
date_time_line.add_run(dt_string)
report.add_paragraph(fMachine number ran on - {machine_number")
report.add_paragraph(fN2 version: {vn_N2')
report.add_paragraph(f'Main Code version: {vn_Main_Code')
report.add_paragraph(f'Parameter Matrix Generator version:
{vn_parameter_matrix_generator")
report.add_paragraph(f'Parameter Checker version: {vn_parameter_checker’)
report.add_paragraph(fCSV Generator version: {vn_csv_generator’)
report.add_paragraph(f'Method of Lines version: {vn_method_of_lines')
report.add_paragraph(f'Residual - Jacobian Calculator version: {vn_RJ")
report.add_paragraph(fReport Generator version: {vn_report_generator')
#report.add_paragraph(f'Linear Approximator version: {vn_linear_fitting')
style=report.styles['Normal']
font=style.font
font.name="Arial'
font.size=Pt(9)

for pc_i in np.arange(0,parameter_combos_count,1): #Begin for loop to plot the
different model paramters using MOL
cm=c_set[pc_i][3] #Grab current Mobile concentration data to plot
ca=c_set[pc_i][4] #Grab current Attached concentration data to plot
ct=c_set[pc_i][5] #Grab current Total concentration data to plot
cm_ss=c_set[pc_i][9]
ca_ss=c_set[pc_i][10]
ct_ss=c_set[pc_i][11]
cut=c_set[pc_i][12]
cat=c_set[pc_i][13]
ctt=c_set[pc_i][14]
average_mobile_conc_overtime=c_set[pc_i][6]
average_attached_conc_overtime=c_set[pc_i][7]
average_total_conc_overtime=c_set[pc_i][8]
t=c_set[pc_i][1] #Grab time - vector for this parameter set for plotting
nt=c_set[pc_i][2] #Grab number of time points for this parameter set for
plotting
x=c_set[pc_i][0] #Grab the position - vector for this parameter set for plotting
break_paragraph=report.add_paragraph(’ '
break_paragraph.runs[0].add_break(docx.enum.text. WD_BREAK.PAGE)
""" 'Will add these back once code is working™"
report.add_heading('Parameter Set %i'%pc_i,1)
paral=report.add_paragraph(f'Step - size (h) : {parameter_matrix[pc_i,0] )
paral.add_run(finitial time (t1) : {parameter_matrix[pc_i,2] )
paral.add_run(f'Final time (t2) : {parameter_matrix[pc_i,3] ')
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paral.add_run(fMesh size (nx) : {parameter_matrix[pc_i,4]")

para2=report.add_paragraph(f'Effective diffusivity (gamma) :
{parameter_matrix[pc_i,5] )

para2.add_run(fDimensionless attachment rate constant (alpha):
{parameter_matrix[pc_i,6] )

para3=report.add_paragraph(f'Dimensionless binding site density heterogeniety
(xi): {parameter_matrix[pc_i,7] )

para3.add_run(f:Dimensionless binding site density at hemisphere center (eta)
{parameter_matrix[pc_i,8] )

parad=report.add_paragraph(f'Dimensionless equilibrium constant (kappa):
{parameter_matrix[pc_i,9] )

parad.add_run(f'Porosity Heterogeniety Constant (beta):
{parameter_matrix[pc_i,10] ")

para5=report.add_paragraph(f'Porosity at hemisphere center (phi0):
{parameter_matrix[pc_i,11] )

para5.add_run(f'Partition Coeffecient (Kp): {parameter_matrix[pc_i,12] ")

# %%Find relelvant maximums and minimums

upper_1 = np.amax(cm)*1.1 #Upper bound on Mobile Concentration

# upper_2 = np.amax(average_conc_overtime)*1.1 #Upper Bound on Average Mobile
Concentration

# upper_3 = np.amax(change_in_concentration)*1.1 #Upper Bound on Change in
Average Concentration

upper_4 = np.amax(ca)*1.1 #Upper bound on Bound Concentration

upper_5= np.amax(ct)*1.1 #Upper bound on total concentration

# upper_5 = np.amax(taverage_conc_overtime)*1.1 #Upper Bound on Average total
Concentration

# upper_6 = np.amax(tchange_in_concentration)*1.1 #Upper Bound on total Change
in Average Concentration

# upper_7 = np.amax(logtavg_conc_overtime)*1.1 #Upper bound on log of total
average NP conc

# upper_8 = np.amax(logtchange_conc)*1.1 #Upper bound on log of total change in
conc

# lower_7 = np.amin(logtavg_conc_overtime)*1.1 #Lower bound on log of total
average NP conc

# lower_8 = np.amin(logtavg_conc_overtime)*1.1 #Upper bound on log of total
change in conc

upper_9= np.amax(cut)*1.1 #Upper bound on mobile total concentration

upper_10= np.amax(cat)*1.1 #Upper bound on attached total concentration

upper_11= np.amax(ctt)*1.1 #Upper bound on total total concentration

# %%Mobile

#tindex_u=np.array([0,5,10,25,50,75,100,125,150,200,250]) for masnual control
over timepoints plotted

tp_u=10 #number of time points to plot

#Linear discretization of plotted timepionts
space_u=int((nt - 1)/tp_u) #Linear discreitzation of timepoints
tindex_u=np.arange(0,nt,space_u) #Linear discreitization of timepoints
fori_u in tindex_u:

cc_u=cm[:,i_u]

ti_u=round(t[i_u],5)

plt.plot(x,cc_u,label="t={ '.format(ti_u))

plt.xlim(left=0,right=1)

plt.ylim(bottom=0,top=upper_1)
plt.xlabel('Position’,fontsize=14)

plt.ylabel('Dimensionless Concentration’,fontsize=14)
plt.title('Dimensionless Mobile Concentration plot',fontsize=16)
plt.xticks(fontsize=12)

plt.yticks(fontsize=12)

plt.legend(loc=(0.1,0.1))
Mobile_filename_partial=f'Mobileplot{pc_i .png'
Mobile_filename_full=0s.path.join(internal_export_path,Mobile_filename_partial)
plt.savefig(Mobile_filename_full)

plt.close()

# %%Attached
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tp_b=10 #number of time points to plot

#Linear discretization of plotted timepionts
space_b=int((nt - 1)/tp_b) #Linear discreitzation of timepoints
tindex_b=np.arange(0,nt,space_b) #Linear discreitzation of timepoints
fori_b in tindex_b:

cc_b=ca[:,i_b]

ti_b=round(t[i_b],5)

plt.plot(x,cc_b,label="t={ '.format(ti_b))

plt.xlim(left=0,right=1)

plt.ylim(bottom=0,top=upper_4)

plt.xlabel('Position’,fontsize=14)

plt.ylabel('Dimensionless Concentration',fontsize=14)
plt.title('Dimensionless Attached Concentration plot',fontsize=16)
plt.xticks(fontsize=12)

plt.yticks(fontsize=12)

plt.legend(loc=(0.1,0.1))
Attached_filename_partial=f'Attachedplot{pc_i .png’

Attached_filename_full=0s.path.join(internal_export_path,Attached_filename_partial)
plt.savefig(Attached_filename_full)
plt.close()
pics_paragraphl=report.add_paragraph()
picl=pics_paragraphl.add_run()
picl.add_picture(Mobile_filename_full, width=docx.shared.Inches(3))
pic2=pics_paragraphl.add_run()
pic2.add_picture(Attached_filename_full, width=docx.shared.Inches(3))

# %% Total
tp_t=10 #number of time points to plot

#Linear discretization of plotted timepionts
space_t=int((nt - 1)/tp_t) #Linear discreitzation of timepoints
tindex_t=np.arange(0,nt,space_t) #Linear discreitzation of timepoints
fori_tin tindex_t:

cc_t=ct[:,i_t]

ti_t=round(t[i_t],5)

plt.plot(x,cc_t,label="t={ '.format(ti_t))

#Logarthmic discreitzation of plotted timepoints
lognt_t=np.log10(nt) #Logarthmic timepoints
logspace_t=round((lognt_t)/tp_t,10) #Logarthmic timepoints
logtindex_t=np.arange(0,lognt_t,logspace_t) #Logarthmic timepoints
plt.figure(9*pc_i+2)
for logi_t in logtindex_t:

i_t=int(10**logi_t)

cc_t=ct[:,i_t]

ti_t=round(t[i_t],5)

plt.plot(x,cc_t,label="t={ ".format(ti_t))

plt.xlim(left=0,right=1)

plt.ylim(bottom=0,top=upper_5)
plt.xlabel('Position’,fontsize=14)

plt.ylabel('Dimensionless Concentration’,fontsize=14)
plt.title('Dimensionless Total Concentration plot',fontsize=16)
plt.xticks(fontsize=12)

plt.yticks(fontsize=12)

plt.legend(loc=(0.1,0.1))
total_filename_partial=f'Totalplot{pc_i .png'
total_filename_full=os.path.join(internal_export_path,total_filename_partial)
plt.savefig(total_filename_full)

plt.close()

# %%Mobile total
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#tindex_u=np.array([0,5,10,25,50,75,100,125,150,200,250]) for masnual control

over timepoints plotted

tp_ut=10 #number of time points to plot

#Linear discretization of plotted timepionts
space_ut=int((nt - 1)/tp_ut) #Linear discreitzation of timepoints
tindex_ut=np.arange(0,nt,space_ut) #Linear discreitization of timepoints
fori_utin tindex_ut:

cc_ut=cut[:,i_ut]

ti_ut=round(t[i_ut],5)

plt.plot(x,cc_ut,label="t={ ".format(ti_ut))
plt.xlim(left=0,right=1)
plt.ylim(bottom=0,top=upper_9) #Change this
plt.xlabel('Position’,fontsize=14)
plt.ylabel('Dimensionless Concentration',fontsize=14)
plt.title('Dimensionless Total Mobile Concentration’,fontsize=16)
plt.xticks(fontsize=12)
plt.yticks(fontsize=12)
plt.legend(loc=(0.1,0.1))
Mobile_total_filename_partial=f'Mobileplot_totalpc_i .png’

Mobile_total_filename_full=0s.path.join(internal_export_path,Mobile_total_filename_part

ial)

plt.savefig(Mobile_total_filename_full)
plt.close()

pics_paragraph2=report.add_paragraph()
pic3=pics_paragraph2.add_run()

pic3.add_picture(total_filename_full, width=docx.shared.Inches(3))
pic4=pics_paragraph2.add_run()
pic4.add_picture(Mobile_total_filename_full, width=docx.shared.Inches(3))

# %%Attached total
tp_bt=10 #number of time points to plot

#Linear discretization of plotted timepionts
space_bt=int((nt - 1)/tp_bt) #Linear discreitzation of timepoints
tindex_bt=np.arange(0,nt,space_bt) #Linear discreitzation of timepoints
for i_btin tindex_bt:

cc_bt=cat[:,i_bt]

ti_bt=round(t[i_bt],5)

plt.plot(x,cc_bt,label="t={ ".format(ti_bt))

plt.xlim(left=0,right=1)

plt.ylim(bottom=0,top=upper_10)

plt.xlabel(‘Position’,fontsize=14)

plt.ylabel('Dimensionless Concentration',fontsize=14)
plt.titte('Dimensionless Attached Total Concentration',fontsize=16)
plt.xticks(fontsize=12)

plt.yticks(fontsize=12)

plt.legend(loc=(0.1,0.1))
Attached_total_filename_partial=f'Attachedplot_total{pc_i .png'

Attached_total_filename_full=os.path.join(internal_export_path,Attached_total_filename_

partial)

plt.savefig(Attached_total_filename_full)
plt.close()

# %% Total total
tp_tt=10 #number of time points to plot

#Linear discretization of plotted timepionts
space_tt=int((nt - 1)/tp_tt) #Linear discreitzation of timepoints
tindex_tt=np.arange(0,nt,space_tt) #Linear discreitzation of timepoints
for i_ttin tindex_tt:

cc_tt=ctt[:,i_tt]
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ti_tt=round(t[i_t],5)
plt.plot(x,cc_tt,label="t={ '.format(ti_tt))

#Logarthmic discreitzation of plotted timepoints
lognt_t=np.log10(nt) #Logarthmic timepoints
logspace_t=round((lognt_t)/tp_t,10) #Logarthmic timepoints
logtindex_t=np.arange(0,lognt_t,logspace_t) #Logarthmic timepoints
plt.figure(9*pc_i+2)
for logi_t in logtindex_t:

i_t=int(10**logi_t)

cc_t=ct[:,i_t]

ti_t=round(t[i_t],5)

plt.plot(x,cc_t,label="t={ ".format(ti_t))

plt.xlim(left=0,right=1)

plt.ylim(bottom=0,top=upper_11)
plt.xlabel('Position’,fontsize=14)

plt.ylabel('Dimensionless Concentration',fontsize=14)
plt.titte('Dimensionless Total Total Concentration’,fontsize=16)
plt.xticks(fontsize=12)

plt.yticks(fontsize=12)

plt.legend(loc=(0.1,0.1))
total_total_filename_partial=f'Totalplot_total{pc_i .png’

total_total_filename_full=os.path.join(internal_export_path,total_total_filename_partia
)

plt.savefig(total_total_filename_full)

plt.close()

pics_paragraph3=report.add_paragraph()

pic5=pics_paragraph3.add_run()
pic5.add_picture(Attached_total_filename_full, width=docx.shared.Inches(3))
pic6=pics_paragraph3.add_run()

pic6.add_picture(total_total_filename_full, width=docx.shared.Inches(3))

# %%Unbound NP Change in Concentration vs Concentration
plt.figure(7*pc_i+3)
plt.plot(average_conc_overtime,change_in_concentration)
plt.xlim(left=0,right=upper_2)

plt.ylim(bottom=0,top=upper_3)
plt.xlabel('Concentration’,fontsize=14)

plt.ylabel('Dimensionless Change in Concentration',fontsize=14)
plt.titte("Unbound dC vs C plot',fontsize=16)
plt.xticks(fontsize=12)

plt.yticks(fontsize=12)

dCunbound_filename_partial=f'"dC Unboundplot{pc_i .png'

dCunbound_filename_full=0s.path.join(internal_export_path,dCunbound_filename_partial)
plt.savefig(dCunbound_filename_full)
plt.close()
pics_paragraph2=report.add_paragraph()
pic3=pics_paragraph2.add_run()
pic3.add_picture(avgunbound_filename_full, width=docx.shared.Inches(3))
pic4=pics_paragraph2.add_run()
pic4.add_picture(dCunbound_filename_full, width=docx.shared.Inches(3))

""# %%Total NP Change in Concentration vs Concentration
plt.figure(7*pc_i+5)
plt.plot(taverage_conc_overtime,tchange_in_concentration)
plt.xlim(left=0,right=upper_5)

plt.ylim(bottom=0,top=upper_6)
plt.xlabel('Concentration’,fontsize=14)

plt.ylabel('Dimensionless Change in Concentration',fontsize=14)
plt.title('Total dC vs C plot',fontsize=16)
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plt.xticks(fontsize=12)
plt.yticks(fontsize=12)
dCtotalNP_filename_partial=f'dC totoINPplot{pc_i .png'

dCtotalNP_filename_full=os.path.join(internal_export_path,dCtotalNP_filename_partial)
plt.savefig(dCtotalNP_filename_full)
plt.close()
pics_paragraph3=report.add_paragraph()
pic5=pics_paragraph3.add_run()
pic5.add_picture(avgtotalNP_filename_full, width=docx.shared.Inches(3))
pic6=pics_paragraph3.add_run()
pic6.add_picture(dCtotalNP_filename_full, width=docx.shared.Inches(3))

# %%Logarithms of Total NP Change in Concentration vs Concentration
plt.figure(7*pc_i+6)
plt.plot(logtavg_conc_overtime,logtchange_conc)
plt.xlim(left=lower_7,right=upper_7)
plt.ylim(bottom=lower_8,top=upper_8)
plt.xlabel('Log of Dimensionless Concentration',fontsize=14)
plt.ylabel('Log of Dimensionless Change in Concentration',fontsize=14)
plt.title(‘'Total log(dC) vs log(C) plot',fontsize=16)
plt.xticks(fontsize=12)
plt.yticks(fontsize=12)
logdCtotalNP_filename_partial=f'logdC totoINPplot{pc_i .png’

logdCtotalNP_filename_full=0s.path.join(internal_export_path,logdCtotalNP_filename_part
ial)

plt.savefig(logdCtotaINP_filename_full)

plt.close()

pics_paragraph4=report.add_paragraph()

pic7=pics_paragraph4.add_run()

pic7.add_picture(logdCtotalNP_filename_full, width=docx.shared.Inches(3))

%%Total NP Change in Concentration vs Concentration Animation

dCvC_anim_fig=plt.figure()

dCvC_anim_plot=plt.plot([])

dCvC_anim_holder=dCvC_anim_plot[0]

plt.xlim(left=0,right=upper_5)

plt.ylim(bottom=0,top=upper_6)

plt.xlabel(*Concentration',fontsize=14)

plt.ylabel('Dimensionless Change in Concentration’,fontsize=14)

plt.title('Total dC vs C plot',fontsize=16)

plt.xticks(fontsize=12)

plt.yticks(fontsize=12)

tp_dCvC_anim=100 #number of time points to plot for the animation for unbound
concntration

space_dCvC_anim=int((nt - 1)/tp_dCvC_anim) #space between timepoints

def dCvC_animate(frame):

#update plot

dCvC_anim_holder.set_data((taverage_conc_overtime[0:frame*space_dCvC_anim],tchange_in_c
oncentration[0:frame*space_dCvC_animy]))

dCvC_anim=anim.FuncAnimation(dCvC_anim_fig,dCvC_animate,frames=tp_dCvC_anim,interval=10
0)
dCvC_anim_filename_partial=fdCvC_anim{pc_i .gif'

dCvC_anim_filename_full=os.path.join(internal_export_path,dCvC_anim_filename_partial)
dCvC_anim.save(dCvC_anim_filename_full)
#pics_paragraph5=report.add_paragraph() commented out when no log plot
#pic8=pics_paragraph5.add_run()
pic7.add_picture(dCvC_anim_filename_full, width=docx.shared.Inches(3))

return report
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Appendix C: Finite-Elements MATLAB Code

( 3
Hemisphere Bacteria
Generator Generator
2
Geometry GB'OﬁIT
Generation enerator
. i J
Y
o ( Mesh Generator )
Main Code Finite-
Elements
( Model Solver )
Post- v
Processing | One-D +
Heatmap Coordinate Attachment
Generator Transfer Post- Post-Processing

Processing

A sample of the MATLAB code used to run the finite -element simulations is

included here for reference. This code is used for the 2D finite -element simulations.

C.1 Main Code

Clear cache

clc

close all

clear all

Change MATLAB path

%homepath for running on DCC

homepath="C: \ Users \ joshu \ Box\ Quantum Biofilms  \ Code\ Aim3\ Dynamic
Simulations  \ No_center \ zeroBeta'; %Define home directory for code
cd(homepath) %Change directory to this home path

%Add function library to path
addpath('Library')

% %homepath for running on PC
% homepath='C: \ Users \ joshu \ Box\ Quantum
Biofilms \ Code\ Aim3\ Simulations \ Stationary \ Constant_Porosity \ Constant_Attachment  \ NoFlux_
Microspheres'; %Define home directory for code
% cd(homepath) %Change directory to this home path
Update Code Run#
% Load the current value of the counter
if exist(‘counter.mat’, ‘file’)

load(‘counter.mat', ‘counter’);
else

counter = 0; % Initialize if the file does not exist

end
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% Increment the counter
counter = counter + 1;

% % Display the updated counter value
% fprintf('The script has been run %d times. \ n', counter);

% Save the updated counter value back to the MAT - file
save(‘counter.mat’, ‘counter’);

Input Parameters to Model
% Define ECM parameters
hemisphere_radius=256 ;

%Bacterial geometry parameters

num_shells=16 ;

shell_size= hemisphere_radius/num_shells;

microsphere_radius=(shell_size/2 -2);

inner_Radius=16 ; %Want a small inner radius that isn't in domain, only want it to take
up one subshell

phi_LI=0.9;

phi_SI=0.9;

beta= (phi_LI - phi_Sl)/(hemisphere_radius - inner_Radius);
rho=phi_LI - beta*hemisphere_radius ;

%Mesh Parameters
Hmin=2;

%Attachment Site Parameters
xi=0;

eta=2.5;

kappa=1;

%Dynamic Parameters
dt=1000; %timestep

t0=0; %lnitial time
tf=100000; %Final time
time=t0:dt:tf; %time Vector

%Specifcy Model Parameters, these essentially never change
m=0 ; %Always zero, no second order time differential
c=1; %diffusivity

d=1; %0=steady - state, 1=transient

a=0 ; %0=no ECM attachment

f=0 ; %0=no ECM attachment

c0=1; %ECM - water BC, concentration value

h=1 ; %ECM - water BC, concentration coeffecient
g1=0; %ECM- substratum BC, concentration coeffecient
91=0; %ECM- substratum BC, flux value

g2=0; %ECM- bacteria BC, concentration coeffecient
g2=0; %ECM- bacteria BC, flux value

ci=0 ; %Initial Condition

%Specify ECM attachment parameters

Make new directory for saving files associated with run

% Step 1: Create a new folder

folderName = sprintf('Simulation_beta=%d_#%d',beta,counter) ; % Name of the new folder
mkdir(folderName); % Create the new folder

Begin report for Code

import mireportgen.dom.*;

% Define the full path for the document
docPath = fullfile(folderName, sprintf(‘'SimulationResults_Run%d.docx', counter));

% Create a Word document at the specified path
doc = Document(docPath, 'docx’);

% Current date and time
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timestamp = datestr(now, 'yyyy - mmdd HH:MM:SS");

% Add a title

title = Paragraph(sprintf('Report for Run # %d',counter));
title.Bold = true;

title.FontSize = '24pt’;

append(doc, title);

% Add a section heading
heading = Paragraph('Metadata’);
heading.Bold = true;
heading.FontSize = '18pt';
append(doc, heading);

% Define Model Assumptions
textl = Paragraph(‘'Time - dependance: Dynamic'); %Steady - state vs Transient
append(doc, textl);

% Add a section heading

heading = Paragraph('Simulation Parameters');

heading.Bold = true;

heading.FontSize = '18pt’;

append(doc, heading);

% Add a table

table = Table({'Parameter’, 'Value'; ...
'Run#', counter; ...
'Porosity_LI', phi_LlI; ...
'Porosity_SlI', phi_Sl; ...
'Hemisphere Radius', hemisphere_radius; ...
‘'Shell Size', shell_size; ...
‘Microsphere Radius', microsphere_radius; ...
'Attachment Site Heterogeniety (xi)', xi;...
'Attachment Site Density (eta)', eta;...
‘Attachment Equilibrium Constant (kappa)', kappa;...
‘Minimum Mesh Size', Hmin );

append(doc, table);

% Add a section heading
heading = Paragraph('Solver Parameters');
heading.Bold = true;
heading.FontSize = '18pt;
append(doc, heading);
% Add a table
table = Table({'Model Parameter', 'Value; ...
‘Second - order time differential’, m; ...
‘Diffusivity’, c; ...
'First - order time differential’, d; ...
'ECM Attachment Term 1'/a; ...
'ECM Attachment Term 2', f; ...
'ECM- water BC, concentration value', c0; ...
'ECM- water BC, concentration coeffecient', h; ...
'ECM- substratum BC, concentration coeffecient’, q1; ...
'ECM- substratum BC, flux value', g1; ...
'ECM- bacteria BC, concentration coeffecient’, q2; ...
'ECM- bacteria BC, flux value', g2 );
append(doc, table);

Background

This script is the first version of the MATLAB script(s) to be used to run FEM
simulations for species transport in bacteria biofilms. The high - level workflow of this
script starts with taking in .tiff files containg the information on the biofilm

interfac e, bacteria location and surface locations (either artifically generated or
from experimental data). These .tiff files are then tranformed into .stl files. These

data are then combined into a single final biofilm geometry. This geometry is then used
by PDE toolbox to run a simulation of species transport through that geometry. The
simulation results are then visualized.

Interoperability With Hydrogel Work

These scripts aim to be generalizable to both the work being done with biofilm
transport and hydrogel transport. The hydrogel transport is being stuided as a useful
proxy for biofilm transport.
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Equation Being Solved

Generate Biofilm - Liquid Interface .stl file

tic

ECMgeo_generator2 - D(hemisphere_radius,folderName,counter,inner_Radius);

% ECMgeo_generator2 - Dfun(hemisphere_radius,folderName,counter,inner_Radius);
% %Use this version for funnel - version of problem

ECM_time=toc;

text=  Paragraph(sprintf(ECM geometry generator time: %d
minutes',round(ECM_time/60,3))); %Steady - state vs Transient

append(doc, text);

Generate Bacteria .stl file

tic

bacteriageo_generator2 -
D(phi_LI,phi_Sl,hemisphere_radius,microsphere_radius,shell_size,folderName,counter,inne
r_Radius,beta,rho); %Generate randomized bacterial matrix (phi_LI,phi_0)
Bacteria_time=toc;

text = Paragraph(sprintf('Bacteria geometry generator time: %d
minutes',round(Bacteria_time/60,3))); %Steady - state vs Transient
append(doc, text);

Generate PDE Geometry

% tic

% [model,numEdges,figureFileName_full]=biofilmgeo_generator2 -
D(counter,folderName,hemisphere_radius,inner_Radius);

% Biofilm_time=toc;

% text = Paragraph(sprintf('Biofilm geometry generator time: %d
minutes',round(Biofilm_time/60,3))); %Steady - state vs Transient
% append(doc, text);

Save Geometry Data to Report

% %Add the Generated Geometry figure to the report

% figimage = Image(figureFileName_full);

% figimage.Style = {ScaleToFit ; % Scale the image to fit the page

% append(doc, figimage);

Generate Mesh

% % tic

% % figureFileName_full=generate_mesh(model,counter,Hmin,folderName);
% % Mesh_time=toc;

% % text = Paragraph(sprintf('Mesh generator time: %d minutes',round(Mesh_time/60,3)));
%Steady - state vs Transient

% % append(doc, text);

Save Mesh Data to Report

% % %Add the figure to the report

% % figlmage = Image(figureFileName_full);

% % figlmage.Style = {ScaleToFit ; % Scale the image to fit the page

% % append(doc, figimage);

Define Model to Solve for Geometry

% tic

%
model_solver_dynamic(model,m,c,d,a,f,c0,h,q1,91,q2,92,time,ci,numEdges,folderName,count
er); %Call and execute model solver

% Solver_time=toc;

% text = Paragraph(sprintf(‘'Solver time: %d minutes',round(Solver_time/60,3)));
%Steady - state vs Transient

% append(doc, text);

%

% counter2=0 %In case | neeed to hardcode the counter

% folderName2=0; % Name of the new folder in case | need to hardcode in the folder to
pull simulations from

Code If Using Old Data

counter2=7; %In case | neeed to hardcode the counter

folderName2 = sprintf('Simulation_beta=%d_#%d',beta,counter2) ; % Name of the new
folder

% Add to report what old data is being used
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text5 = Paragraph(sprintf('Using Simulation Results from Simulation# : %d',counter));
%Steady - state vs Transient

append(doc, text5);

Generate 2 - D Concentration Heat Map Plot Overtime

tic
TwoDHeatMapTime(folderName,hemisphere_radius,counter,counter2,folderName2,time);
HeatMap_time=toc;

text = Paragraph(sprintf('Heat Map time: %d minutes',round(HeatMap_time/60,3)));
append(doc, text);

Generate 2 - D Centerline Concentration Profile

% tic

%
figureFileName_full=TwoDCenterplaneplot_generator(folderName,hemisphere_radius,counter,
folderName2,counter2) %ilf re - using old simulation data

%

% TwoDCenterlineplot_time=toc

% text = Paragraph(sprintf('2 - D Centerline Concentration Plot time: %d
minutes',round(TwoDCenterlineplot_time/60,3))); %Steady - state vs Transient
% append(doc, text);

%

% % Add the figure to the report

% figimage = Image(figureFileName_full);

% figimage.Style = {ScaleToFit ; % Scale the image to fit the page

% append(doc, figimage);

%

Find 1 - D Spherical Concentration Profile (ECM and total volume basis)

tic
[figureFileName_fulll=OneDSphericalConcentration_Generator_Dynamic(folderName,counter,h
emisphere_radius,shell_size,folderName2,counter2,time,inner_Radius,beta,rho) ; %lf re
using old simulation data)

OneDSphericalplot_time=toc

text = Paragraph(sprintf('AD Spherical Coordinate Concentration Plots Time: %d
minutes',round(OneDSphericalplot_time/60,3))); %Steady - state vs Transient
append(doc, text);

% Add the figure to the report

figlmage = Image(figureFileName_full);

figlmage.Style = {ScaleToFit ; % Scale the image to fit the page
append(doc, figimage);

% % Add the figure to the report

% figimage = Image(figureFileName_full2);

% figimage.Style = {ScaleToFit ; % Scale the image to fit the page

% append(doc, figimage);

%

% % Add the figure to the report

% figimage = Image(figureFileName_full3);

% figimage.Style = {ScaleToFit ; % Scale the image to fit the page

% append(doc, figlmage);

%

%

Find 1 - D Spherical Attached/Total Species Concentration Profile (Shell and Position
Averaging)

% tic

%
[figureFileName_full5,figureFileName_full6,figureFileName_full7,figureFileName_full8]=A
ttachmentSite_Generator(folderName,counter,kappa,xi,eta);

% Attachmentplot_time=toc

% text = Paragraph(sprintf(‘Attachment Concentration Plots Time: %d
minutes',round(Attachmentplot_time/60,3)));

% append(doc, text);

%

% % Add the figure to the report

% figimage = Image(figureFileName_full5);

% figlmage.Style = {ScaleToFit ; % Scale the image to fit the page

% append(doc, figimage);

%

% % Add the figure to the report

% figlmage = Image(figureFileName_full6);

% figlmage.Style = {ScaleToFit ; % Scale the image to fit the page
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% append(doc, figimage);

%

% % Add the figure to the report

% figlmage = Image(figureFileName_full7);

% figlmage.Style = {ScaleToFit ; % Scale the image to fit the page
% append(doc, figimage);

%

% % Add the figure to the report

% figlmage = Image(figureFileName_full8);

% figimage.Style = {ScaleToFit ; % Scale the image to fit the page
% append(doc, figimage);

Close and save the report

% Close the document

close(doc);

% % Open the document
% rptview(doc.OutputPath);

C.2 Hemisphere Generator

function ECMgeo_generator2 - D(hemisphere_radius,folderName,counterl,inner_radius)
%Generate the ECM geometry for your simulation

% Load the current value of the counter
if exist(‘counter_hemisphere_surface.mat’, 'file')
load('counter_hemisphere_surface.mat', ‘counter’);
else
counter = 0; % Initialize if the file does not exist
end

% Increment the counter
counter = counter + 1;

% Display the updated counter value
fprintf('This is the %d generated hemisphere geometry. \ n', counter);

% Save the updated counter value back to the MAT - file
save(‘counter_hemisphere_surface.mat', ‘counter’);

import mireportgen.dom.*;

% Define the full path for the document
filename=sprintf(ECMGeometryGeneratorResults_Run%d',counter);
docPath = fullfile(folderName, filename);

% Create a Word document at the specified path
doc = Document(docPath, 'docx’);

% Current date and time
timestamp = datestr(now, 'yyyy - mmdd HH:MM:SS);

% Add a title

title = Paragraph(sprintf('Report for ECM Geometry Generator Run #%d',counter));
title.Bold = true;

title.FontSize = '24pt’;

append(doc, title);

% Add a table

table = Table({'"Parameter’, 'Value'; 'ECMGeometry#', counter; 'Hemisphere Radius',
hemisphere_radius );

append(doc, table);

% Define the size and resolution of your 3 -Dgrid
[X, y] = meshgrid( - hemisphere_radius:1:hemisphere_radius, 0:1:hemisphere_radius); %
Note the change in the z - range
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% Compute the distance of each point from the origin
distance = sqrt(x."2 + (y - hemisphere_radius)."2);

% Create a binary mask for the upper hemisphere with a small section
% cut - out (remove divide by zero errors in other solution)
binaryMask = (distance <= hemisphere_radius) & (y >= 0) & (distance>=inner_radius);

%Create planes of zeros to pad the faces of the mask
blank_planel=zeros(size(binaryMask,1),1);
blank_plane2=zeros(1,size(binaryMask,2)+2);

%Pad the bacteria geometry to align it with ECM geometry:
binaryMask = cat(2, binaryMask ,blank_planel);
binaryMask = cat(2, blank_planel, binaryMask );
binaryMask = cat(1, binaryMask ,blank_plane2);
binaryMask = cat(1, blank_plane2, binaryMask );

% Generate new spatial coordinate system
[X, y] = meshgrid(0:1:2*hemisphere_radius+2,
linspace(hemisphere_radius+2,0,hemisphere_radius+3)); % Note the change in the z - range

% Create the isocontour plot

%  fig=figure('Visible','off");
fig=figure;
[C,h]=contour(x, y,binaryMask, [0.623,0.623]);

% title('Isocontour Plot");
xlabel('X");
ylabel('Y");
% Save the figure
figureFileName=sprintf(ECMgeo_Run%d.png',counterl);
figureFileName_full=fullfile(folderName, figureFileName);
saveas(fig, figureFileName_full); % Save as a PNG file
% Add the figure to the report
figlmage = Image(figureFileName_full);
figlmage.Style = {ScaleToFit ; % Scale the image to fit the page
append(doc, figimage);

vertices=[]; %edges matrix
faces=[]; %faces matrix
k1=1,;
base=1,;
vertices=[C(1,2), C(2,2)];%This line is particular to the ECM code
k3=1 ; %This line if particlar to the ECM come
for i1=3:size(C,2) %loop over all of the entries of the contour output function
% if C(1,i1)==0.623 %found new contour lines
%  kl=k1+1; %update contour number counter
%  %finish last contour line
% faces(end,:)=[]; %override last face
%  Ystart new contour line
% base=il - k1 ; %Define base vertex for all edges
% flag=1; %set flag
% elseif flag==1 %skip face assingment for first entry in new contour line
%  k3=k3+1; %vertices number counter
% vertices=[vertices; [C(1,i1), C(2,i1)]];
% flag=0;
% else
k3=k3+1; %vertices number counter
vertices=[vertices; [C(1,i1), C(2,i1)]];
faces=[faces; [base, k3, k3+1]];
% end
end
faces(end,:)=[]; %override last face for last contour

%Grab inner hemisphere vertices and substratum vertices for BC definition later
inner_hemi_vert=[];
for i=1:length(vertices)
if vertices(i,2)>0.7 && vertices(i,2)<inner_radius+1 &&
vertices(i,1)>hemisphere_radius -inner_radius -1&&
vertices(i,1)<hemisphere_radius+inner_radius+2 %0.7 comes from the 0.623 you sued for
isocontour
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inner_hemi_vert=[inner_hemi_vert ; vertices(i,:)];
end
if vertices(i,2)<0.7
inner_hemi_vert=[inner_hemi_vert ; vertices(i,:)];
end
end

%Interpolate between inner hemisphere vertices to rpevent leakage
x=inner_hemi_vert(:,1);
y=inner_hemi_vert(:,2);

% Number of interpolated points between each pair of adjacent points
numinterpPoints = 4;

% Initialize arrays for new interpolated x and y values
x_interp = [J;
y_interp =[];

for i = 1:length(x) -1
% Start and end points
x_start = x(i);
x_end = x(i + 1);
y_start = y(i);
y_end = y(i + 1);

% Linear interpolation for x and y values
x_temp = linspace(x_start, x_end, numinterpPoints + 2);
y_temp = linspace(y_start, y_end, numinterpPoints + 2);

% Append the interpolated points, excluding the last point to avoid duplication
X_interp = [x_interp, x_temp(1:end -1)];
y_interp = [y_interp, y_temp(1:end -1)];

end

% Append the last point
x_interp = [x_interp, x(end)];
y_interp = [y_interp, y(end)];

inner_hemi_vert_int=zeros(length(y_interp),2);
inner_hemi_vert_int(:,1)=x_interp ;
inner_hemi_vert_int(:,2)=y_interp ;

%Save the vertices
filename=sprintf(‘hemi_Vertices_%d.mat',counterl);
save(fullfile(folderName, filename),'inner_hemi_vert_int',’ -v7.3') %Save variable

for ease re - running code

pgon=polyshape(vertices); %Create polygon shape from vertices

%Plot polygon shape
fig=figure();
plot(pgon)

% Save the figure
figureFileName=sprintf(ECMgeopoly_Run%d.png',counterl);
figureFileName_full=fullfile(folderName, figureFileName);

% saveas(fig, figureFileName_full); % Save as a PNG file

% % Add the figure to the report

% figlmage = Image(figureFileName_full);

% figlmage.Style = {ScaleToFit ; % Scale the image to fit the page
% append(doc, figimage);

%Save the polygon
filename=sprintf(Hemispheregeo_Run%d.mat',counterl);
save(fullfile(folderName, filename),'pgon’,’ -v7.3") %Save variable for ease re

running code

%Create triangulation object
TR = triangulation(pgon);

174




%Save traingulation object
filename=sprintf('hemisphere_tri_Run%d.mat',counterl);

% Plot the triangulation
fig=figure;
triplot(TR);

% title('Triangulation from Contour Plot’);
% Save the figure
figureFileName=sprintf(ECMgeotri_Run%d.png',counterl);
figureFileName_full=fullfile(folderName, figureFileName);
saveas(fig, figureFileName_full); % Save as a PNG file

% Add the figure to the report

figlmage = Image(figureFileName_full);

figimage.Style = {ScaleToFit ; % Scale the image to fit the page
append(doc, figimage);

% Close the document
close(doc);

end

save(fullfile(folderName, filename), TR', -v7.3") %Save variable for

C.3 Microsphere Generator

function bacteriageo_generator2 -

D(phi_LI,phi_0,hemisphere_radius,microsphere_radius,shell_size,folderName,counterl,inne

r_Radius,beta,rho)

% Display the updated counter value

fprintf('This is the %d generated bacterial geometry. \ n', counterl);

% Save the updated counter value back to the MAT - file
save(‘counter_bacteriageo.mat', 'counterl');

import mireportgen.dom.*;

% Define the full path for the document
filename=sprintf('BacteriaGeometryGeneratorResults_Run%d',counterl);
docPath = fullfile(folderName, filename);

% Create a Word document at the specified path
doc = Document(docPath, 'docx");

% Current date and time
timestamp = datestr(now, 'yyyy - mmdd HH:MM:SS");

% Add a title

title = Paragraph(sprintf('Report for Bacterial Geometry Generator Run
#%d',counterl));

title.Bold = true;

title.FontSize = '24pt’;

append(doc, title);

% Add a table

table = Table({'Parameter’, 'Value'; 'Geometry#', counterl; ‘Porosity_LI', phi_LI;
'Porosity_0', phi_0; 'Hemisphere Radius', hemisphere_radius; 'Microsphere Radius’,
microsphere_radius; 'Shell Size', shell_size );

append(doc, table);

% Define the size of the 3 - D volume (adjust as needed)
volumeSize = [hemisphere_radius+1,hemisphere_radius*2+1];

%Generate position - vector for shell positions

175



num_shells=((volumeSize(2) - 1)/2)/shell_size -
inner_Radius/hemisphere_radius*shell_size ; %Calculate the number of shells

shell_positions=zeros(num_shells,4); %Initialize the shell r - coordinate limits
vector (first column is the shell - number, second is the lower r - limit, third is the
upper r - limit, fourth is the center -1

shell_positions_dim=shell_positions;%Initialize dimensionless shell radial
positions vector

%generate vector for storing porosity values for each shell
porosity=zeros(num_shells,3) ;

%Create binary mask for spheres
binaryMask = false(volumeSize);

kl=inner_Radius; %running position tracker

% Generate new spatial coordinate system
[X, Y] = meshgrid(0:1:2*hemisphere_radius,
linspace(hemisphere_radius,0,hemisphere_radius+1)); % Note the change in the z - range
radius = microsphere_radius; %Define radius
buffer=radius+2 ; %New definition of buffer

%Primary loop over all shells
for i=1:num_shells %Begin loop

shell_positions(i,1)=i ; %Define the shell - number for the shell - position vector
porosity(i,1)=i ; %Define the shell - number for the porosity vector
shell_positions_dim(i,1)=i ; %Define the shell - number for dimensionless shell

position vector
shell_positions(i,2)=k1 ; %Define the r lower limit
shell_positions(i,4)=k1+shell_size/2 ; %Define the center -r
k1l=kl+shell_size; %Update position tracker
shell_positions(i,3)=k1 ; %Define the r upper limit

%Define sphere properties
shell_positions_dim(i,2:end)=shell_positions(i,2:end)./hemisphere_radius ;
%Define dimensionless shell radial positions

% num_spheres=(1 - beta*shell_positions_dim(i,4) - rho)*(shell_positions(i,3)"2 -
shell_positions(i,2)"2)/(2*radius"2); %Define number of spheres needed
num_spheres=(1 - beta*shell_positions(i,4) - rho)*(shell_positions(i,3)"2 -

shell_positions(i,2)"2)/(2*radius”2); %Define number of spheres needed

%Calculate Porosity and Store in Porosity Vector

porosity(i,2)=beta*shell_positions(i,4)+rho ;

% porosity(i,2)=beta*shell_positions_dim(i,4)+rho ;

porosity(i,3)=1 - 2*num_spheres*radius”"2/(shell_positions(i,3)"2 -
shell_positions(i,2)"2) ; %Calculate porosity second way to confirm good math

if i==1 %Case of first subshell, don't want microsphere sticking out bottom
subVolumeLimits = [shell_positions(i,2)+buffer, shell_positions(i,3) ; O,
pil; % Define the limits for X, Y, and Z
elseif i==num_shells %Case of last subshell, don't want microsphere sticking
out top
subVolumeLimits = [shell_positions(i,2), shell_positions(i,3) - buffer ; 0,
pil; % Define the limits for X, Y, and Z
else %all others don't need buffer
subVolumeLimits = [shell_positions(i,2), shell_positions(i,3) ; 0, pi]; %
Define the limits for X, Y, and Z
end

for j = L:int8(num_spheres)
overlap = true;
while overlap
% Initialize flag for the second while loop
validCenter = false;

while ~validCenter
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% Randomize the coordinates of the center of the sphere in
spherical coordinates

r_rand = subVolumeLimits(1, 1) + (subVolumeLimits(1, 2) -
subVolumeLimits(1, 1)) * rand; % Generate a random radial value using upper/lower
limits

theta_rand = subVolumeLimits(2, 1) + (subVolumeLimits(2, 2) -
subVolumeLimits(2, 1)) * rand; % Generate a random theta value using upper/lower limits

center_sph = [r_rand; theta_rand]; % Generate random positions
within subVolumeLimits

% Translate those randomized coordinates into cartesian coordinates
(This should provide some relatively randomized jitter to the system)

translate=[hemisphere_radius,0] ; %Specify x - coordiante
translation that is needed to properly move the origin for coordinate transformation

center_cart = polar_cart_coord_transfer(center_sph,translate);

% Check if the center coordinate causes overlap with

% the edges of the geometry

Condl=center_cart(2) >= microsphere_radius+2 ; %Check for
microsphere too close to bottom

Cond2=center_cart(2) <= volumeSize(1) - microsphere_radius -2 ; %Check
for microsphere too close to top

Cond3=center_cart(1) >= microsphere_radius+2 ; %Check for
microsphere too close to LHS

Cond4=center_cart(1) <= volumeSize(2) - microsphere_radius -2 ; %Check
for microsphere too close to RHS

if Condl && Cond2 && Cond3 && Cond4

validCenter = true; % Valid center found, exit the while loop
end
end

% Create a sphere at these randomized coordinates using the
% formula for a circle

sphereMask = (X - center_cart(1))."2 + (Y - center_cart(2))."2 <=
radius"2;
sphereMask_buffer= (X - center_cart(1)).”2 + (Y - center_cart(2))."2 <=
(radius+2)"2;
% Check for overlap
overlap = any(binaryMask(sphereMask_buffer), ‘all’);
% If no overlap, add sphere to binary mask
if ~overlap
binaryMask = binaryMask | sphereMask;
end
end
end
end

%Create planes of zeros to pad the faces of the mask
blank_planel=zeros(size(binaryMask,1),1);
blank_plane2=zeros(1,size(binaryMask,2)+2);

%Pad the bacteria geometry to align it with ECM geometry:
binaryMask = cat(2, binaryMask ,blank_planel);
binaryMask = cat(2, blank_planel, binaryMask );
binaryMask = cat(1, binaryMask ,blank_plane2);
binaryMask = cat(1, blank_plane2, binaryMask );

% Define the center of the volume (central point)
center = [(size(binaryMask,2) - 1)/2, size(binaryMask, 1) -1];

% Get the indices of all true values in the binary mask
[trueX, trueY] = ind2sub(size(binaryMask), find(binaryMask));

% Calculate the distance of each true value from the center
true_distances = sqrt((trueX - center(1))."2 + (trueY - center(2)).”2);

% Check if any true value is outside the desired radius
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outsideRadius = true_distances > hemisphere_radius;

% If any true values are found outside the desired radius, print their coordinates

if any(outsideRadius)
disp('There are true values outside the specified radius.");
trueValuesOutside = [trueX(outsideRadius), trueY (outsideRadius)];
disp(‘Coordinates of true values outside the radius:");
disp(trueValuesOutside);

else
disp(‘All true values are within the specified radius.");

end

% Define the center of the volume (central point)
center = [(size(binaryMask,2) -1)/2, 1];

% Generate new spatial coordinate system
[X, Y] = meshgrid(0:1:2*hemisphere_radius+2,
linspace(hemisphere_radius+2,0,hemisphere_radius+3)); % Note the change in the z

% Calculate distances from the center for each element in the binary mask

distances = round(sgrt((X - center(1)).”2 + (Y - center(2)).72),0);

% Get unique distances
unique_distances = unique(distances);

% Initialize array to hold average values
average_values = zeros(size(unique_distances,1),2);
average_values(:,1)=unique_distances;

% Compute average value of binary mask for each unique distance
for i = 1:length(unique_distances)
mask_at_distance = distances == unique_distances(i);
average_values(i,2) = 1 - mean(binaryMask(mask_at_distance));
end

% Create a figure

fig=figure('Visible','off');
plot(unique_distances,average_values(:,2),'ok -,
xlabel('Dimensionless Radial Position’);

ylabel('Porosity");

hold on

plot(shell_positions(:,4),porosity(:,2),'or");
plot(shell_positions(:,4),porosity(:,2),'b -

legend('Posiiton - Average Porosity','Shell - Average Porosity', Theoretical

Porosity','Location’,'southeast’);

% Save the figure
figureFileName=sprintf('Porosity_Run%d.png',counterl);
figureFileName_full=fullfile(folderName, figureFileName);
saveas(fig, figureFileName_full); % Save as a PNG file

% Add the figure to the report

figlmage = Image(figureFileName_full);

figlmage.Style = {ScaleToFit ; % Scale the image to fit the page
append(doc, figimage);

% Generate new spatial coordinate system
[X, y] = meshgrid(0:1:2*hemisphere_radius+2,
linspace(hemisphere_radius+2,0,hemisphere_radius+3)); % Note the change in the z

% Create the isocontour plot
% fig=figure('Visible','off");

fig=figure;

[C,h]=contour(x, y,binaryMask, [0.623,0.623));
% title('Isocontour Plot’);

xlabel("X");

ylabel('Y");

%Import Hemisphere Model Geometry
filename=sprintf(Hemispheregeo_Run%d.mat',counterl);

- range

- range

178




filepath_full=fullfile(folderName, filename);
data = load(filepath_full);
if isstruct(data)
cell = struct2cell(data); % Load data to a cell
if ~isempty(cell)
pgon = cell{1 ; % Extract data in cell into variable
else
error('Loaded Data is empty');
end
else
error(‘'Failed to load data’);
end
clear cell

vertices_all=[]; %initialize all vertices matrix
vertices=[]; %lnitialize working vertices matrix
for i1=2:size(C,2) %loop over all of the entries of the contour output function
if C(1,i1)==0.623 %found new contour line
newhole=polyshape(vertices); %create new polyhspae from previous vertices
pgon = addboundary(pgon,vertices); %remove polyshape from geometry
vertices_all=[vertices_all ; vertices];
vertices=[]; %restart vertices matrix
else
vertices=[vertices; [C(1,i1), C(2,i1)]];
end
end

%Add last vertice to find the substratum
vertices_all=[vertices_all; [hemisphere_radius/2, 50]];
vertices_all=[vertices_all; [3*hemisphere_radius/2, 0]];

%Import Inner hemi vertices
filename=sprintf('hemi_Vertices_%d.mat',counterl);
filepath_full=fullfile(folderName, filename);
data = load(filepath_full);
if isstruct(data)
cell = struct2cell(data); % Load data to a cell
if ~isempty(cell)
hemi_vert = cell{1 ; % Extract data in cell into variable
else
error('Loaded Data is empty");
end
else
error(‘Failed to load data’);
end
clear cell

%Add hemi vertices
vertices_all=[vertices_all; hemi_vert];

%Save the vertices

filename=sprintf('Vertices_%d.mat',counterl);

save(fullfile(folderName, filename),'vertices_all',' - v7.3') %Save variable for ease
re - running code

%Plot polygon shape
fig=figure();
plot(pgon)

% Save the figure
figureFileName=sprintf('Bacteriapoly_Run%d.png',counterl);
figureFileName_full=fullfile(folderName, figureFileName);

% saveas(fig, figureFileName_full); % Save as a PNG file

% % Add the figure to the report

% figlmage = Image(figureFileName_full);

% figimage.Style = {ScaleToFit ; % Scale the image to fit the page
% append(doc, figimage);

%Save the polygon
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filename=sprintf('Bacteria_Run%d.mat',counterl);
save(fullfile(folderName, filename),'pgon’,’ - v7.3') %Save variable for ease re
running code

%Create triangulation object
TR = triangulation(pgon);

% Plot the triangulation

fig=figure;

triplot(TR);
% title("Triangulation from Contour Plot');
%

%Save traingulation object

filename=sprintf('bacteria_tri_Run%d.mat',counterl);

save(fullfile(folderName, filename),'TR',' - v7.3') %Save variable for ease re
running code

% Save the figure

figureFileName=sprintf('Bacteria Geometry_Run%d.png',counterl);
figureFileName_full=fullfile(folderName, figureFileName);
saveas(fig, figureFileName_full); % Save as a PNG file

% Add the figure to the report

figlmage = Image(figureFileName_full);

figlmage.Style = {ScaleToFit ; % Scale the image to fit the page
append(doc, figimage);

%Save Theoretical Porosity Vector

filename=sprintf(‘porosity_%d.mat',counterl);

save(fullfile(folderName, filename),'porosity’,' -v7.3") %Save variable for ease re
running code

%Save Measured Porosity Vector

filename=sprintf(‘porosity_meas_%d.mat',counterl);

save(fullfile(folderName, filename),'average_values',' - v7.3') %Save variable for
easere - running code

%Save Shell - Positions Vector

filename=sprintf(‘shell_positions_%d.mat',counterl);

save(fullfile(folderName, filename),'shell_positions',’ - v7.3') %Save variable for
easere - running code

% Close the document
close(doc);

end

C.4 Biofilm Generator

function [model,numEdges,figureFileName_full]=biofilmgeo_generator2 -
D(counter,folderName,hemisphere_radius,inner_Radius)

%UNTITLED3 Summary of this function goes here

% Detailed explanation goes here

% Initiative PDE model with geometry
model = createpde();

%Import Bacteria Model Geometry
filename=sprintf('bacteria_tri_ Run%d.mat',counter);
filepath_full=fullfile(folderName, filename);
data = load(filepath_full);
if isstruct(data)

cell = struct2cell(data); % Load data to a cell

if ~isempty(cell)

bacteria_tri = cell{1 ; % Extract data in cell into variable
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else
error('Loaded Data is empty");
end
else
error('Failed to load data’);
end
clear cell

nodes = bacteria_tri.Points";
elements = bacteria_tri.ConnectivityList';
geo=geometryFromMesh(model, nodes, elements);

mesh = generateMesh(model, 'Hmin', 0.1); % Example with maximum element size of
0.1

% Visualize the geometry and mesh
pdegplot(model);

fig=figure;

pdemesh(model);

% Save the figure

figureFileName=sprintf('Biofilm Meshed Geometry_Run%d.png',counter);
figureFileName_full=fullfile(folderName, figureFileName);

saveas(fig, figureFileName_full); % Save as a PNG file

%Import Bacteria/substratum/hemispheres Vertices
filename=sprintf('Vertices_%d.mat',counter);
filepath_full=fullfile(folderName, filename);
data = load(filepath_full);
if isstruct(data)
cell = struct2cell(data); % Load data to a cell
if ~isempty(cell)
vertices_bact = cell{1 ; % Extract data in cell into variable
else
error('Loaded Data is empty");
end
else
error('Failed to load data’);
end
clear cell

%Ildentify edges closest to bacteria vertices
num_vertices=size(vertices_bact,1);
bact_edges=zeros(num_vertices,1);
for il=1:size(vertices_bact,1)

bact_edges(il)=nearestEdge(geo,vertices_bact(il,:));
end

bact_edges=unique(bact_edges); %lsolate unique values

filename=sprintf('bact_edges_%d.mat',counter); %Save Shell - Positions Vector

save(fullfile(folderName, filename),'bact_edges',’ - v7.3') %Save variable for ease
re - running code

numEdges=geo.NumEdges;

end

C.5 Generate Mesh

function figureFileName_full=generate_mesh(model,counter,Hmin,folderName)

%Generate Mesh
mesh=generateMesh(model,Hmin=Hmin);

%  %Visualize Mesh
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% fig=figure('Visible','off");
% pdemesh(mesh)
% title("Mesh for Biofilm")

% Save the figure
figureFileName=sprintf('Biofilm Mesh_Run%d.png',counter);
figureFileName_full=fullfile(folderName, figureFileName);

% saveas(fig, figureFileName_full); % Save as a PNG file

end

C.6 Model Solver

function
model_solver_dynamic(model,m,c,d,a,f,c0,h,q1,91,q2,92,time,ci,numEdges,folderName,count
er)

%Specify Model Coeffecients (aka, specify the model) for Steady - state Solution
specifyCoefficients(model,"m",m,"d",d,"c",c,"a",a,"f",f);

%Import Bacteria Model Geometry
filename=sprintf('bact_edges_%d.mat',counter);
filepath_full=fullfile(folderName, filename);
data = load(filepath_full);
if isstruct(data)
cell = struct2cell(data); % Load data to a cell
if ~isempty(cell)
bact_Edges = cell{1 ; % Extract data in cell into variable
else
error('Loaded Data is empty");
end
else
error(‘'Failed to load data’);
end
clear cell

allValues=1:numEdges;
excludedValues = setdiff(allValues, bact_Edges);
hemisphere_surf=excludedValues';

%Specify Boundary Conditions

applyBoundaryCondition(model,"neumann”,'Edge’,bact_Edges,'q',q1,'g',g1) %Specify
zero - flux condition for bottom and microspheres/bacteria

applyBoundaryCondition(model,"dirichlet",'Edge’,hemisphere_surf,'h’,h,'r',c0)
%Specify constant concentration BC for rest of faces

%
applyBoundaryCondition(model,"dirichlet",'Face’,bottom_face+1:pre_merge_num_faces,'h',h
,'r',c0); %Specify constant concentration BC for rest of faces

%
applyBoundaryCondition(model,"neumann"”,'Face’,pre_merge_num_faces+1:num_faces,'q',q2,'g
',02); %Specify zero - flux condition at bacteria - ECM boundary

%Specify Initial Condition
setlnitialConditions(model,ci)

%Solve Equation (Dynamic solution)
results = solvepde(model,time);

%Extract the Results
u=results.NodalSolution;

%Save results

filename=sprintf('nodalsolution_%d.mat',counter);

save(fullfile(folderName, filename),'u’,! - v7.3)%Save variable for ease re - running
code
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filename=sprintf(PDEresults_%d.mat',counter);

save(fullfile(folderName, filename),'results',’ - v7.3")%Save variable for ease re
running code
end

C.7 HeatMap Generator

Brief summary of this function.

Detailed explanation of this function.

function
TwoDHeatMapTime(folderName,hemisphere_radius,counter,counter2,folderName2,tlist)

% Load PDE results

if counter2==0
filename = sprintf(PDEresults_%d.mat', counter);
filepath_full=fullfile(folderName, filename);

else
filename = sprintf('PDEresults_%d.mat', counter2);
filepath_full=fullfile(folderName2, filename);

end

data = load(filepath_full);
if isstruct(data)
cell = struct2cell(data); % Load data to a cell
if ~isempty(cell)
results = cell{1 ; % Extract data in cell into variable
else
error('Loaded PDEresults is empty");
end
else
error('Failed to load PDEresults');
end
clear cell

% Assuming 'results’ and 'tlist' are already defined
u = results.NodalSolution;

% Create a VideoWriter object
videoFile = sprintf(‘output_movie_%d.mp4',counter);
videoFile_full=fullfile(folderName, videoFile);

writerObj = VideoWriter(videoFile_full, 'MPEG -4Y;
writerObj.FrameRate = 10; % Set the frame rate (frames per second)
open(writerObj);

% Define the meshgrid for 2 - D plotting

[X, Y] = meshgrid(0:1:2*hemisphere_radius+2, 0:1:hemisphere_radius+2); % Note the
change in the z - range

% Interpolate the solution for each time step
v = interpolateSolution(results, X, Y, 1:length(tlist));

% Loop through each time step to plot and save frames
for i = 1:numel(tlist)
V = reshape(v(;, i), size(Y));
figure('Visible', 'off'); % Make figure invisible to prevent popping up
surf(X, Y, V, 'LineStyle', 'none");
axis equal;
view(0,90)
% title("Centerline cross - section with D="+ ¢ + " [1]");
xlabel("x");
xlim([0, 2*hemisphere_radius+2]);
ylabel("y");
ylim([0, hemisphere_radius+2));
clim([0, 1]); % Set the minimum and maximum color values
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colorbar;

% Capture the current figure as a frame
frame = getframe(gcf);
% Write the frame to the video file
writeVideo(writerObj, frame);
close(gcf); % Close the figure

end

% Close the video file
close(writerObyj);

% % Open the video file using the ‘'open' command in Terminal (for macOS)
% system(['open ', videoFile]);
end

C.8 One Coordinate Transfer Post-processing

Brief summary of this function.
Detailed explanation of this function.
function
[figureFileName_fulll=OneDSphericalConcentration_Generator_Dynamic(folderName,counter,h
emisphere_radius,shell_size,folderName2,counter2,time,inner_radius,beta,rho)
Load PDE results
if counter2==0
filename = sprintf('PDEresults_%d.mat', counter);
filepath_full=fullfile(folderName, filename);
else
filename = sprintf('PDEresults_%d.mat', counter2);
filepath_full=fullfile(folderName2, filename);
end

data = load(filepath_full);
if isstruct(data)
cell = struct2cell(data); % Load data to a cell
if ~isempty(cell)
results = cell{1 ; % Extract data in cell into variable
else
error('Loaded PDEresults is empty");
end
else
error(‘'Failed to load PDEresults’);
end
clear cell
Load Measured Porosity results
if counter2==0
filename = sprintf('porosity_meas_%d.mat',counter);
filepath_full=fullfile(folderName, filename);
else
filename = sprintf('‘porosity_meas_%d.mat',counter2);
filepath_full=fullfile(folderName2, filename);
end

data = load(filepath_full);
if isstruct(data)
cell = struct2cell(data); % Load data to a cell
if ~isempty(cell)
porosity_meas = cell{1 ; % Extract data in cell into variable
else
error('Loaded PDEresults is empty");
end
else
error('Failed to load PDEresults');
end
clear cell
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Grab x/y/z coordinates for the nodes (in order)
mesh_results=results.Mesh; %grab the mesh object inside the results
mesh_nodes=mesh_results.Nodes; %grab the nodes attribute of the mesh object, which
gives the x/y/z coordinates of the node
Translate the x/y/z coordinates to the origin of the hemisphere embedded in the model
geometry.
mesh_coordinates=mesh_nodes - [hemisphere_radius+1;1];
Translate mesh coordinates into radial vector
mesh_radial=zeros(size(mesh_coordinates,?2),1);
for i=1:size(mesh_coordinates,2)
center_cart=[mesh_coordinates(1,i),mesh_coordinates(2,i)];
center_sph =cart_polar_coord_transfer(center_cart,0);
mesh_radial(i)=center_sph(1);
end
Load nodal solution
% Load nodal solution
if counter2==0
filename = sprintf('nodalsolution_%d.mat', counter);
filepath_full=fullfile(folderName, filename);
else
filename = sprintf('nodalsolution_%d.mat', counter2);
filepath_full=fullfile(folderName2, filename);
end

data = load(filepath_full);
if isstruct(data)
cell = struct2cell(data); % Load data to a cell
if ~isempty(cell)
u = cell{1 ; % Extract data in cell into variable
else
error('Loaded nodalsolution is empty');
end
else
error(‘'Failed to load nodalsolution’);
end
clear cell
Plot the radial value vs concentration (total volume basis and ECM volume basis)
%Turns out | needed to do that averaging anyway

%Collate radial coordinatea and solution values into one matrix
numt=size(u,2); %Grab number of timepoints
u_radial=zeros(size(u,1),2,numt) ; %lnitialize matrix
for il=1:numt %Loop over time - values
u_radial(:,1,i1)=mesh_radial ; %populate radial position radial coordinates
u_radial(:,2,i1)=u(:,i1) ; %populate solution values

end
Shell - averaging ECM and Total Concentration
%Generate position - vector for shell positions
num_shells=hemisphere_radius/shell_size - 1 ; %Calculate the number of shells
shell_values=zeros(num_shells,5,numt); %Initialize the shell r - coordinate limits
vector (first column is the shell - number, second is the lower r - limit, third is the
upper r - limit, fourth is the average ECM - basis concentration value, fifth is the
averag etotal - basis concentration value)

porosity=shell_values;%lInitialize dimensionless shell radial positions vector

% Initialize a vector to store the average values for each range
average_values = zeros(num_shells, 1);

%Primary loop over all shells

for i2=1:numt %Loop over time - values

k1=inner_radius; %running position tracker

for i3=1:num_shells %Begin loop
shell_values(i3,1,i2)=i3 ; %Calculate dimensionless shell radial positions
shell_values(i3,2,i2)=k1 ; %Define the r lower limit
porosity(i3,1,i2)=i3 ; %Define the shell number
porosity(i3,2,i2)=k1+shell_size/2 ; %Define the center -r
k1l=k1l+shell_size; %Update position tracker
shell_values(i3,3,i2)=k1 ; %Define the r upper limit
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porosity(i3,2,i2)=porosity(i3,2,i2) ; %Define dimensionless shell radial
positions

% Find the indices of the rows where the first column value is within the
current range

indices = u_radial(;, 1,i2) >= shell_values(i3,2,i2) & u_radial(;, 1,i2) <=
shell_values(i3,3,i2);

% % Find the indices of the rows where the first column value is within the
current range
% indices = find(u_radial(:, 1) >= shell_values(i,2) & u_radial(;, 1) <=

shell_values(i,3));

% Extract the corresponding values from the second column
second_column_values = u_radial(indices, 2,i2);
porosity(i3,3,i2)= beta*porosity(i3,2,i2)+rho ;

% Calculate the average of the extracted values
if ~isempty(second_column_values)
shell_values(i3,4,i2) = mean(second_column_values);
else
shell_values(i3,4,i2) = NaN; % Handle the case where no values fall
within the range
end
end

%Convert ECM - volume basis concentration to total volume basis
shell_values(:,5,i2)= shell_values(:,4,i2).*porosity(:,3,i2); %

end
Unique - point averaging ECM and Total Concentration

%Add two columns to measured porosity to store ECM concentration and total
%volume concentration
num_points=size(porosity_meas, 1);
point_values = zeros(num_points,4,numt);
for i2=1:numt %Loop over time - values
% Loop through each interval in B
for i = 1:length(porosity_meas)
% Define the current interval
ifi==1
lower_bound = porosity_meas(i,1);
else
lower_bound = mean([porosity_meas(i - 1,1),porosity_meas(i,1)]);
end

if i==length(porosity_meas)
upper_bound = porosity_meas(i,1);
else
upper_bound = mean([porosity_meas(i,1),porosity_meas(i+1,1)]);
end
% Find the entries in the first column of A that fall within this interval
indices = find(u_radial(:, 1,i2) > lower_bound & u_radial(:, 1,i2) <=
upper_bound);
% Extract the corresponding entries from the second column of A
if ~isempty(indices)
values = u_radial(indices, 2,i2);
% Calculate and store the average
point_values(i,1:2,i2)=porosity_meas(i,1:2);
point_values(i,3,i2) = mean(values);
else
point_values(i,1:2,i2)=porosity_meas(i,1:2);
end
point_values(i,4,i2)=point_values(i,3,i2)*point_values(i,2,i2); %Calculate
total - volume average concentration using porosity and concentration values
end
end

Plotting

186




%Plot to compare concentration on total - basis using shell - averaging to
concentration on total - basis using point - averaging
for i2=1:5:numt %Loop over time - values
plot(porosity(:,2,i2),shell_values(:,5,i2),".") %Plot Total Volume Basis using
shell - averaging
hold on
end
hold off
% Preallocate the string array
strArray = strings(1, (numt - 1)/5);
k1=0;
% Constructing the string array
for i3 = 1:5:numt
k1=k1+1;
strArray(k1) = "t=" + round(time(i3),1);
end

legend(strArray);

xlabel('Dimensionless Radial Position’)

ylabel('Average Concentration’)

xlim([0 hemisphere_radius])

% Save the figure

figureFileName=sprintf('‘Averaging Comparison Total - Basis_Run%d.png',counter);
figureFileName_full=fullfile(folderName, figureFileName);

saveas(gcf, figureFileName_full); % Save as a PNG file

%Plot to compare concentration on total - basis using shell - averaging to
concentration on total - basis using point - averaging
for i2=1:5:numt %Loop over time - values

plot(point_values(:,1,i2),point_values(:,4,i2),".") %Plot ECM Volume Basis
using unique - point averaging
hold on
end
hold off
% Preallocate the string array
strArray = strings(1, (numt - 1)/5);
k1=0;
% Constructing the string array
for i3 = 1:5:numt
k1=k1+1;
strArray(k1) = "t=" + round(time(i3),1);
end

legend(strArray);

xlabel('Dimensionless Radial Position’)

ylabel('Average Concentration')

xlim([0 hemisphere_radius])

% Save the figure

figureFileName=sprintf('‘Averaging Comparison Total -
Basis_positionavg_Run%d.png',counter);

figureFileName_full=fullfile(folderName, figureFileName);

saveas(gcf, figureFileName_full); % Save as a PNG file

% %Plot the radial position of the nodes vs the solution value for the

% %nodes, comparing no averaging, position - averaging, and shell - averaing

% %for ECM - volume basis concentrations

% plot(u_radial(:,1)./hemisphere_radius,u_radial(:,2),*b") %Plot ECm - volume basis
concentration using no averaging

% hold on

% plot(porosity_meas(:,1)./hemisphere_radius,porosity_meas(:,3),".r') %Plot ECM
Volume Basis using unique - point averaging

% plot(porosity(:,2),shell_values(:,4),' - ok','LineWidth',2) %Plot ECM - volume basis
using shell - averaging

% legend('ECM - basis : No averaging','ECM - basis : Position - averaged','ECM - basis :

Shell - averaged','Location’,'southeast’)
% xlabel('Dimensionless Radial Position')
% ylabel('Dimensionless Concentration')
% xlim([0 1])
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% hold off

% % Save the figure

% figureFileName=sprintf('Averaging Comparison ECM - Basis_Run%d.png',counter);
% figureFileName_fulll=fullfile(folderName, figureFileName);

% saveas(gcf, figureFileName_fulll); % Save as a PNG file

%

% %Plot to compare concentration on ECM - basis using shell - averaging to
concentration on total - basis using shell - averaging

% plot(porosity(:,2),shell_values(:,5),' - or') %Plot Total Volume Basis using shell
averaging

% hold on

% plot(porosity(:,2),shell_values(:,4),' - 0k") %Plot ECM - volume basis using shell
averaging

% % title('concentration vs Radius') %for some reason title hasn't been working.
trying to fix it.

% legend('Total - basis : Shell - averaged','ECM - basis : Shell -
averaged','Location’,'southeast’)

% xlabel('Dimensionless Radial Position’)

% ylabel('Average Concentration’)

% xlim([0 1])

% hold off

% % Save the figure

% figureFileName=sprintf(ECM vs Total - Basis Concentration
Comparison_Run%d.png',counter);

% figureFileName_full2=fullfile(folderName, figureFileName);

% saveas(gcf, figureFileName_full2); % Save as a PNG file

%

% %Plot to compare concentration on total - basis using shell - averaging to
concentration on total - basis using point - averaging

% plot(porosity_meas(:,1)./hemisphere_radius,porosity_meas(:,4),".r') %Plot Total
Volume Basis using unique - point averaging

% hold on

% plot(porosity(:,2),shell_values(:,5),' - ok','LineWidth',2) %PIlot Total Volume
Basis using shell - averaging

% legend('Total - basis : Point - averaged','Total - basis : Shell -

averaged','Location’,'southeast’)
% xlabel('Dimensionless Radial Position')
% ylabel('Average Concentration')
% xlim([0 1])
% hold off
% % Save the figure
% figureFileName=sprintf('Averaging Comparison Total - Basis_Run%d.png',counter);
% figureFileName_full3=fullfile(folderName, figureFileName);
% saveas(gcf, figureFileName_full3); % Save as a PNG file

Fix matrices to pass along to attachment site calculator
% %Fix porosity_measurements to have dimensionless position
% porosity_meas(:,1)=porosity_meas(:,1)./hemisphere_radius;

%Make new matrix for shell - average concentrations
shell_avg=zeros(size(shell_values,1),4,numt); %lnitialize matrix

shell_avg(:,1,:)=porosity(:,2,:); %Add dimensionless radial values

shell_avg(:,2,:)=porosity(:,3,:); %Add porosity values

shell_avg(:,3,:)=shell_values(:,4,:); %Add ECM - basis shell - average concentrations
shell_avg(:,4,:)=shell_values(:,5,:); %Add total - basis shell - average concentrations

% %Adjust no average concentration radial positions
% u_radial(:,1)=u_radial(:,1)./hemisphere_radius;
Save results
%Save Position - Averaged Concentration Vector
filename=sprintf(‘position_avg_conc_%d.mat',counter);
save(fullfile(folderName, filename),'point_values',' - v7.3') %Save variable for ease
re - running code

%Save Shell - Averaged Concentration Vector

filename=sprintf('shell_avg_conc_%d.mat',counter);

save(fullfile(folderName, filename),'shell_avg',' - v7.3") %Save variable for ease
re - running code
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% %Save No Averaged Concentration Vector
% filename=sprintf('no_avg_conc_%d.mat',counter);

% save(fullfile(folderName, filename),'u_radial',’ - v7.3') %Save variable for ease
re - running code

End of Code
end

C.9 Attachment Post-processing

[figureFileName_fulll,figureFileName_full2,figureFileName_full3,figureFileName_full4]=A
ttachmentSite_Generator(folderName,counter,kappa,xi,eta)

Load in Data
Load in Concentration Profile - No Averaging
filename = sprintf('no_avg_conc_%d.mat', counter);
filepath_full=fullfile(folderName, filename);
data = load(filepath_full);
if isstruct(data)
cell = struct2cell(data); % Load data to a cell
if ~isempty(cell)
no_avg_conc = cell{1 ; % Extract data in cell into variable
else
error('Loaded PDEresults is empty");
end
else
error('Failed to load PDEresults');
end
clear cell
Load in Concentration Profile - Position Averaging
filename = sprintf('position_avg_conc_%d.mat', counter);
filepath_full=fullfile(folderName, filename);
data = load(filepath_full);
if isstruct(data)
cell = struct2cell(data); % Load data to a cell
if ~isempty(cell)
position_avg_conc = cell{1 ; % Extract data in cell into variable
else
error('Loaded PDEresults is empty");
end
else
error('Failed to load PDEresults');
end
clear cell
Load in Concentration Profile - Shell Averaging
filename = sprintf('shell_avg_conc_%d.mat', counter);
filepath_full=fullfile(folderName, filename);
data = load(filepath_full);
if isstruct(data)
cell = struct2cell(data); % Load data to a cell
if ~isempty(cell)
shell_avg_conc = cel{1 ; % Extract data in cell into variable
else
error('Loaded PDEresults is empty");
end
else
error('Failed to load PDEresults');
end
clear cell
Define Attachment Site Density Profile Function
function out=attachment(r,xi,eta)
out=xi*r+eta;
end
Calculate Attached/Total Species Concentration - No Averaging
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%Add columns to store attached/total species concentration
num_entries=size(no_avg_conc,1);

new_columns = zeros(num_entries, 2);

no_avg_conc = [no_avg_conc new_columns];

%Loop through and calculate attached species concentrations
for i=1:num_entries
no_avg_conc(i,3)=attachment(no_avg_conc(i,1),xi,eta); %Calculate concentration
of attachment sites
no_avg_conc(i,4)=no_avg_conc(i,2)*no_avg_conc(i,3)/(kappa+no_avg_conc(i,2)) ;
%Calculate Attached Species Concentration
end
Calculate Attached/Total Species Concentration - Position Averaging
%Add columns to store attached/total species concentration
num_entries=size(position_avg_conc,1);
new_columns = zeros(num_entries, 4);
position_avg_conc = [position_avg_conc new_columns];

%Loop through and calculate attached species concentrations
for i=1:num_entries
position_avg_conc(i,5)=attachment(position_avg_conc(i,1),xi,eta);

position_avg_conc(i,6)=position_avg_conc(i,3)*position_avg_conc(i,5)/(kappa+position_av
g_conc(i,3)) ; %Calculate Attached Species Concentration on ECM volume basis
position_avg_conc(i,7)=position_avg_conc(i,6)*position_avg_conc(i,2) ;
%Calculate Attached Species Concentration on Total volume basis
position_avg_conc(i,8)=position_avg_conc(i,7)+position_avg_conc(i,4) ;
%Calculate Total Species Concentration on Total volume basis
end
Calculate Attached/Total Species Concentration - Shell Averaging
%Add columns to store attached/total species concentration
num_entries=size(shell_avg_conc,1);
new_columns = zeros(hum_entries, 4);
shell_avg_conc = [shell_avg_conc new_columns];

%Loop through and calculate attached species concentrations
for i=1:num_entries
shell_avg_conc(i,5)=attachment(shell_avg_conc(i,1),xi,eta);

shell_avg_conc(i,6)=shell_avg_conc(i,3)*shell_avg_conc(i,5)/(kappa+shell_avg_conc(i,3))
; %Calculate Attached Species Concentration on ECM volume basis
shell_avg_conc(i,7)=shell_avg_conc(i,6)*shell_avg_conc(i,2) ; %Calculate
Attached Species Concentration on Total volume basis
shell_avg_conc(i,8)=shell_avg_conc(i,7)+shell_avg_conc(i,4) ; %Calculate Total

Species Concentration on Total volume basis

end
Plot the Results

%PIlot Effect of Attach Species Concentration on Total Speceis

%Concentration for Position - Averaged Porosity on total volume basis

figure(2)

plot(position_avg_conc(:,1),position_avg_conc(:,4),"r') %Plot Diffusing Species
Concentration

hold on

plot(position_avg_conc(:,1),position_avg_conc(:,7),".b") %Plot Attached Species
Concentration

plot(position_avg_conc(:,1),position_avg_conc(:,8),".k") %Plot Total Species
Concentration

hold off

ylabel('Species Concentration')

xlim([0 1])

legend('Diffusing Species','Attached Species','Total Species’)

xlabel('Radial Position")

% Save the figure

figureFileName=sprintf('TotalConcentration - PositionAverage_Run%d.png',counter);

figureFileName_full2=fullfile(folderName, figureFileName);

saveas(gcf, figureFileName_full2); % Save as a PNG file

%Plot Effect of Attach Species Concentration on Total Speceis
%Concentration for Shell - Averaged Porosity on total volume basis
figure(3)
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plot(shell_avg_conc(:,1),shell_avg_conc(:,4)," - or','LineWidth',2) %Plot Diffusing
Species Concentration

hold on

plot(shell_avg_conc(:,1),shell_avg_conc(:,7)," - ob','LineWidth',2) %PIlot Attached
Species Concentration

plot(shell_avg_conc(:,1),shell_avg_conc(:,8)," - ok','LineWidth',2) %PIlot Total
Species Concentration

hold off

ylabel('Species Concentration')

legend('Diffusing Species','Attached Species', Total Species')

xlabel('Radial Position")

% Save the figure

figureFileName=sprintf('TotalConcentration - ShellAverage_Run%d.png',counter);

figureFileName_full3=fullfile(folderName, figureFileName);

saveas(gcf, figureFileName_full3); % Save as a PNG file

%Compare total Species Concentration on total volume basis for Shell - Averaged vs.
Position - averaged Porosity

figure(4)

plot(position_avg_conc(:,1),position_avg_conc(:,8),".r') %Plot Position - Averaged
Total Species Concentration

hold on

plot(shell_avg_conc(:,1),shell_avg_conc(:,8)," - ok','LineWidth',2) %Plot Shell -
Averaged Total Species Concentration

hold off

ylabel('Species Concentration')

xlim([0 1])

legend('Position - Averaged','Shell - Averaged')

% Save the figure

figureFileName=sprintf('Total Averaging Comparison Total - Basis_Run%d.png',counter);

figureFileName_full4=fullfile(folderName, figureFileName);

saveas(gcf, figureFileName_full4); % Save as a PNG file

%Plot Effect of Attachment Sites on Attach Species Concentration
figure(1)
yyaxis left
plot(no_avg_conc(;,1),no_avg_conc(:;,2),*r") %Plot Diffusing Species Concentration
hold on
plot(no_avg_conc(:,1),no_avg_conc(:,4),"k’) %Plot Attached Species Concentration
hold off
ylabel('Species Concentration’)
ylim([0 1.2])
yyaxis right
plot(no_avg_conc(:,1),no_avg_conc(:,3),'0b") %Plot Attachement Sites
hold off
ylabel('Attachment Site Concentration')
legend('Diffusing Species','Attached Species','Attachment Sites")
xlabel('Radial Position’)
% Save the figure
figureFileName=sprintf('AttachmentSiteEffect_Run%d.png',counter);
figureFileName_fulll=fullfile(folderName, figureFileName);
saveas(gcf, figureFileName_fulll); % Save as a PNG file
Save results
%Save Position - Averaged Concentration Matrix
filename=sprintf(‘position_avg_conc_%d.mat',counter);
save(fullfile(folderName, filename),'position_avg_conc', - v7.3') %Save variable for
easere -running code

%Save Shell - Averaged Concentration Matrix

filename=sprintf('shell_avg_conc_%d.mat',counter);

save(fullfile(folderName, filename),'shell_avg_conc', - v7.3") %Save variable for
ease re -running code

%Save No- Averaged Concentration Matrix

filename=sprintf('no_avg_conc_%d.mat',counter);

save(fullfile(folderName, filename),'no_avg_conc',’ -v7.3") %Save variable for ease
re - running code

end
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This plot uses slightly different nomenclature than the main body of the

dissertation, with the following variable transformations: - ) T,7 e

Figure 37: Full Parameter Space Exploration Plot for Heterogeneous Biofilm Model
Total dimensionless antibiotic concentration profiles in biofilms at equilibrium with
heterogeneous attachment site density and porosity profiles. Inset figures show
attachment site and porosity distributions within the biofilm, where royal blue indicates
the distribution held constant for each figure. A) Effect of attachment site density, Jl'f
with no attachment site and porosity heterogeneity . B) Effect of biofilm porosity, ¥, with
no attachment site and porosity heterogeneity. C) Effect of attachment site
heterogeneity, K, with positive Kand 5. D) Effect of porosity heterogeneity, 1, with
positive Kand negative s. E) Effect of attachment site distribution parameter, =|= with
negative Kand positive j. F) Effect of attachment site distribution parameter, =|= with
negative Kand negative 5. All profiles used # ) , and &
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