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Antimicrobial resistance (AMR)

AMR development

Van Boeckel et al., “Reducing antimicrobial use in food animals”.

Science. 2017. DOI: 10.1126/science.aao1495

Eggleton, Paul. “The State of the World's Insects”.
Annual Review of Environment and Resources. 2020.

https://doi.org/10.1146/annurev-environ-012420-050035

Projected 2050

in economic losses

O’Neill, “Antimicrobial Resistance: Tackling
a crisis for the health and wealth of nations”. 2014.

Photodynamic Inactivation/Therapy (PDI/PDT)

- Rapidly achieves >5-log reductions
- Avoids resistance evolution after
1000 generations



https://doi.org/10.1126/science.aao1495
https://doi.org/10.1126/science.aao1495
https://doi.org/10.1146/annurev-environ-012420-050035
https://doi.org/10.1146/annurev-environ-012420-050035

Experimental goal
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Our approach
N\

Lysis

= Singlet oxygen layer ()

Polymer surface



Gram (+) bacterial membrane
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Gram (-) bacterial membrane
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PDIpy workflow

Parameters\assumptions

$

Intermediary calculations: e.g.

‘ Membrane lysis & death

'0, production
1 n Simulation time
Oxidation of the bacterial g
10

membrane
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Applicable systems

Photosensitizer

- Surface-bound (moles/area) or dissolved (moles/volume)

- Parameter files Excitation wavelengths, quantum yields, et cetera

- Molecular dimensions volume proportion & concentration near the surface

Bacterial colonization
- Planktonic (CFUs/mL) or biofilm
- Specie fatty acid profile
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iPDIpy
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Cross-linked experiment calibration

Parameters (unpublished)
Photosensitizer:

Surface area:

Specie: S. aureus

Light: White LED (75 W, 1800 Lumens)
Intensity:

Reduction: reduction

Irradiation time: 6 hours




time (hr) oxidation_proportion

0
0.34188
0.683761
1.025641
1.367521
1.709402
2.051282
2.393162
2.735043
3.076923
3.418803
3.760684
4.102564
4.444444
4.786325
5.128205
5.470085
5.811966
6.153846
6.495726
6.837607
7.179487
7.521368
7.863248
8.205128
8.547009
8.888889
9.230769
9.57265
9.91453
10.25641
10.59829

0
0.192462
0.347883
0.473392
0.574746
0.656593
0.722686
0.776058
0.819159
0.853963
0.882069
0.904767
0.923095
0.937896
0.949849
0.959501
0.967295

0.97359
0.978673
0.982777
0.986092
0.988769

0.99093
0.992676
0.994085
0.995224
0.996143
0.996885
0.997485
0.997969

0.99836
0.998675

Calibrated output

Oxidation proportion of prokaryotic membrane fatty acids
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Corresponding content

1) GitHub
hitps://github.com/freiburgermsu/PDIpy

2) PyPI
https://test.pypi.org/project/PDlpy/



https://github.com/freiburgermsu/PDIpy
https://github.com/freiburgermsu/PDIpy
https://github.com/freiburgermsu/PDIpy
https://test.pypi.org/project/PDIpy/
https://test.pypi.org/project/PDIpy/

Remaining tasks

1) Validate the software with case studies from literature
2) Compose unit-tests and APl documentation
3) Distill iPDIpy into an executable file
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Photonic calculations




Engineering membrane model
Assumptions

Ambient conditions [DO]
'0, only oxidizes membrane cholesterol and phospholipid fatty acids

1)
2)
3) Membrane lipids and the bacterium are stationary

4) and , average excitation is 513 nm

5) Constant broth and environmental conditions

6) Visible proportion is 10% in incandescent and 50% in LED

7) Prokaryotic phospholipids is 1/3 saturated BCFAs and 2/3 saturated SCFAs
8) First order collision between PS and 30, is assumed




Engineering membrane model
Membrane oxidation proportion calculations




Engineering membrane model
Membrane oxidation proportion calculations continued

of



2| Photochemical process
Potent antibiotic
+ | uv _N
Ambient NE
6—3

Singlet state '0,: O
[ ]

All electrons are paired
® Angular momentum =0

® Unstable\ﬁreactivity Type Il
Photosensitization R
Triplet state 30, :

Photosensitizer
® Two electrons are unpaired b
® Angular momentum =-1,0,1
® Stable \ moderate reactivity 2
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Biofilm software

1 |
Bacterium

1 million grid volume cells

Polymeric surface




Biofilm conceptual scheme

Whole Cell Biofilm Model Biofilm Growth Models
P/anktonic-phase bacteria / Conditional |ayer \
BaCterIal — ............................................................................ / BIOﬁlm
growth & A' Dispersion establishment
replication PSP :

Bacterium
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o
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Biofilm software

100

Bacterium = particle
- Stoke’s law of terminal velocity for a settling particle

Polymeric surface




Geometric exchange constraints

substrate

w
0

probability of membrane interaction

cterial membrane surface

/ / / probability of membrane interaction
d 90 ~45° average angle between and
Ba




Qualities to consider

1) Barrier properties
* Rejection
* Absorption delay

1) Bacterium metabolic states
“Persister”

*  Planktonic

*  Biofilm

* Detached

2) Behavioral phenomena
* Growth

* Replication

* Wasting




Fundamental bacterial model




Chemical adsorption =2
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Assumptions and limitations

1) Homogeneous bulk and cytoplasm
*  Boltzmann distribution of velocities
* Average velocity applies to all substrates

2) Need-based absorption

* js estimated from the incubation

3) Transcription is redundant and negligible

4) Mass balance applies across the membrane

S)

6) Singlet oxygen oxidizes only unsaturation

1) The WCM data describes the one of the
smallest known bacterium: Mycoplasma

580 kb 2.8 Mb
525 genes 2600 genes

2) Internal limitation to personal computers




Membrane flux
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New directions

1) Thoroughly organize the reaction database 4) Compare with conventional methods

* Categorizing reactions as inter-\intra-compartmental * Flux balance analysis via cobrapy module
2) Expand biochemical accuracies 5) Introduce a visual depiction

* Introduce quorum sensing reactions * Matplotlib plots and tkinter GUI

3) Expand the bacterium model into a biofilm model 6) Implement antibiotic reactions

* Incorporate new functionalities like metabolic states » Parameterize 'O, reactions




Proportion of absorbed substrates

substrate

45

/
/ / / / probability of membrane interaction
90

Bacterial membrane surface The angle of interaction ranges between and .
The average angle is from vertical

= = | ):14.6%




Chemical adsorption 2> -2

N\

,availabl :[C] * Vshell *
Bacterium | \ *(1-17 1(—( B ))( ) =<()

(2-dimensional slice) absorbed —
(0,11 1( : )>1
absorbed:Z *
i=1

=V x A

C = extracellular substrate
F = # substrates C
X = # reactions with C




Membrane mass balance

_+A -A

N Allometry [eukaryotes?]
Vbacterium,o ~1
= X +
1

41

E = # ejected metabolites
41



Octyl gallate — Anti-biofoulant interactions

Table 51. Antifungal activity of compounds tested in Aspergilins brasiliensis ATCC16404. MIC (mM), minimum inhibitory
concentration, where no fungal growth was visible in RPMI liguid culture; MFC (mM), minimum fungicidal concentration
achieving > 99.9% fungal death. determined on recovery agar plate. All compounds that showed some activity at the
concentrations tested are highlighted.

Benzovl MIC MFC  Salieyl MIC MFC Gallyl MIC MFC Rootalkyl MIC MFC Incumbent MIC MFC
C0 | Benzoae 6.4 6.4 | Salievhe 6.4 6.4 | Galhe 64 64 | - - - Methyl 4- 3.2 6.4
acid acid acid hydroxybenzoate
Cl | Methyl 6.4 6.4 | Methyl 6.4 6.4 | Methyl 6.4 6.4 | Methanel 5.4 64 Propyl 4- 08 6.4
benzoate salicylate gallate hydroxvbenzoate
C2 | Ethyl 6.4 6.4 | Ethyl 5.4 6.4 | Ethyl 64 fi4 | Ethanol 5.4 6.4 Octyl 4- 6.4 G4
benzoate salicylate gallate byvdroxybenzoate
C3 | Propyl 6.4 6.4 | Propyl 654 6.4 | Propyl &4 64 | n- 5.4 64 2 Methoxy-4- 6.4 6.4
benzoate salicylate gallate Propanol hydroxybenzoate
C4 | Buiyl 6.4 6.4 | Buiyl 6.4 6.4 | Butyl 6.4 6.4 | n-Butanel 5.4 6.4 Butylated 08 6.4
benzoate salicylate gallate hydroxyamiscle
c5 Pentyl 6.4 64 | - - - Pentyl 1.6 6.4 n-Pentanol 6.4 64 4-Chlors-3.3- 04 1.6
benzoate zallate xvlenol
Ca Hexyl 6.4 6.4 | Heaxyl 5.4 a4 |- - - n-Hexanaol 5.4 6.4 2- 6.4 G4
benzoate salieylate Phenoxyathansl
C8 Oeiyl 64 64 | Oetyl 64 b. Oeiyl N4 n-Octancl 6.4 6.4 Serbic acid 6.4 6.4
benzoate salicylate zallate
EE - - - - - Honyl L6 64 |- - -
=T —
Clo - - - - - - Decyl EnilESEE - -
gallate . g . . . .
CIT [Dodesd | 64| 64 |Dodenl | WD [ 30" |Lawnd | 3D | 3D | m 5= e= | Predictive simulations will expedite
benzoate zahcylate zallate Dodecancl . . . . .
CiE |- R A EE — |- [==== | 2] &+ biofilm anti-biofoulant discovery
zalicylate
co Benrzamide 6.4 6.4 | Sahevlanuds 6.4 64 | Gallamide a4 64 | - - -
C3 | N-Propvl 6.4 6.4 | N-Propyl 16 64 | N-Propyvl | L& 6.4 | N-Propyl 5.4 6.4
benzamude saheylamde gallammde amne
C8 | N-Oetyl 6.4 54 | - - - N-Qetyl 0.8 6.4 | N-Octyl 1.6 6.4
benzamude gallammdes ammne

-

Mot determined. Precipitated in RPMI hquid medium at 3.2 mM (and fungus zrew up to 1.6 mbl).

ot determined. Precipitated in RPMI homid medum at 1.6 mM (and fungus grew up to 0.8 mbd).

%99 8, funzal death (also 59.8% fungzal death at 0.8 mM, while precipitation ocourred at 1.6 - 6.4 mM). Buckley et al . 20 1 7

*Not determined. Precipitated in RPMI hquid medium at 0.4 mM (and fungus grew up to 0.2 mM). ’ 42
Mot determined. Precipitated in RPMI homid medmm at 0.1 mb (and funzus grew up to 0.05 mhl).




Suspension phase model

Solution elements Parameters/equations
0 OH
HO
Substrate :> Diffusion - Reactl’on -diffusion Equations
Fick’s law or Cahn-Hilliard equations
HO OH
OH

Water — \ / —————> Diffusion - Reaction-diffusion Equations

Fick’s law or Cahn-Hilliard equations

Disrupt Biochemistry -

.0 “0: Na
' ) Quorum sensing
. Bacteriostatic
Anti-foulants —— — = Bactericidal
Diffusion - Reaction-diffusion Equations
Fick’s law or Cahn-Hil




Modeled biofilm and membrane

Biofilm qualities Parameters/equations

Shape > Shear forces - Digital Biofilm model (2016)
Thickness - Biofilm Growth Model (2000 MSU)

Channeled > Porous - Cellular automata algorithm

Membrane > Porous - Biofilm Growth Model (2000 MSU)




Modeled bacteria

Bacterial elements Parameters/equations

Motility > Staphylococcus aureus is not motile

Quorum sensing - Frederick et al. 2016
Daughter cell dispersion - Individual-based
algorithm

Density limit >

> Substrate - Monod kinetics
- Michaelis-Menten kinetics

Anti-foulant - Novel

Bacterial growth |




Algorithm/Model

Rittmann model &
Biofilm Accumulation model
(BAM)

Biofilm Growth model (BGM)

Digital Biofilm Model (DBM)

Individual-based algorithm

Cellular automaton algorithm

Assumptions/limitations

1) The biofilm is composed of dead+active bacteria and water
2) Constant Biofilm growth, [Substrate], and bulk volume

1) The biofilm is composed of dead+active bacteria and water
2) Constant Biofilm growth and [Substrate]

1) Biofilms are two-phases: rigid bacteria and malleable EPS
2) Proteins were only modeled in the EPS

1) Computational demands
2) Bacteria are inelastic spheres
3) Porosity is predestined by net vector daughter cell dispersal

1) Heterogeneous bacteria and biofilm
2) Unrealistic quantization of parameters
3) Parameters values can be subjective

Buckley Biofilm Growth Model

Model contribution

Foundation

Dynamic bulk volume

Accurate Biofilm composition

Natural evolution of population
growth

Mature biofilm channelling

46




Algorithm/Model Assumptions/limitations Model contribution

Buckley Biofilm Growth Model
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Whole Cell biofilm model inspiration

100% 800+ 1900+ 28

Y
of genes publications parameters processes <
L ey J z=1-1 i
R ] £ Bulk liquid
T

Transcriptome
T,

Boundary layer

¢ " ‘
i
e

{ 7 ) ! =
Predictive Novel Biological Rational Substratum
capacity hypotheses discovery design
The Whole Cell Model (Cell, 2012) Biofilm Models
* Dissertation by Jonathan Karr, Stanford * Top-down differential equations
e Citations * The literature solicits biochemical accuracy

* SimTK download: 58,044 / 100,484
* Nature (2013, 2020)
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