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Abstract

Molecular communication (MC) is an emerging nanoscale communication paradigm,
biologically inspired by the cellular communications via biochemical molecules in the living
organisms. The MC paradigm is highly suitable for modelling and abstraction of the
underlying complex processes in the drug delivery systems (DDSs) over wide spatiotemporal
scales. Targeted and implantable DDSs are advanced and engineered technologies for
effective delivery of anticancer drugs to the cancerous tumors without affecting other healthy
parts in the body. This approach offers an efficient alternative or adjunctive therapy to other
treatment techniques, such as conventional chemotherapy, thermal ablation, and surgical
resection. In-Silico (mathematical and stochastic) models are key tools to understand and
quantify the various parameters and processes in the DDSs, including drug transport, release
processes, reaction, and other physicochemical interaction processes in the biological
microenvironments inside the body. These models play an essential role in the design and
development of the DDSs which in order can reduce the animal experiments and can save

time and reduce cost.

The focus of my Ph.D. research is to develop novel mathematical and stochastic simulation
models using MC paradigm for localized targeted and implantable DDSs over nano- and
micrometer scales in complex biological microenvironments. Using the MC paradigm, the
drug delivery process is abstracted as a communication mechanism where the drug source
acts as a transmitter while the target site (e.g., cancer cell) acts as a receiver and the biological
environment through which the molecules get transported acts as a propagation channel. The
anticancer drug molecules represent the information carriers that contain the
physicochemical properties of the drug. We use system analysis approach using the channel
impulse response (CIR) coupled with the signal processing technique (convolution) for
modelling the targeted and implantable DDSs in tumor microenvironments (TME). This
approach provides more general and flexible models compared to other modelling

approaches.
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The thesis made original contributions in the following four major aspects:

(1) Generalized mathematical and stochastic simulation models are developed for diffusion-
based molecular communications (MC) in complex fluidic microenvironments that include
multilayered physical structures, ligand-receptor reaction, anisotropic diffusion, and the
effect of reactive obstacles. These generalized models are developed for modelling and
design of both the targeted drug delivery systems (TDDS) as well as the molecular
communication systems between bio-nanomachines or cells in such complex environments
over microscopic scale. (2) The proposed multilayer MC models have been extended for
modelling the intravascular TDDS including anticancer drug release from the nanocarriers
(NCs) and drug transport across the endothelial barrier of the tumor vasculature in tumor
microenvironments. (3) Novel mathematical and stochastic simulation models are developed
for modelling the implantable drug delivery system (IDDS) in tumor by predicting and
characterizing the release process and drug distribution in the surrounding tumor tissue. (4)
Pharmacokinetic /Pharmacodynamics models are developed for modelling the combination
therapy using local implantable drug delivery systems in solid tumors following thermal

ablation therapy.

v



Acknowledgments

First and foremost, I would like to express my sincere thanks to my principle supervisor Prof.
Ananda Sanagavarapu for the continuous support and help in my PhD study and related
research, and for his patience, motivation, and huge knowledge. He helped me at all the times
of my research and with writing of this thesis. I could not have imagined having a better
advisor for my PhD study. Discussions with him helped me to work in this emerging topic
besides producing this high-quality dissertation. Without him, the road towards the
completion of this research would have been difficult. Also, I would like to thank my co-

supervisor Dr. Steve Ling for his unceasing encouragement during my PhD study.

I am also grateful to University of Technology Sydney (UTS) for awarding me full

prestigious international scholarships to undertake my PhD study.




Dedication

To my parents and my family for their love, endless support and encouragement. I am
forever indebted to my parents, who have always kept me in their prayers and taught me the
meaning of life. Moreover, this thesis is dedicated to my beloved wife, Duaa, who has been

a constant source of support and encouragement. Without them, the completion of this work
would not have been possible.

vi



Abbreviations

AUC

CIR

CT

DDD

DDS

DOX

DTI

ECS

ECM

EPR

FDA

HT

IBP

IDDS

IFF

IFP

ISFI

IVF

IVIVC

MC

Area Under the Curve

Channel Impulse Response
Computed Tomography

Drug Delivery Device

Drug Delivery System
Doxorubicin

Diffusion Tensor Imaging
Extracellular Space

Extracellular Matrix

Enhanced Permeability and Retention
Food and Drug Administration
Hyperthermia

Intervascular Blood Pressure
Implantable Drug Delivery System
Interstitial Fluid Flow

Interstitial Fluid Pressure

In-Situ Forming Implant
Interstitial Velocity Field

In Vitro - In Vivo Correlation

Molecular Communication

vii



MCvD
MEC
MRI
MSD
MW
NC
PTX3
PD
PK
PLGA
QS
RDME
RF
RFA
RMSE
RN
TDDS
TME
TN

TSL

Molecular Communication via Diffusion
Minimum Effective Concentration
Magnetic Resonance Imaging
Mean-Square Displacement
Molecular Weight

Nanocarrier

Pentraxin-3

Pharmacodynamic

Pharmacokinetic

Poly (Lactic-co-Glycolic Acid)
Quorum Sensing
Reaction-Diffusion Master Equation
Radio Frequency

Radiofrequency Ablation
Root-Mean Square Error

Receiving Nanomachine

Targeted Drug Delivery System
Tumor Microenvironment
Transmitting Nanomachine

Thermosensitive Liposome

viii



List of Publications

Journals:

1.

M. Al-Zubi and A. Sanagavarapu, “Modelling of Implantable Drug Delivery System
in Tumor Microenvironment using Molecular Communication Paradigm”, /[EEE

Access, vol. 7, pp. 141929-141940, 2019.

. M. Al-Zubi and A. Sanagavarapu, “Modeling a composite molecular communication

channel”, IEEE Transactions on Communications”, vol. 66, pp. 3420-3433, 2018.
M. Al-Zubi and A. Sanagavarapu, “Modeling of Ligand-Receptor Protein Interaction
in Biodegradable Spherical Bounded Biological Micro-Environments”, IEEE Access,
vol. 6, pp. 25007-25018, 2018.

M. Al-Zubi and A. Sanagavarapu, “Implantable Biosensor Interface Platform for

Monitoring of Atherosclerosis”, IEEE Sensors Letters, vol. 4, p. 5500204, 2020.

Conferences:

1.

M. Al-Zubi, A. Sanagavarapu, and S. Ling, “Influence of Tissue Anisotropy on
Molecular Communication”, [EEE International Engineering in Medicine and

Biology Conference (EMBC), Germany, pp. 2921-2924, 2019.

. M. Al-Zubi, A. Sanagavarapu, and S. Ling, “Impact of Reactive Obstacle on

Molecular Communication between Nanomachines”, [EEE International
Engineering in Medicine and Biology Conference (EMBC), USA, pp. 4468-4471,
2018.

. M. Al-Zubi, A. Sanagavarapu, and S. Ling, “Comparison of Reception Mechanisms

for Molecular Communication via Diffusion”, International Conference on
Information and Communication Systems (ICICS), Jordan, pp. 203-207, 2018.

M. Al-Zubi and A. Sanagavarapu, “Modelling of multilayer biological medium under
molecular communication paradigm”, [EEE Life Sciences Conference (LSC),

Australia, pp. 31-34, 2017.

X



Table of Contents

Abstract il
Acknowledgments \%
Dedication vi
Abbreviations vii
List of Publications 1
List of Figures Xiv
List of Tables Xix
1 INErodUCLION  oeciieiiieiiiiiiienneecteentecsseesnecssecssesssessssssssessssssssessssssssassssssssassssssssnsssassns 1
L1 Back@roUnd........cc.oooiiiiiiiiiieiiecieeieece ettt ettt et e et e snaeenaeenae e 1
1.2 Concept of Molecular CommMUNICAtION........ccueeeriieeriiieeriieeerieeeiiee e e eieeeeaeeeneeeees 3
1.2.1 Biological Nanomachines and Nanonetworks...........cccccceeevvieeiieencieencieeenneenn 4

1.2.2 Transport MEChanISMS.........ccueeveuviiriiiieniieeciee et re e ee e are e e evee s 5

1.2.3 Mathematical and Stochastic Modelling Approaches .........c..cccceeevereeveriiennee 5

1.2.4 Molecular Communication via Diffusion (MCVD) .......cccocceieiiiiiiiiiiiee 6

1.2.5 Propagation Channel Models..........cocooiiviiniiniiiiiiiinieenieneceeceee e 6

1.2.6 Transmission and Reception MechaniSms............ccceeeeverieniieneniicnienenniennne 7

1.3 Advanced Drug Delivery SyStems.........ccceeierieneriiniiiiinienieeieneesieeeeeie e 7
1.3.1 Targeted Drug Delivery Systems using NanoCarriers ...........cceccveeevuveerveeennnennn 8

1.3.2 Implantable Drug Delivery SYStemS......c..ceecvieriiieeriieeriie e 9

1.3.3 Combination Therapy using Implantable DDS and Thermal Ablation.......... 11

1.4 Abstraction of DDSs using Molecular Communication Paradigm........................ 11
1.5 Research Motivation and AT .....c..cocueviiriiiinieniieneeeeeeee e 14
1.6 Research CONtriDULIONS ........eevirtieriirieniieieeteeit ettt 17
1.7 Thesis Organization ............ccccueeruieriieniieeieeniieeieesite et esieeeteesieeebeesseeebeesseeenseeens 20




2 LItEratul€ REVIEW ....cceeeeeceereneereereneesecssseessessssssosssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 22

2.1 INEFOAUCTION .c..eeitiiiitieieritee ettt sb et st sbe e et enbe e 22
2.2 Molecular Communication via Diffusion ..........ccccoeceroeriininieniinenenceeeieee 22
2.2.1 Transmission and Reception MechaniSms...........ccceecvveevieeecieencieesiie e 23
2.2.2 Channel MOdELS .........eoiuiiiiiiieiieeiee et 24
2.3 Targeted Drug Delivery MOdelS .......ccuvieiiieeiiieeiieecie e 26
2.4 Implantable Drug Delivery MOdelS ........cccveeviiiiiiieeiieeieeeee e 28
2.5 Combination Therapy for Tumors: Implantable Drug Delivery with Thermal
ADBIALION. ...ttt ettt aeas 31
2.0 SUIMNIMATY c..itiiiiiieeiiieeeieeeetee et e et e e rete e et eeeteeeeasaeesssaeeesseeessseeessseeessseeesnseeesnseesns 33
3 Modelling of Molecular Communication in Multilayer Biological
Microenvironments for Targeted Drug Delivery Application .34
R B 0313 (014 101151023 DO OO RUUTUSRRR 34
3.2 SyStem TOPOLOZY ..eeeeeiieiiiieeiie ettt et e 37
3.3 Mathematical Formulation of Multilayer MC Channel..............ccccccvevvveiiennnnnen. 38
3.3.1 The Channel Impulse Response of Two-Layer MCvD Channel.................... 44
3.3.2 The Channel Impulse Response of Multilayer MCvD Channel (N>2) .......... 50
3.4 Averaging Approximation for Multilayer MCvD Channel at Steady-State........... 51
3.5 Performance Metrics for Molecular Communication...............ceccueeveeereeeieenneenen. 52
3.6 Stochastic Simulation Framework ............coccoiiiiiiiiiiii e, 54
3.7 Nanocarrier-based Targeted Drug Delivery System.........cccccceevviievcieeniiieenieeennne, 55
3.7.1 Intravascular Drug Delivery Approach..........cccccveevvieeiiieeiiieeieeeieeeee e 56
3.7.2 Analytical and Stochastic Modelling...........cccoevvereriieeiiieeiieeieeeeeeeee e 57
3.8 Analytical and Simulation Results..........cccevoviieiiiieiiiiiiieecee e 61
3.8.1 The CIR of Two-Layer Medium: TN and RN in Different Layers ................ 64
3.8.2 The CIR of Two-Layer Medium: TN and RN in the Same Layer.................. 69

3.9

3.8.3 The CIR of Three- and Four-Layer Media: TN and RN in Different Layers. 72
3.8.4 The Results for Intravascular Drug Delivery using Nanocarriers .................. 75
3.8.5 The Results for Biomarker Monitoring of Atherosclerosis in Artery Wall.... 81

0100010 1y SRR 83

X1



4 Modelling of Ligand-Receptor Protein Interaction on Target Sites in Bounded

MICrOENVIFONIMENLS .ccuvererireresssercsssncssssnsssssesssssesssssessssssssssssssssssssssssssssssssssssssssssssssssssss 85
4.1 INrOAUCLION .....iiiiiiiieiiete ettt sttt sbe et e seeens 85
4.2 System Topology using Molecular Communication Paradigm...........ccccceceevuennnee 88
4.3  General Mathematical Formulation ............cccccooiiiiiiiiiiiiiiie e, 91
4.4  Molecular Concentration Distribution (Green’s Function)..........cccceeeveeevveerneennns 94
4.5 Received Signal: Expected Number of Ligand-Receptor Complexes................. 104
4.6 Proposed Stochastic STMUIALOT ........ceecviieiiiieiiie et 107
4.7 Analytical and Simulation ReSults............cceeviiiieriiieiiie e 110
4.8 SUITIMATY .ueviieiiieeeiieeeiieeeiiee et e et e e etteesiteeesateeesateeessaeeessaeeensaeesnsaesnnseeensseesnnseens 116
5 Influence of Anisotropy and Reactive Obstacles on Extracellular Molecular
Communication via DiffuSion........ceiieenninnsiiisennsiinsennsninsensnecnenneicnesnsecseiseeee 118
5.1 TNEFOAUCTION . ..ceutiiiieitieieeie ettt ettt st sbe et et et ennesanens 118

5.2 Influence of Reactive Obstacles on Molecular Communication via Diffusion... 119

5.2.1 Analytical MOdel ........ccooeoviiiiieiieiiiciieeeieee ettt 120
5.2.2 Stochastic Particle-based Simulation for MCvD with Reactive Obstacles .. 122
5.2.3 Analytical and Simulation Results...........cccceceriininiiniiniiiinicnecceecee 122
5.3  Effect of Anisotropic Microenvironments on the Molecular Received Signal.... 125
5.3.1 Analytical MOdEl .......c.oooiiiiiiiiiieie e 126
5.3.2 Stochastic Particle-based Simulation for Anisotropic Microenvironments.. 128
5.3.3 Analytical and Stochastic Simulation Results ...........cccccceeeviieniiiiniieinienens 129
54 SUMMATY ...oiiiiiieiiiee ettt e et e et e e e rtte e st eeesteesssaeeessaeessseeensseeessseeenns 132
6 Modelling of Implantable Drug Delivery System in Tumor using Molecular
Communication Paradigil........ccoeeiceceicsssercssnnsssnicsssnssssssssssssssssassssssssssssssssssssssssssses 134
6.1 INtrOAUCTION ..c...eiiitiiiiiiii ettt s 134
6.2 Abstraction of the Implantable DDS in Tumor using MC Paradigm .................. 137
6.3 Mathematical Formulation of Channel Impulse Response...........cccccveeevvrernennns 139
6.4 Root Finding AlgOrithm...........cccoiiiiiiiiiiiiiiieiceeee e 147
6.5 Drug Release KINeiCs......ccieiuiiiiieiiieiiieiieeieeite ettt ettt ens 149
6.6 Spatiotemporal Drug Concentration Profile ............cccooeieniiiiiiniiiiiiiieiee 150
6.7 Stochastic Particle-based Simulation for the implantable DDS in Tumor
MICTOCTIVITONIMENL. ... .ceuveeiteeiieteeiie sttt ettt ettt et sbe ettt sae et sbe e b eaee 152
6.8 Analytical and Stochastics Simulation Results............cccceeviviiniiiiniiiinieeiees 154

Xii



7 Modelling of Combination Therapy: Implantable Anticancer Drug Delivery

with Thermal Ablation in Solid Tumors .. 162
7.1  Introduction and MOtIVAtION .......ccceevueriirieniiiieniesieeeetese et 162
7.2 Model Abstraction using Molecular Communication Paradigm ......................... 167
7.3 Channel Modelling: Drug Transport and Fluid Flow in Tumor ............cccc........ 168
7.3.1 Interstitial Fluid FIOW .....ccooiiiiiiiiiee e 169
7.3.2 Drug Transport Model .........c.ooeouiiiiiiiiiiiie e 173

7.4 Pharmacodynamic Model: Impact of Anticancer Drug on Tumor Cell Density. 176
7.5 Release Kinetics Model of Dual-Release Implant............ccccoecveviieiieniieniennn, 177
7.6  Tumor Microenvironment Parameters ............ccovverieerienienienienieneeieecesie e 179
7.7 MOl GEOMEIIY ....eeuvieeeiiieeeiie ettt ettt e et e et e et ee st eestaeessaeesnseeenaseeennseeenns 181
7.8 Boundary Conditions ...........ccceeevieriieriieeiieeieenieeieesieeereeseeeveessreeseessseensaessneens 182
7.9  Numerical Solution using COMSOL.........ccccoiiiiiniiiinieniceeeeee e 183
7.10 Numerical RESUILS.......cc.oiiiiiiiiiiieeeee e 184
711 SUINMATY ..ttt ettt st s sene e s eneenane e 197
8 Conclusions and Scope for Future Work ..199
8.1 INETOAUCTION......eiiiiieiiieiiee ettt sttt et e e ens 199
8.2  Contributions and ConclUSIONS ........cc.cceuiiriiriiiinieiieeeeeeeeeee e 199
8.2.1 Contributions and Conclusions of Chapter 3..........cccceeevieviieiniieinieeeieeens 200

8.2.2 Contributions and Conclusions of Chapter 4..........ccccceeveeriveiniieencieeeieeens 203

8.2.3 Contributions and Conclusions of Chapter 5..........cccceevvieviiiieniieiniieeeieeens 204

8.2.4 Contributions and Conclusions of Chapter 6..........ccccceceeveiiinieninninicnene 205

8.2.5 Contributions and Conclusions of Chapter 7..........ccccoecveviiiinienennenicnene 207

8.3 Scope for Future Work........ccccooiiiiiiiiiiiiiceeeee e 209
Appendix A: Derivations for Chapter 3 .......ccciiuiiiiiiiiiiiiiiiiiiiiiiineiiinicenecne 210
A. 1 Derivation of Equations (3.38)-(3.39) ...oouiiiiiiii 210
A. 2 Derivation of Equations (3.53)-(3.54) ..eooriiiiii e, 211

xiil



List of Figures

Figure 1.1: Schematic representation of a basic molecular communication via diffusion
£ 115) 11 PSPPSRI 4

Figure 1.2: Molecular communication between nanomachines in a nanonetwork. ............... 4

Figure 1.3: Graphical illustration of targeted drug delivery to tumor using nanocarriers.
(This figure is created with BioRender) ..........cccoooeviiiiniiinieniiiceceee 9

Figure 1.4: Schematic illustration of a drug implant inserted in a tumor. ........c..ccccceceeuneene. 10

Figure 1.5: Abstraction of nanocarrier-based TDDS using MC paradigm. (This figure is
created With BIORENAET) .......ccveiiiviieiiieiiececeee e 12

Figure 1.6: Abstraction of IDDS in tumor using MC paradigm. ..........cccceevveeviienreeiriennnnns 13

Figure 3.1: Graphical representation of drug release from nanocarriers and drug transport
across the blood vessel wall to the target site. .........ccceceeviiriieniiiiienieeee 35

Figure 3.2: An illustration diagram of a general multilayer MCvD propagation channel...37
Figure 3.3: An illustration diagram of a two-layer MCvD propagation channel................. 45

Figure 3.4: Schematic illustration of intravascular drug delivery using NCs in tumor
microenvironment (TME). (This figure is created with BioRender).............. 56

Figure 3.5: The uniformly distributed molecules on the nanocarrier surface captured from
the stochastic particle-based simulator. ..........ccccecveeeiiiiniiienieeeeeeee e 60

Figure 3.6: (a) Molecular concentration as a function of time, (b) peak amplitude and (c)
peak time versus the separation distance between TN and RN for a single-
layer and two-layer media with identical diffusion coefficients..................... 64

Figure 3.7: The CIR in layer-2 (CIR?) as a function of time in a two-layer medium for
various separation distances between (a) the TN and the interface (Zsep) (b)
the RN and the interface (Z'sep). +eeoveerveereeeniiniieiieiiieieeeee e 65

Figure 3.8: The CIR in layer-2 (CIR>) as a function of time for diffusion coefficients (D,
D;) with values equal to integer multiples of Dwater and Dgiood When
Zsepzloum. ...................................................................................................... 66

Figure 3.9: The peak amplitude of the CIR in layer-2 (CIR») versus TN-RN separation
for different values of the diffusion coefficients. .........c.ccceevvvvercieenciieninens 67

X1V



Figure 3.10: The peak time of the CIR in layer-2 (CIRz) versus TN-RN separation for
different values of the diffusion coefficients. ...........ccccocevvinininiiiincncnennnn. 68

Figure 3.11: The width of the CIR in layer-2 (CIR2) versus TN-RN separation for
different values of the diffusion coefficients. .........ccccceeeviieeciiencieecieeeieene 69

Figure 3.12: The CIR of layer-1 (CIR;) as a function of time for varying separation
distances between the TN and the interface (Zsep). ..ceeovvervveerveenveenreeneeenneenne 70

Figure 3.13: The CIR of layer-1 (CIR;) as a function of time for varying diffusion
coefficients (D1, D2)ecoiieiieiecieeecee e 71

Figure 3.14: The communication metrics of the CIR in layer-1 (CIR1) versus TN-RN
separation for different values of the diffusion coefficients (a) the peak
amplitude (b) the peak time (c) the signal width. ..........ccccooeiiiiiiiiiniine 72

Figure 3.15: The CIR in layer-3 (CIR3) as a function of time for three-layer medium with
different interface separation from the TN (Zsep)...eooveeevrervrevienieeiiienieeieene 73

Figure 3.16: The total number of molecules in each layer as a function of time in ‘A-W-
B’ and ‘A-B-W’ media. .......ccccoriiiiiiiiiit e 74

Figure 3.17: The CIR in layer-4 (CIR4) as a function of time for a four-layer medium
with different thicknesses of layer-2 and layer-3...........cccocovevveeiiienieeninennnnn, 74

Figure 3.18: Transport of drug molecules across the endothelial barrier to the surrounding
tissue following drug release from a NANOCAITIET. ......cc.ceverueevieriineeieeieieene 75

Figure 3.19: Percentage cumulative release of doxorubicin from (a) NC1 and (b) NC3,
fitted to the published experimental data in [49, 138]. ...ccceveieeeiieirieeins 76

Figure 3.20: DOX drug concentration in tumor tissue for three nanocarriers with different
release rate CONSLANLS. ....c..eocuieieiiiriiinieiieee et 79

Figure 3.21: (a) Peak concentration in tumor and (b) corresponding peak time versus the
distance from the tumor microvessel for different nanocarriers. .................... 80

Figure 3.22: Drug concentration profile in the tumor for different vascular permeabilities
using (a) NC1 (b) NC3 ..ottt 80

Figure 3.23: Transport of PTX3 biomarker from the molecular source to the biosensor
through the atherosclerotic artery wall. .........ccccoooeviiiiniinince 81

Figure 3.24: (a) The PTX3 concentration in the vicinity of the biosensor and (b) the
cumulative number of received PTX3 molecules by the biosensor................ 83

Figure 4.1: Block diagram of the end-to-end MCvD model using reversible RN including
the various reaction processes in a bounded microenvironment. ................... 89

XV



Figure 4.2: Graphical representation of MCvD using a reversible RN in a 3-D bounded
microenvironment. (This figure is created with BioRender).......................... 89

Figure 4.3: The expected received signal as a function of time for various medium radii
using the following reaction parameters: k; = 50 pm/s, ky=5 s, and ks=

Figure 4.4: The expected received signal as a function of time for various values of the
forward reaction constant using the following parameters: kp =5 s\, ks =
200 57, aNd 75 = 10 [M.ooeoeieeeiececececececececceeceee et eeeeeens 112

Figure 4.5: The expected received signal for various values of the backward reaction
constant using the following parameters: kr= 50 um/s, ks = 200 s, and r;

Figure 4.6: The expected received signal for various values of the degradation constant
when other parameters have the following values: kr = 50 pm/s, k» = 5 s,
ANA 75 = 1O LML ciiiiiieiececeee ettt saeebeesaeeebaeeaae e 114

Figure 4.7: The expected received signal as a function of time in an unbounded
environment for Na=5000 molecules. .........cccceeviriiiniiiiiiiniieieiieeees 115

Figure 4.8: The expected received signal for different reaction rates at the medium
boundary when the other parameters have the following values: kr = 50
UM/s, ko =587, aNd 5= 8 ML e.eviiiiieeeeeeeeeeeeeeeeeee e 116

Figure 5.1: Molecular communication in a diffusive environment with a reactive
obstacle. (a) Graphical representation (b) Block diagram representation for
the processes. (This figure is created with BioRender) ...........coceeveeniennee. 120

Figure 5.2: The number of received molecules by a passive RN for obstacle-free medium,
inactive obstacle, and reactive obstacle with different reaction rates........... 124

Figure 5.3: The peak amplitude of the received signal by a passive receiver versus the
obstacle radius for different reaction probability on the obstacle. The
distance between the TN and the RN is 20 pm. ......cccevvvieeviieencieeniieee. 124

Figure 5.4: The expected number of received molecules for a fully absorptive receiver as
a function of time with an obstacle for different reaction probabilities........ 125

Figure 5.5: Molecular communication via diffusion in anisotropic microenvironment
with different RN locations. (This figure is created with BioRender).......... 126

Figure 5.6: The CIR for various RN locations in 3D anisotropic environment for D =
(21,14, 1.4)X107T 0 M2/S. oo 130

Figure 5.7: Visualization of the diffusion ellipsoid in 3-D anisotropic environment for
(a) D =(5,5,5)x10° m*/s and (b) D= (5,1,1)X107° M?/S.....coovererererrerererne 131

XVi



Figure 5.8: (a) Peak amplitude and (b) peak time as a function of TN-RN separation
distance for various diffusion t€NSOTS. .........ccccuvieieeivieeeeiiieeeeecieee e 132

Figure 6.1: Abstraction of the implantable drug delivery system using MC paradigm.....138

Figure 6.2: Graphical illustration of the implantable drug delivery system in a tumor
microenvironment. (This figure is created with BioRender)......................... 140

Figure 6.3: Uniformly distributed molecules on the implant surface captured from the
stochastic particle-based sIMUlAtor. .........ccceveiieriieiiienieeiiee e, 153

Figure 6.4: Drug concentration on the fourth day versus the distance from the
implant/tissue boundary compared to the mean value of the published
experimental data in [LT17]. cooooiiioiiiieiiieeee e 156

Figure 6.5: Percentage cumulative release of DOX from the implant, fitted to the
experimental data in [39], R2=10.9956. .......cococvviimiieeeereeeeeceeeeenn 157

Figure 6.6: (a) The channel impulse response and (b) drug concentration profile for
various values of the drug elimination rate constant in the tumor
MNICTOCNIVITONIMENIL. ....euieiiieiieeiteeiee st estte et estteebeesaee e bt esteeenbeesneeeaneeseneenneas 158

Figure 6.7: Maximum drug concentration versus distance from the implant/tissue
interface when ® = 1um/s and ;= Smm for (a) the various elimination rate
constants and (b) the different diffusion coefficients. ..........ccccoceevviriirennnnns 159

Figure 6.8: (a) Maximum drug concentration and (b) peak time of maximum drug
concentration versus the distance from the implant/tissue interface for
various sustained release rate CONStants. .........coceevververeenieneereeniensieneeneene 160

Figure 6.9: Drug concentration profile as a function of time for different loss rate
constants at the tumor boundary. ..........ccccceveviiieriieiriie 160

Figure 7.1: Schematic illustration of the radiofrequency ablation (RFA) for tumor
EFEATIMENIE. .ottt ettt e st e e ettt e e e e bbeee e sabeeeeeeane 163

Figure 7.2: Graphical illustration of drug implant inserted in 3-D solid tumor................. 168

Figure 7.3: Schematic illustration of a cross-section view of a 3-D solid tumor, including
the drug implant after RFA. ... 169

Figure 7.4: The spatial distribution of interstitial fluid pressure in tumor and normal
EISSULS. .ttt ettt ettt ettt ettt st ettt et b e ettt ne e 185

Figure 7.5: (a) Interstitial fluid pressure and (b) velocity field in the tumor and normal
tissues with the radial distance from the tumor center............cccccecvveeenennnne. 185

Xvil



Figure 7.6: Comparison of DOX concentration obtained from the experimental data
given by [117] with our models using apparent diffusivity and apparent
ElIMINALION TALE. ..oveiiiiiiiiiieiieict ettt 187

Figure 7.7: The cumulative release profile of DOX from the dual-release implant for
various sustained release rate CONStants. ..........cceecvveeecuveeeirieeseeeesreeeevee e 187

Figure 7.8: Spatial-mean temporal profile of free-DOX extracellular concentration in (a)
the ablated region and (b) the risk region, with 90% ablated tumor for
various sustained release rate CONStANTS. .........ccvevvereereenienienienienieseeneeenes 188

Figure 7.9: Spatial-mean temporal profile of extracellular bound-DOX concentration in
the risk region of 90% ablated tUMOT..........cccevieviriiiniiiiiicececeee, 189

Figure 7.10: Spatial-mean temporal profile of extracellular concentration of free and
bound-DOX in the non-ablated tumor (without RFA) when k=25x10%s"1.190

Figure 7.11: Spatial extracellular concentration of free-DOX at the time (a) t = 12h and
(b) t = 96h, after insertion the implant in a solid tumor with/without RFA..191

Figure 7.12: Spatial-mean temporal profile of free-DOX intracellular concentration in
(a) risk region of 90% ablated tumor and (b) tumor without RFA when
k=25 X 1008 e 191

Figure 7.13: Spatial intracellular concentration of free-DOX in the risk region of 90%
ablated tumor for various sustained release rate constants at the time (a)
t=12h and (b) t=96h. ......coiiiiiii e 192

Figure 7.14: Spatial intracellular concentration of free-DOX in the risk region of 80%
ablated tumor for various sustained release rate constants at the time (a)
t=12h and (b) t=96h. ......cciiiiiie e 192

Figure 7.15: Spatial distribution of tumor cell density in the risk region of (a) 80% ablated
tumor and (b) 90% ablated tumor for various sustained release rate
CONSTANES. ...ttt et 193

Figure 7.16: The survival fraction of tumor cells in non-ablated and ablated tumors for
various sustained release rate CoOnStants. .........coceevvereereenierieneeniensieneeneeene 194

Figure 7.17: Cross-sectional view of the spatial distribution of tumor cell density in the
risk region at different times for (a) 90% ablated tumor, (b) 80% ablated
tumor, and (c) tumor without RFA when ke=5x10°s. ..., 195

Figure 7.18: Spatial-mean temporal profile of extracellular concentration in the normal
tissue for (a) free-DOX with 90% ablated tumor for various sustained
release rate constants and (b) free and bound-DOX without RFA when
k25X 1070 ST e 196

xviii



List of Tables

Table 3.1:
Table 3.2:
Table 3.3:
Table 3.4:
Table 3.5:
Table 3.6:
Table 3.7:
Table 4.1:
Table 5.1:
Table 6.1:
Table 6.2:
Table 7.1:
Table 7.2:
Table 7.3:
Table 7.4:
Table 7.5:

Table 7.6:

Complex constants for Zakian's method. ...........cccccveeeiiiiniiiinciieceee e, 51

The simulation and analytical system parameters (unless stated otherwise)......62

Thicknesses of the microenvironment [ayers. .........c.coeevierieeriienieenienieeieeeneens 75
Properties of the nanocarrier (TSL). ....ccccovieeiiieeiieeeeee e 77
Properties of anticancer drug doxorubicin (DOX)........ccceeevierieeciienieeieenieenen. 78
System parameters of biomarker monitoring in atherosclerotic artery wall.......82

Parameters of the atherosclerotic intima. .............ccoeoeieiiiiiiniieniieee e, 82
The System Parameters (unless stated otherwise). .......cceoveevveevieniienieeneeenen. 110
System parameters for MCvD with existence of a reactive obstacle................ 123
System and environment parameters (unless stated otherwise)..............ccc...... 155
Drug implant parameters. ..........cceeeveerieerieriiienieeieesie e esee e seee e e 157
Pharmacodynamic and intracellular model parameters. ...........cccceoereereenennee. 175
The dual-release implant parameters. ..........ceeeveeeiieeeiieeniieenie e 178
Fluid transport parameters. ..........oocuveeeeuieeriieeeniieerieeerree e e eeeesieeeeaeeeseree e 180
Free and bound doxorubicin parameters. ...........coecveerieeiiienieeniienie e 181
The maximum DOX concentration in normal tissue for various release rate

constants in ablated and non-ablated tUMOTLS. ......cooeevvveieeeeeeeeeeeeeeeeeeeeeee 196

The area under the curve (AUC) of DOX concentration in the normal tissue
for various release rates in ablated and non-ablated tumors. ........................ 197

XiX



	Title Page
	Certificate of Original Authorship
	Abstract
	Acknowledgments
	Dedication
	Abbreviations
	List of Publications
	Table of Contents
	List ofFigures
	List of Tables



