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1. Introduction

The effectiveness of tumor treatment heavily relies on the successful delivery of
anticancer drugs. Solid tumors present physiological barriers, such as a dense extracellular
matrix (ECM), enhanced solid stress and vessel compression, and irregularly shaped
and leaky microvascular networks, reducing drug delivery efficacy [1-3]. These barriers
and an absent or impaired lymphatic function contribute to elevated interstitial fluid
pressure (IFP), hindering systematic drug delivery due to outward convection counteracting
inward drug diffusion [1-5]. Each tumor possesses unique structural and physiochemical
characteristics, such as the surface area of the vessel wall per unit volume for transport into
the tissue, capillary network patterns, and hydraulic conductivity, making drug delivery
and treatment highly complex and case-specific. The quantitative prediction of drug
delivery to solid tumors using patient-specific data is crucial for clinical decision-making
in therapeutic planning.

Mathematical modeling and simulation aim to enhance our understanding of tumor
behaviors, ultimately improving treatment outcomes. Two major approaches for simu-
lating drug delivery to solid tumors exist: the macroscopic and microscopic approaches.
The macroscopic approach emphasizes the distribution of variables such as interstitial
fluid velocity (IFV), IFP, and drug concentration over the tumor radius length scale. In
the microscopic approach, characteristics like the microvascular network structure, blood
flow within microvessels, and the interaction between blood flow and the microvascular
wall are incorporated into the model. Given several transport processes involved in the
delivery of therapeutic/diagnostic cancer agents and the complexity of the tumor microen-
vironment, sophisticated mathematical/computational modeling can be used to study the
limitations of these approaches in treating/diagnosing cancer. Recently, multi-physics and
multi-scale models have been applied to aid in the development of therapeutic/diagnostic
agent delivery approaches. A wide range of mathematical models have been developed to
mimic in vitro/in vivo/human biological and physiological environments and simulate
these agents’ behaviors [6,7]. Various drug delivery systems (e.g., conventional chemother-
apy [8-14], implantable systems [15,16], intraperitoneal chemotherapy [17-20], intratu-
moral injection [21], and anti-angiogenesis/vascular normalization combined with another
therapy [22-24]) and diagnostic agents (e.g., the FDG PET radiotracer [25], the FMISO PET
radiotracer [26], drug-loaded microbubbles [27], and radiopharmaceuticals [28]) have been
explored using mathematical approaches.

On the other hand, medical imaging and image processing methods can be used to
estimate, in principle, patient-specific variables that can be used to increase the accuracy of
computational simulations. Consequently, there is considerable interest in predicting thera-
peutic/diagnostic agent delivery techniques through image-based computational modeling,
facilitating personalized predictions. Different outputs of imaging modalities, particularly
magnetic resonance imaging (MRI) [29-31], computed tomography (CT) [32], and diffusion
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tensor imaging (DTI) [33,34], can be used as inputs for these computational personalized
models, enabling the timely and cost-effective optimization of drug delivery plans.

Nanoparticles have shown promise in preclinical studies for drug delivery in cancer
treatment. Their drug-release kinetics and drug-loading capacity are crucial properties that
determine treatment efficacy. In addition, stimulus-responsive nanoparticles, using external
(magnetic, electric, light, laser, ultrasound, etc.) and/or internal (pH, redox, hypoxia, etc.)
stimuli, significantly reduce the side effects of chemotherapeutics by controlling their
release kinetics. Upon reaching the target site and responding to an internal or external
stimulus, nanoparticles initiate drug release, either gradually (sustainable release) or rapidly
(burst release), or as a combination of both [35,36]. However, nanoparticles encounter
various barriers, such as rapid clearance and low transvascular rates. Some nanoparticles
rely on the enhanced permeability and retention (EPR) effect for passive targeting, leading
to their accumulation in tissues. Taking into account parameters associated with therapeutic
agents (drugs and nanoparticles) and tumor-related factors, as well as the multiple scales
involved (tissue, cell, and nano scales) and the physical nature of the transport process,
computational modeling can be used to design efficient nano-sized drug delivery systems
for solid tumors [6,37-43].

Computational models combine concepts and ideas from various disciplines, includ-
ing pharmacokinetics, pharmacodynamics, fluid mechanics/dynamics, tissue mechanics,
mass transport, heat transfer and biochemical processes. Multi-physics modeling allows for
integrating information from various disciplines to inform the development of therapeu-
tic/diagnostic agents [44]. Delivery processes can be evaluated separately or by combining
all stages, aiding in identifying opportunities to maximize delivery outcomes and treat-
ment effectiveness. This approach can reveal limitations in the transport and delivery
mechanisms of the agents and can help guide therapeutic/diagnostic agents” develop-
ment. On the other hand, to improve the prediction capability of drug delivery, recent
efforts in multiscale modeling to develop advanced models that can simulate transport
processes across multiple length and time scales have emerged, integrating discrete and
continuum modeling strategies [6,45]. These approaches promise to establish bottom-up
in silico pipelines for drug design and delivery. Nevertheless, challenges persist in model
parametrization and validation, particularly in the presence of variability introduced by
various levels of heterogeneity in diseased tissues. When coupled with patient-specific
data, these multi-physics and multi-scale models possess considerable potential for valida-
tion and, in some cases, personalization (such as creating digital twins) to facilitate their
translation into routine clinical applications.

2. Highlights of the Special Issue

The current Special Issue aims to fill knowledge gaps, introduce a variety of math-
ematical and computational frameworks, and highlight the state-of-the-art research on
multi-scale and multi-physics models in therapeutic/diagnostic agent development for
cancer, aiming to demonstrate their potential clinical impact. In this Special Issue, original
research articles and reviews are invited for submission. The topics covered include, but are
not limited to, mathematical /computational modeling of delivery systems for theranostics,
targeted delivery and nanomedicine more broadly.

Eight manuscripts were submitted for consideration in this Special Issue, and each
underwent a rigorous review process by Cancers. Ultimately, five papers were accepted
for publication and inclusion in this Special Issue. Concise descriptions of the published
articles are listed below:

1. Mohammadi, M.; Sefidgar, M.; Aghanajafi, C.; Kohandel, M.; Soltani, M. Compu-
tational Multi-Scale Modeling of Drug Delivery into an Anti-Angiogenic Therapy-
Treated Tumor. Cancers 2023, 15, 5464. https://doi.org/10.3390/ cancers15225464

2. Rezaeian, M.; Heidari, H.; Raahemifar, K.; Soltani, M. Image-Based Modeling of Drug
Delivery during Intraperitoneal Chemotherapy in a Heterogeneous Tumor Nodule.
Cancers 2023, 15, 5069. https://doi.org/10.3390/cancers15205069
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Hornsby, T.K.; Kashkooli, EM.; Jakhmola, A.; Kolios, M.C.; Tavakkoli, ]. Multiphysics
Modeling of Low-Intensity Pulsed Ultrasound Induced Chemotherapeutic Drug
Release from the Surface of Gold Nanoparticles. Cancers 2023, 15, 523. https:/ /doi.
org/10.3390/ cancers15020523

Caddy, G.; Stebbing, J.; Wakefield, G.; Adair, M.; Xu, X.Y. Multiscale Modelling of
Nanoparticle Distribution in a Realistic Tumour Geometry Following Local Injection.
Cancers 2022, 14, 5729. https:/ /doi.org/10.3390/cancers14235729

Bhandari, A.; Jaiswal, K.; Singh, A.; Zhan, W. Convection-Enhanced Delivery of
Antiangiogenic Drugs and Liposomal Cytotoxic Drugs to Heterogeneous Brain Tumor
for Combination Therapy. Cancers 2022, 14, 4177. https:/ /doi.org/10.3390/cancers141
74177

The contents of this Special Issue are outlined in Table 1, showcasing published papers
ning four distinct research domains: drug delivery, nano-sized drug delivery, drug
se, and anti-angiogenesis. Table 1 provides in-depth insights into the diverse aspects

of the physics, scales, and numerical approaches employed across these studies.

Table 1. Analysis of the published contributions in the Special Issue.

S . — Scale;
Contribution No/ Geometry Type lefe-rent — Software; Main Outcomes
Research Area Physics Included .
— Numerical Approach
— Multiscale (ranging from  This study emphasizes the
. cell to tissue); crucial role of the capillary
S}efgil:tt;c i]fj tumor - MATLAB and COMSOL;  network, both quantitatively and
fon tainir}ll Angiogenesis, — An iterative qualitatively, underscoring its
1/Drug deliver ma thematgicall anti-angiogenesis, computational method for ~ dual nature as a double-edged
and & y modeled y intravascular blood = modeling the intravascular ~ sword. Furthermore, it
anti-angiogenesis  microvascular flow, interstitial blood flow in connection highlights the determinative

fluid flow,

i
hetwork in a drug transport

two-dimensional
discrete space

with the interstitial fluid
flow and finite element
method (FEM) for
obtaining the concentration
distribution in tissue.

impact of an anti-angiogenic
agent in restructuring the
microvascular network, a crucial
factor for optimizing the quality
of drug delivery.

2/Drug delivery

Two-dimensional
tumor geometry
extracted from
vascularized
tumor image

Interstitial fluid
flow and
drug transport

— Tissue;

- COMSO;

— FEM: The solution process
comprises two distinct
phases: the initial
steady-state phase, which
addresses the intravascular
and interstitial fluid flow
equations, and the
subsequent
time-dependent phase,
dedicated to solving the
mass transport equations.
The outcomes of the
steady-state solution serve
as the foundational input
for the subsequent
transient simulations.
Notably, the duration of
the intraperitoneal (IP)
treatment method
necessitates that the
transient simulations be
executed within a
one-hour timeframe.

The drug delivery during
intraperitoneal (IP)
chemotherapy is influenced by
the specific vascular network of
the tumor.
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Table 1. Cont.

e . — Scale;
Contribution No./ Geometry Type lefe-rent - Software; Main Outcomes
Research Area Physics Included .
— Numerical Approach
Two-dimensional Pressure acoustics .

. . . A numerical model framework
3/Ultrasound- axisymmetric ex (Helmholtz — Tissue; is presented to predict dru
triggered drug vivo tissue equation) and —MATLAB and COMSOL; p p Crig

. . release from nanoparticle drug
release from geometry with an bioheat transfer — FEM and custom carrier for anv eiven ultrasound
nanoparticles embedded nanopar- (Penne’s bioheat MATLAB code. yE

ticle volume

transfer equation)

and nanoparticle parameters.

4/Nano-sized
drug delivery

A realistic tumour
geometry
reconstructed from
micro-CT images of
an ex vivo

FaDu tumour

The micro-scale
model employs a
particle trajectory
tracking approach,
meticulously
computing the
trajectories of
individual particles
in proximity to a
cell. In contrast, the
macro-scale model
comprises two
integral
components: a
nanofluid
convection model
and a nanoparticle
transport model.
The nanofluid
convection model
applies Brinkman'’s
equations to derive
pressure and flow
velocity,
emphasizing the
averaging of flow
velocity across the

— Particle and tissue;

- COMSOL;

— FEM: The micro-model
calculates particle
deposition independently,
while the macro-model
simultaneously addresses
interstitial fluid velocity
and nanoparticle
concentration. A linear
scheme is predominantly
employed for
discretization, except in the
velocity-solving phase,
which utilizes a quadratic
scheme. The models for
particle tracing and
nanofluid convection are
resolved using the
Generalized Minimal
Residual Method (GMRES),
while the nanoparticle
transport model utilizes
the Multifrontal Massively

This study seeks to assess how
the particle surface charge and
injection site influence the
distribution of nanoparticles,
aiming to achieve an ideal and
uniform concentration across the
tumor. This research contributes
to the advancement of
radiosensitizer development and
offers valuable insights for
guiding clinical trials.

5/Nano-sized
drug delivery and
anti-angiogenesis

representative Parallel Sparse Direct
Solver (MUMPS).

elementary volume,

not solely restricted

to the fluid phase.
Three-dimensional — Tissue; This study evaluates a novel

.. - MATLAB and treatment approach utilizing

realistic geometry OpenFOAM: t . . d evtotoxi
of a brain tumor Interstitial fluid pen ’ antianglogenic anct cytotoxic

and its
heterogeneous
characteristics are
extracted from the
patient’s dynamic
contrast-enhanced
magnetic resonance
(DCE-MR) images

flow, combined
drug transport of
cytotoxic and
antiangiogenic
drugs and antian-
giogenic effects

— For the extraction of
patient-specific parameters
from DCE-MRI, an
in-house-developed
MATLAB code iss used.
For fluid flow and drug
transport simulations, an
in-house solver developed
in OpenFOAM was used.

drugs, supported by
mathematical modeling,
revealing the potential benefits
of this combined therapy in
achieving a more uniform
intratumoral environment and
advancing the development of
more effective brain

tumor treatments.

Contribution 1 introduces a sophisticated numerical model to investigate drug de-
livery with an anti-angiogenesis effect, surpassing previous research complexity. The
model simulates intravascular and interstitial fluid flow, considering non-Newtonian
blood behavior and a dynamically adapting microvascular network. The model evaluates
solute exposure and uniformity in tumors of various sizes using a convection—diffusion—
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reaction model, incorporating anti-angiogenesis simulations. The findings demonstrate
that anti-angiogenic therapy reduces drug wash-out in the tumor periphery. Notably, the
microvascular structure and modifications induced by vascular normalization significantly
impact drug delivery quality, showing a 39% improvement in uniformity with specific
modifications in tumors with a radius of 0.2 cm.

Intraperitoneal (IP) chemotherapy holds promise for treating peritoneal carcinomato-
sis, yet limited drug penetration into tumors remains a challenge. Contribution 2 employs
a numerical model incorporating an actual tumor image with heterogeneous vasculature to
investigate IP chemotherapy. The tumor’s geometry is reconstructed using image process-
ing techniques, and the model accounts for drug binding and uptake by cancer cells. After
60 min of IP treatment with doxorubicin (DOX), the area under the curve (AUC) for the
average free drug concentration reaches 295.18 mol-m~3-s~!, and the half-width parameter
W31 /o, reflecting drug penetration, ranges from 0.11 to 0.14 mm. The treatment resulted in a
fraction of killed cells reaching 20.4% by the end of the procedure. The findings emphasize
the importance of considering specific vascular networks in modeling IP chemotherapy,
showcasing the potential for patient-specific applications.

In contribution 3, a novel multiphysics simulation is developed to model LIPUS-
induced doxorubicin (DOX) release from gold nanoparticle (GNP) drug carriers in an ex
vivo tissue model. Transmission electronic microscopy imaging is performed before and
after LIPUS exposure, and significant aggregation of the GNPs is observed upon DOX
release. A numerical model is created to predict GNP aggregation and the subsequent DOX
release via combining a thermal field simulation by solving the bioheat transfer equation
(in COMSOL) and the Derjaguin, Landau, Verwey, and Overbeek (DLVO) total interaction
potential (in MATLAB). The DLVO total interaction potential is found before and after
LIPUS exposure, and an energy barrier for aggregation is determined. It is concluded
that the interaction potential energy threshold for GNP aggregation (and, as a result, DOX
release) is equal to 0.24 kgT. This simulation model can predict whether DOX release will
occur for a series of GNP and LIPUS parameters. An extensive parametric study is also
performed with the simulation model to study how GNP and LIPUS parameters affect DOX-
loaded GNP colloidal stability. This model could optimize future ultrasound-triggered
GNP-based drug delivery systems before clinical implementation.

Radiosensitizers enhance radiotherapy outcomes, and their effective distribution
within the tumor is crucial due to their limited range. Contribution 4 introduces a compu-
tational model for nanoparticle transport within tumors, considering fluid velocity, particle
deposition, and the convection—diffusion equation. Evaluating the impact of particle sur-
face charge and injection locations reveals that negatively charged particles achieve a more
uniform distribution, covering 100% of the tumor volume in the fluid and 44.5% of the
deposited volume. Shifting the injection location towards the tumor’s center enhances
the particle distribution. The findings suggest that negatively charged radiosensitizing
particles and strategic injection sites can optimize their spread and penetration within
the tumor.

Contribution 5 presents an image-based computational study of interstitial fluid flow
and transport of liposomal cytotoxic and antiangiogenic drugs using an integrated ap-
proach that couples the key drug delivery processes in convection-enhanced delivery (CED)
treatments. The novel contribution is the development of an integrated drug transport
model to predict the dynamic changes of interstitial fluid flow and drug transport upon
anti-angiogenesis. More importantly, the tumor’s 3D geometry and its heterogeneous char-
acteristics, including its microvascular density, porosity, and cell density, are extracted from
patient-specific dynamic MR images and applied as a model input to accommodate the
realistic tumor properties. This study demonstrates that the co-infusion of antiangiogenic
drugs can effectively improve cytotoxic drug delivery outcomes, facilitating enhanced drug
penetration and accumulation. This can be attributed to the reduced microvascular density
that inhibits the fluid exchange between the blood and tissue, mitigating cytotoxic drug
dilution and drug loss due to blood drainage.
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3. Conclusions and Future Research Need

Although submissions for this Special Issue are now closed, there is an ongoing need
for sustained research and development in the realm of multi-scale and multi-physics
models concerning the release, transport, and delivery of anticancer drugs (as well as
diagnostic agents) to cancer. Considering the distinctive features of computational models,
which include their widespread accessibility, cost-effectiveness, and the ability to integrate
artificial intelligence, machine learning, and data inputs from imaging modalities, it is
expected that multi-scale and multi-physics models for anticancer drug delivery will play
a more prominent role in future cancer treatment strategies.

The primary hurdles in these models involve achieving a high resolution and accu-
racy in quantitative predictions while maintaining computational speed. Establishing
a modeling framework and workflow that can concurrently address both objectives is
imperative. The accuracy of these models is primarily dependent on parameterization
related to the tumor, drug, nanoparticle, external source, and the physical models used to
simulate the entire process. In practical terms, the intricacies of the drug delivery process
require many model parameters, posing a distinct challenge in measuring all the parameter
values. Validating computational models involving diverse physics introduces additional
complexity. Simplifications and assumptions within the models are other factors that must
be carefully verified before making final decisions.
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gratitude to the entire editorial team at Cancers. EM. Kashkooli also acknowledges support from the
NSERC Banting Postdoctoral Fellowship, administered by the Government of Canada.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dewhirst, M.W.; Secomb, T.W. Transport of drugs from blood vessels to tumour tissue. Nat. Rev. Cancer 2017, 17, 738-750.
[CrossRef] [PubMed]

2. Stylianopoulos, T.; Munn, L.L.; Jain, R.K. Reengineering the physical microenvironment of tumors to improve drug delivery and
efficacy: From mathematical modeling to bench to bedside. Trends Cancer 2018, 4, 292-319. [CrossRef] [PubMed]

3.  Kashkooli, EM.; Soltani, M.; Rezaeian, M.; Taatizadeh, E.; Hamedi, M.-H. Image-based spatio-temporal model of drug delivery in
a heterogeneous vasculature of a solid tumor—Computational approach. Microvasc. Res. 2019, 123, 111-124. [CrossRef]

4. Baxter, L.T,; Jain, RK. Transport of fluid and macromolecules in tumors. I. Role of interstitial pressure and convection. Microvasc.
Res. 1989, 37, 77-104. [CrossRef] [PubMed]

5. Soltani, M.; Chen, P. Numerical modeling of fluid flow in solid tumors. PLoS ONE 2011, 6, e20344. [CrossRef] [PubMed]

6.  Kashkooli, EM.; Soltani, M.; Souri, M.; Meaney, C.; Kohandel, M. Nexus between in silico and in vivo models to enhance clinical
translation of nanomedicine. Nano Today 2021, 36, 101057. [CrossRef]

7. Zhan, W,; Alamer, M.; Xu, X.Y. Computational modelling of drug delivery to solid tumour: Understanding the interplay between
chemotherapeutics and biological system for optimised delivery systems. Adv. Drug Deliv. Rev. 2018, 132, 81-103. [CrossRef]

8.  Chou, C.-Y;; Chang, W.-I,; Horng, T.-L.; Lin, W.-L. Numerical modeling of nanodrug distribution in tumors with heterogeneous
vasculature. PLoS ONE 2017, 12, e0189802. [CrossRef]

9. Zhan, W.; Wang, C.-H. Convection enhanced delivery of chemotherapeutic drugs into brain tumour. J. Control. Release 2018, 271,
74-87. [CrossRef]

10. Sefidgar, M.; Soltani, M.; Raahemifar, K.; Sadeghi, M.; Bazmara, H.; Bazargan, M.; Naeenian, M.M. Numerical modeling of drug
delivery in a dynamic solid tumor microvasculature. Microvasc. Res. 2015, 99, 43-56. [CrossRef]

11.  Stephanou, A.; McDougall, S.R.; Anderson, A.R.; Chaplain, M.A. Mathematical modelling of flow in 2D and 3D vascular networks:
Applications to anti-angiogenic and chemotherapeutic drug strategies. Math. Comput. Model. 2005, 41, 1137-1156. [CrossRef]

12.  Eikenberry, S. A tumor cord model for doxorubicin delivery and dose optimization in solid tumors. Theor. Biol. Med. Model.
2009, 6, 16. [CrossRef] [PubMed]

13.  Moradi Kashkooli, E; Soltani, M. Evaluation of solid tumor response to sequential treatment cycles via a new computational

hybrid approach. Sci. Rep. 2021, 11, 21475. [CrossRef] [PubMed]


https://doi.org/10.1038/nrc.2017.93
https://www.ncbi.nlm.nih.gov/pubmed/29123246
https://doi.org/10.1016/j.trecan.2018.02.005
https://www.ncbi.nlm.nih.gov/pubmed/29606314
https://doi.org/10.1016/j.mvr.2019.01.005
https://doi.org/10.1016/0026-2862(89)90074-5
https://www.ncbi.nlm.nih.gov/pubmed/2646512
https://doi.org/10.1371/journal.pone.0020344
https://www.ncbi.nlm.nih.gov/pubmed/21673952
https://doi.org/10.1016/j.nantod.2020.101057
https://doi.org/10.1016/j.addr.2018.07.013
https://doi.org/10.1371/journal.pone.0189802
https://doi.org/10.1016/j.jconrel.2017.12.020
https://doi.org/10.1016/j.mvr.2015.02.007
https://doi.org/10.1016/j.mcm.2005.05.008
https://doi.org/10.1186/1742-4682-6-16
https://www.ncbi.nlm.nih.gov/pubmed/19664243
https://doi.org/10.1038/s41598-021-00989-x
https://www.ncbi.nlm.nih.gov/pubmed/34728726

Cancers 2023, 15, 5850 70f8

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Nikmaneshi, M.R.; Firoozabadi, B.; Mozafari, A. Chemo-mechanistic multi-scale model of a three-dimensional tumor microenvi-
ronment to quantify the chemotherapy response of cancer. Biotechnol. Bioeng. 2021, 118, 3871-3887. [CrossRef] [PubMed]
Al-Zu’bi, M.; Mohan, A. Modelling of combination therapy using implantable anticancer drug delivery with thermal ablation in
solid tumor. Sci. Rep. 2020, 10, 19366. [CrossRef] [PubMed]

Al-Zu’bi, M.M.; Mohan, A.S. Modelling of implantable drug delivery system in tumor microenvironment using molecular
communication paradigm. IEEE Access 2019, 7, 141929-141940. [CrossRef]

Rezaeian, M.; Sedaghatkish, A.; Soltani, M. Numerical modeling of high-intensity focused ultrasound-mediated intraperitoneal
delivery of thermosensitive liposomal doxorubicin for cancer chemotherapy. Drug Deliv. 2019, 26, 898-917. [CrossRef]
Rezaeian, M.; Soltani, M.; Naseri Karimvand, A.; Raahemifar, K. Mathematical modeling of targeted drug delivery using magnetic
nanoparticles during intraperitoneal chemotherapy. Pharmaceutics 2022, 14, 324. [CrossRef]

Steuperaert, M.; Falvo D'Urso Labate, G.; Debbaut, C.; De Wever, O.; Vanhove, C.; Ceelen, W.; Segers, P. Mathematical modeling of
intraperitoneal drug delivery: Simulation of drug distribution in a single tumor nodule. Drug Deliv. 2017, 24, 491-501. [CrossRef]
Shamsi, M.; Sedaghatkish, A.; Dejam, M.; Saghafian, M.; Mohammadi, M.; Sanati-Nezhad, A. Magnetically assisted intraperitoneal
drug delivery for cancer chemotherapy. Drug Deliv. 2018, 25, 846-861. [CrossRef]

Mahesh, N.; Singh, N.; Talukdar, P. A mathematical model for understanding nanoparticle biodistribution after intratumoral
injection in cancer tumors. J. Drug Deliv. Sci. Technol. 2022, 68, 103048. [CrossRef]

Mohammadi, M.; Aghanajafi, C.; Soltani, M.; Raahemifar, K. Numerical investigation on the anti-angiogenic therapy-induced
normalization in solid tumors. Pharmaceutics 2022, 14, 363. [CrossRef]

Mohammadi, M.; Soltani, M.; Aghanajafi, C.; Kohandel, M. Investigation of the evolution of tumor-induced microvascular
network under the inhibitory effect of anti-angiogenic factor, angiostatin: A mathematical study. Math. Biosci. Eng. 2023, 20,
5448-5480. [CrossRef] [PubMed]

Mpekris, E.; Baish, J.W.; Stylianopoulos, T.; Jain, R.K. Role of vascular normalization in benefit from metronomic chemotherapy.
Proc. Natl. Acad. Sci. USA 2017, 114, 1994-1999. [CrossRef]

Soltani, M.; Sefidgar, M.; Bazmara, H.; Casey, M.E.; Subramaniam, R.M.; Wahl, R.L.; Rahmim, A. Spatiotemporal distribution
modeling of PET tracer uptake in solid tumors. Ann. Nucl. Med. 2017, 31, 109-124. [CrossRef] [PubMed]

Asgari, H.; Soltani, M.; Sefidgar, M. Modeling of FMISO [F18] nanoparticle PET tracer in normal-cancerous tissue based on real
clinical image. Microvasc. Res. 2018, 118, 20-30. [CrossRef] [PubMed]

Zhan, W. Effects of Focused-Ultrasound-and-Microbubble-Induced Blood-Brain Barrier Disruption on Drug Transport under
Liposome-Mediated Delivery in Brain Tumour: A Pilot Numerical Simulation Study. Pharmaceutics 2020, 12, 69. [CrossRef]
Birindelli, G.; Drobnjakovic, M.; Morath, V.; Steiger, K.; D’Alessandria, C.; Gourni, E.; Afshar-Oromieh, A.; Weber, W.; Rominger,
A.; Eiber, M. Is Hypoxia a Factor Influencing PSMA-Directed Radioligand Therapy?—An In Silico Study on the Role of Chronic
Hypoxia in Prostate Cancer. Cancers 2021, 13, 3429. [CrossRef]

Bhandari, A.; Bansal, A.; Singh, A.; Gupta, R K.; Sinha, N. Comparison of transport of chemotherapeutic drugs in voxelized
heterogeneous model of human brain tumor. Microvasc. Res. 2019, 124, 76-90. [CrossRef]

Bhandari, A.; Bansal, A.; Singh, A.; Sinha, N. Perfusion kinetics in human brain tumor with DCE-MRI derived model and CFD
analysis. J. Biomech. 2017, 59, 80-89. [CrossRef]

Zhao, J.; Salmon, H.; Sarntinoranont, M. Effect of heterogeneous vasculature on interstitial transport within a solid tumor.
Microvasc. Res. 2007, 73, 224-236. [CrossRef]

Stapleton, S.; Milosevic, M.; Allen, C.; Zheng, J.; Dunne, M.; Yeung, L; Jaffray, D.A. A mathematical model of the enhanced
permeability and retention effect for liposome transport in solid tumors. PLoS ONE 2013, 8, e81157. [CrossRef] [PubMed]
Linninger, A.A.; Somayaji, M.R.; Erickson, T.; Guo, X.; Penn, R.D. Computational methods for predicting drug transport in
anisotropic and heterogeneous brain tissue. J. Biomech. 2008, 41, 2176-2187. [CrossRef] [PubMed]

Sarntinoranont, M.; Chen, X.; Zhao, J.; Mareci, T.H. Computational model of interstitial transport in the spinal cord using diffusion
tensor imaging. Ann. Biomed. Eng. 2006, 34, 1304-1321. [CrossRef] [PubMed]

Arifin, D.Y,; Lee, L.Y.; Wang, C.-H. Mathematical modeling and simulation of drug release from microspheres: Implications to
drug delivery systems. Adv. Drug Deliv. Rev. 2006, 58, 1274-1325. [CrossRef]

Kashkooli, EM.; Soltani, M.; Souri, M. Controlled anti-cancer drug release through advanced nano-drug delivery systems: Static
and dynamic targeting strategies. J. Control. Release 2020, 327, 316-349. [CrossRef] [PubMed]

Shamsi, M.; Mohammadi, A.; Manshadi, M.K.; Sanati-Nezhad, A. Mathematical and computational modeling of nano-engineered
drug delivery systems. J. Control. Release 2019, 307, 150-165. [CrossRef]

Stillman, N.R.; Kovacevic, M.; Balaz, I.; Hauert, S. In silico modelling of cancer nanomedicine, across scales and transport barriers.
NPJ Comput. Mater. 2020, 6, 92. [CrossRef]

Dogra, P; Butner, ].D.; Chuang, Y.-1.; Caserta, S.; Goel, S.; Brinker, C.J.; Cristini, V.; Wang, Z. Mathematical modeling in cancer
nanomedicine: A review. Biomed. Microdevices 2019, 21, 40. [CrossRef]

Stylianopoulos, T.; Economides, E.-A.; Baish, ] W.; Fukumura, D.; Jain, R K. Towards optimal design of cancer nanomedicines:
Multi-stage nanoparticles for the treatment of solid tumors. Ann. Biomed. Eng. 2015, 43, 2291-2300. [CrossRef]

Stylianopoulos, T.; Soteriou, K.; Fukumura, D.; Jain, R.K. Cationic nanoparticles have superior transvascular flux into solid
tumors: Insights from a mathematical model. Ann. Biomed. Eng. 2013, 41, 68-77. [CrossRef] [PubMed]


https://doi.org/10.1002/bit.27863
https://www.ncbi.nlm.nih.gov/pubmed/34133020
https://doi.org/10.1038/s41598-020-76123-0
https://www.ncbi.nlm.nih.gov/pubmed/33168846
https://doi.org/10.1109/ACCESS.2019.2944257
https://doi.org/10.1080/10717544.2019.1660435
https://doi.org/10.3390/pharmaceutics14020324
https://doi.org/10.1080/10717544.2016.1269848
https://doi.org/10.1080/10717544.2018.1455764
https://doi.org/10.1016/j.jddst.2021.103048
https://doi.org/10.3390/pharmaceutics14020363
https://doi.org/10.3934/mbe.2023252
https://www.ncbi.nlm.nih.gov/pubmed/36896553
https://doi.org/10.1073/pnas.1700340114
https://doi.org/10.1007/s12149-016-1141-4
https://www.ncbi.nlm.nih.gov/pubmed/27921285
https://doi.org/10.1016/j.mvr.2018.02.002
https://www.ncbi.nlm.nih.gov/pubmed/29408401
https://doi.org/10.3390/pharmaceutics12010069
https://doi.org/10.3390/cancers13143429
https://doi.org/10.1016/j.mvr.2019.03.003
https://doi.org/10.1016/j.jbiomech.2017.05.017
https://doi.org/10.1016/j.mvr.2006.12.003
https://doi.org/10.1371/journal.pone.0081157
https://www.ncbi.nlm.nih.gov/pubmed/24312530
https://doi.org/10.1016/j.jbiomech.2008.04.025
https://www.ncbi.nlm.nih.gov/pubmed/18550067
https://doi.org/10.1007/s10439-006-9135-3
https://www.ncbi.nlm.nih.gov/pubmed/16832605
https://doi.org/10.1016/j.addr.2006.09.007
https://doi.org/10.1016/j.jconrel.2020.08.012
https://www.ncbi.nlm.nih.gov/pubmed/32800878
https://doi.org/10.1016/j.jconrel.2019.06.014
https://doi.org/10.1038/s41524-020-00366-8
https://doi.org/10.1007/s10544-019-0380-2
https://doi.org/10.1007/s10439-015-1276-9
https://doi.org/10.1007/s10439-012-0630-4
https://www.ncbi.nlm.nih.gov/pubmed/22855118

Cancers 2023, 15, 5850 8of8

42.

43.

44.
45.

Kashkooli, EM.; Rezaeian, M.; Soltani, M. Drug delivery through nanoparticles in solid tumors: A mechanistic understanding.
Nanomedicine 2022, 17, 695-716. [CrossRef] [PubMed]

Moradi Kashkooli, F.; Hornsby, T.K.; Kolios, M.C.; Tavakkoli, J. Ultrasound-mediated nano-sized drug delivery systems for cancer
treatment: Multi-scale and multi-physics computational modeling. WIREs Nanomed. Nanobiotechnol. 2023, €1913. [CrossRef]
[PubMed]

Zhan, W.; Wang, C.-H. Multiphysics Simulation in Drug Development and Delivery. Pharm. Res. 2023, 40, 611-613. [CrossRef]
Akalin, A.A.; Dedekarginoglu, B.; Choi, S.R.; Han, B.; Ozcelikkale, A. Predictive design and analysis of drug transport by
multiscale computational models under uncertainty. Pharm. Res. 2023, 40, 501-523. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2217/nnm-2021-0126
https://www.ncbi.nlm.nih.gov/pubmed/35451315
https://doi.org/10.1002/wnan.1913
https://www.ncbi.nlm.nih.gov/pubmed/37475577
https://doi.org/10.1007/s11095-022-03330-x
https://doi.org/10.1007/s11095-022-03298-8

	Introduction 
	Highlights of the Special Issue 
	Conclusions and Future Research Need 
	References

