
1

Vol.:(0123456789)

Scientific Reports |        (2020) 10:19366  | https://doi.org/10.1038/s41598-020-76123-0

www.nature.com/scientificreports

Modelling of combination therapy 
using implantable anticancer drug 
delivery with thermal ablation 
in solid tumor
Muneer Al‑Zu’bi  & Ananda Mohan *

Local implantable drug delivery system (IDDS) can be used as an effective adjunctive therapy for 
solid tumor following thermal ablation for destroying the residual cancer cells and preventing 
the tumor recurrence. In this paper, we develop comprehensive mathematical pharmacokinetic/
pharmacodynamic (PK/PD) models for combination therapy using implantable drug delivery system 
following thermal ablation inside solid tumors with the help of molecular communication paradigm. 
In this model, doxorubicin (DOX)‑loaded implant (act as a transmitter) is assumed to be inserted 
inside solid tumor (acts as a channel) after thermal ablation. Using this model, we can predict the 
extracellular and intracellular concentration of both free and bound drugs. Also, Impact of the 
anticancer drug on both cancer and normal cells is evaluated using a pharmacodynamic (PD) model 
that depends on both the spatiotemporal intracellular concentration as well as characteristics of 
anticancer drug and cells. Accuracy and validity of the proposed drug transport model is verified with 
published experimental data in the literature. The results show that this combination therapy results 
in high therapeutic efficacy with negligible toxicity effect on the normal tissue. The proposed model 
can help in optimize development of this combination treatment for solid tumors, particularly, the 
design parameters of the implant.

Cancer is one of the most dangerous and deadliest diseases that cause deaths of millions of people around the 
world each year. More than 85% of human cancers appear as solid  tumors1. Minimally invasive and image-
guided thermal ablation techniques such as radiofrequency ablation (RFA) and high-intensity focused ultrasound 
(HIFU) ablation have been used for local treatment of malignant solid tumors as an alternative for systemic 
chemotherapy and surgical  resection2. In thermal ablation, the tissue temperature rises above 50 °C, which is 
enough to destroy tumor tissue by inducing coagulation  necrosis2. Thus, thermal ablation will destroy the cel-
lular and vasculature structures, which results in a new ablated tissue with different characteristics. However, 
the main limitation and challenge of thermal ablation is the risk of local recurrence and residual tumor after the 
thermal ablation, particularly at the tumor  periphery3–5. The experimental studies showed that the combination 
therapy through local release of anticancer drugs from a miniaturized implant in solid tumors following thermal 
ablation can result in a better therapeutic efficacy by destroying the residual cancer cells and preventing tumor 
 recurrence6–8.

Anticancer drug distribution and fluid flow within solid tumors are essential factors that affect the clinical 
efficiency of anticancer therapies. In addition to that, pharmacokinetic processes, including drug efflux/influx 
into cells, drug binding/unbinding with interstitial proteins, perfusion into blood capillaries, and biodegrada-
tion, have a significant impact on the therapeutic outcomes. Moreover, one of the most important challenges in 
the development of new drug delivery systems (DDSs) is ensuring that the optimal amount of drug is achieved 
in tumor versus normal tissues to avoid toxicity in the healthy tissues. Dual-release implants have been clini-
cally approved and currently used for cancer treatments in the clinical trials and research, e.g., Gliadel polymer 
 implants9. The implant releases the anticancer drug over two phases, namely, burst and sustained releases. For 
example, in-situ forming implants (ISFIs) have a dual-release pattern with a large undesirable burst release, 
which may cause major toxicity problems and consume the loaded drug in the implants  rapidly10. Designing 
this type of implants with a minimum initial burst release becomes an attractive challenge, and one of the key 
issues in the design of  ISFIs11. Moreover, some drug-loaded implants can be designed in a controlled way to 
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have a dual-release profile to release a large amount of drug early, i.e., burst release, to rapidly reach the effective 
therapeutic concentration at the target site while keeping drug concentration within the effective level during 
the sustained release  phase12. Therefore, providing mathematical pharmacodynamic (PD) and pharmacokinetic 
(PK) models to examine and analyze the impact of the anticancer drug on the surrounding healthy and tumor 
tissues is necessary for design the implantable DDSs to get high therapeutic efficiency.

Mathematical and computational modelling of release and transport of anticancer drugs have played a vital 
role in the advancement of drug delivery systems. These models provide a powerful tool for understanding drug 
transport and other complex pharmacokinetics processes and their impact on the tumor cells and the surround-
ing tissues (pharmacodynamics). As a result, they can help in optimum design and development of the DDSs to 
reduce the number of animal experiments which save time and reduce cost. A comprehensive review of litera-
ture has been discussed on mathematical models that have been employed to improve and design anti-cancer 
 DDSs13–15. For example, mathematical models were used to aid the design and optimization of doxorubicin-
loaded liposome formulations to achieve a better therapeutic index in  tumor16. Application of mathematical mod-
eling to guide the development of various drug delivery systems, e.g., extended-release formulation, liposome, 
etc., was  presented17. These models optimized the drug formulation and dose regimen, accelerated the clinical 
trial, evaluated the influence of the drug on anti-tumor efficacy, predicted the clinical response by preclinical 
data, etc. A generic model is developed to minimize the number of suppositions about drug distribution to 
describe the behavior of therapeutic and diagnostic drugs in tumor  environments18. Furthermore, a mathemati-
cal model is developed to study the effect of the various factors on the delivery of BCNU chemotherapy to brain 
tumor using systemic administration and local release from Gliadel  wafer19. This model yields information on 
the optimal polymer implant location and the efficacy of controlled drug delivery by Gliadel wafer compared to 
traditional degradable polymers.

Most of the mathematical works on anticancer drug transport are limited to systemic drug delivery while few 
simplified models on implantable drug delivery systems (IDDSs) following thermal ablation are  reported12,20,21. 
A mathematical model was derived at steady-state for design dual-release doxorubicin (DOX)-loaded implant 
to provide the optimal drug pharmacokinetics at the tumor ablation boundary after  RFA12. A numerical model 
was proposed to estimate the DOX drug transport parameters, e.g., diffusivity and elimination rate, following 
insertion of a dual-release implant in liver tissues with/without  RFA22. A computational transport model was 
proposed for simulation and prediction transport and pharmacokinetics of DOX after inserting biodegradable 
implants in liver tumors following  RFA20,21,23. However, the models discussed above are derived based on many 
simplified assumptions, such as taking the impact of pharmacokinetics (e.g., elimination, cellular uptake/efflux, 
and binding) as an average equilibrium process via an effective rate constant. These models do not characterize 
and predict the dynamic intracellular concentration of anticancer drugs and the binding of anticancer drugs 
with proteins in the tissue. Furthermore, the works mentioned above do not provide any pharmacodynamic 
model which can be used for evaluating the therapeutic efficacy, i.e., the impact of the anticancer drug on tumor 
and healthy tissues.

In this paper, we develop a comprehensive mathematical and computational model for local release and 
transport of anticancer DOX drug following insertion of a dual-release implant inside a thermally ablated solid 
tumor with the help of molecular communication (MC) abstraction, see Fig. 1. We chose DOX anticancer drug 
because it is widely used in chemotherapy due to its efficacy in killing a wide range of cancers such as carcinomas, 
sarcomas, and hematological  cancers24. Moreover, there are many experimental measured parameters for DOX 
in the literature which can be used in our models to get more accurate results. However, the proposed model can 
be applied to other drugs by adjusting the drug parameters in the model. Molecular communication is an emerg-
ing paradigm for exchange the biochemical molecules between the biological cells and synthetic nanomachines 
within the biological aqueous  environments25,26. One of the most important applications of the MC paradigm is 
modelling and abstraction of the drug delivery systems, particularly for providing the drug at the site of action 
and minimizing the drug in the healthy  tissues25,26. In this paradigm, the drug delivery process is abstracted as 
a communication mechanism, as shown in Fig. 2. The implantable drug delivery device (the implant) acts as 
a transmitter while the target site, i.e., malignant cell, acts as a receiver. The anticancer therapeutic agent, i.e., 
DOX, can be considered as information molecules. The tumor microenvironment is a three-dimensional (3-D) 

Figure 1.  Graphical illustration of the drug implant inserted in 3-D solid tumor.
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medium surrounded by normal tissue, which acts as a molecular communication channel. At the target sites, the 
intracellular concentration of the anticancer drug (DOX) should reach a minimum threshold to kill the cancer 
cells. In the MC paradigm, this can be considered as a reception mechanism where the intracellular concentra-
tion is the received signal, while the death of cancer cells is the output response.

In this model, a millimeter-scale dual-release implant, loaded with anticancer DOX drug, is assumed to be 
inserted inside a solid tumor to releases DOX anticancer agents. Here, we consider two solid tumor models, 
namely, thermally ablated and non-ablated tumors, surrounded by normal tissues. We consider the impact of the 
following factors on the drug transport process in tumor and surrounding normal tissue: interstitial fluid pressure 
and velocity, binding of DOX with albumin-proteins in the interstitial extracellular space, cellular influx/efflux of 
DOX across the cellular membranes, elimination of DOX into the blood and lymphatic microvessels. Impacts of 
all the above-mentioned pharmacokinetic processes are included in the drug transport model for predicting the 
extracellular and intracellular concentrations of both free and bound DOX. Furthermore, this model enables esti-
mate the toxicity of DOX on tumor cells and surrounding healthy tissue. The impact of DOX on the cancer cells 
is evaluated using a pharmacodynamic model that depends on the spatiotemporal intracellular concentration 
of DOX as well as on the characteristics of both the DOX and tumor cells. Moreover, the concentration of DOX 
in normal tissue is evaluated, which can be used for toxicity assessment. Accuracy and validity of our proposed 
model are verified and compared with the published experimental data in the literature, assuming the impact 
of the various pharmacokinetic parameters are combined in the apparent diffusivity and apparent elimination 
constant. To the best of our knowledge, this work is the first comprehensive model available in the literature that 
simultaneously captures and addresses the anticancer drug transport, pharmacokinetics, and pharmacodynamics 
using local dual-release drug implants in malignant solid tumors following thermal ablation.

Results and discussion
In this study, the governing mathematical equations which describe the proposed model are discretized in space 
with the finite element method using the commercial software package COMSOL Multiphysics 5.3. In COM-
SOL Multiphysics, we solve the interstitial fluid flow and drug transport models together with the tumor cell 
density model. The steady-state solutions of the interstitial velocity and pressure fields are applied to the drug 
transport model. Both the fluid flow and the drug transport models are solved under relative tolerance of  10–6 
and absolute tolerance  10–7. The numerical computation is run to examine the model over a timeframe of 4 days 
(96 h), assuming the initial time is the time of insertion of the implant in the tumor. In this model, the tumor 
characteristics and the drug parameters are taken from the published experimental works and other studies in 
the literature. The parameters used in this study are given in  Tables 2, 3, 4 and 5.

Figure 2.  Abstraction of the implantable drug delivery system in tumor using molecular communication 
paradigm.
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As shown in Fig. 3, the average and maximum interstitial fluid pressure (IFP) in the tumor are equal to 
1466 Pa and 1533 Pa, respectively. However, the average pressure in the normal tissue is equal to 50 Pa, which is 
significantly lower than the pressure in the tumor. Furthermore, there is a sharp pressure gradient (and conse-
quently, high-velocity field) at the interface boundary between the tumor and normal tissues, as shown in Fig. 3. 
This result is not surprising due to the lake of the lymph vasculature in the tumor compared to the normal tissue. 
The trend of the results agrees well with the previous studies in the  literature1,27,28.

A group of researchers conducted experiments for measuring the DOX concentration with the distance from 
polymer implants placed inside thermally ablated liver  tumor8,20,21,29. In Fig. 4, we verify the accuracy and validity 
of our drug transport model by comparing the results with the published experimental  data21. The impact of the 
various processes in the tumor, including the binding effect, is given in terms of the apparent elimination rate 
constant and apparent  diffusivity20. The parameters used in this comparison are chosen to be the same as that 
used in the  experiment21. The apparent diffusivity of DOX in the liver tumor is given as D = 50 µm2/s while it 
varies within the thermally ablated tumor; thus, we use an average  value20 of 78.2 µm2/s. The apparent elimina-
tion rate constant of DOX in the liver tumor is γ = 0.58 × 10–4 s−1, and it is negligible in the ablated tumor within 
the first 4  days20, i.e., γ = 0 s−1. As expected, the measured concentration shows a decreasing trend with the radial 
distance from the implant. The results obtained using our numerical COMSOL model agree well with the results 
extracted from the published experimental data. This indicates the accuracy and validity of the drug release and 
transport model, which represents the main part of the proposed model in this paper.

In this study, the concentration distribution profiles for both 80% and 90% ablation have a similar trend 
with the time and distance but with slightly different amplitudes. Therefore, we do not show all the results in 
this paper to eliminate the redundancy. Figure 5 shows the spatial-mean extracellular concentration profiles of 
free-DOX and bound-DOX in the risk region of 90% ablated tumor. The implant with a higher release rate leads 
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Figure 3.  (a) Interstitial fluid pressure and (b) velocity field in the tumor and normal tissues with the radial 
distance from the tumor center.
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5

Vol.:(0123456789)

Scientific Reports |        (2020) 10:19366  | https://doi.org/10.1038/s41598-020-76123-0

www.nature.com/scientificreports/

to a larger peak concentration and lower peak time. As the release rate increases, the amount of the released 
DOX will increase rapidly, and thus the peak concentration will reach a higher value within a shorter time. The 
increasing and decreasing rates of the extracellular concentration become sharper as the release rate constant 
increases. The decay in concentration after it reaches the peak value is due to a reduction in the released drug 
from the implant and elimination through blood vessels and cellular uptake. The bound-DOX concentration has 
a similar trend as the free-DOX concentration for various sustained release rate constants but with approximately 
three-fold higher amplitude.

Figure 6 shows the extracellular free-DOX concentration versus the distance from the implant/tissue interface 
in ablated and non-ablated solid tumors. The extracellular DOX concentration in a solid tumor without apply-
ing thermal ablation has a smaller amplitude than the concentration in an ablated tumor. This happens because 
in the non-ablated tumor, the cells and blood vasculature structures, which cover a large volume of the solid 
tumor, have a high impact on the elimination of the DOX through the cellular uptake and the blood microvessels. 
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Figure 5.  Spatial-mean temporal concentration profile of (a) free-DOX and (b) bound-DOX in the 
extracellular space of the risk region in 90% ablated tumor.
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Furthermore, the drug can penetrate a larger distance and cover a larger volume in the ablated tumor compared 
to the non-ablated tumor. Also, tumor with larger ablation radius (e.g., 90%) shows higher DOX concentration 
and larger penetration compared to smaller ablation radius (e.g., 80%) on the fourth day as shown in Fig. 6. The 
observed impact of the thermal ablation on the drug distribution in tumors agrees with the experimental data 
in the  literature6,8,21.

The intracellular concentration of free-DOX in the risk region of 90% ablated tumor is shown in Fig. 7. The 
DOX intracellular concentration follows a similar trend as the extracellular concentration because it highly 
depends on the extracellular DOX levels. The higher peak amplitude of the intracellular concentration can be 
achieved using a faster release implant. As shown in Fig. 7b, the intracellular concentration decreases as the 
distance increases from the inner boundary of the risk region. This happens because the extracellular DOX con-
centration decreases with the distance, and it has a direct influence on the intracellular uptake and, consequently, 
on the intracellular DOX concentration.

Figure 8 shows the tumor cell density in the risk region with the radial distance from the inner boundary of 
the risk region of 80% ablated tumors at various times following the insertion of the implant. Tumor cell density 
shows heterogeneous distribution along the radial direction, where it increases with the distance with minimum 
density appears near the inner boundary of the risk region. This can also be seen in the color map of the spatial 
distribution of tumor cell density in Fig. 10. Moreover, there is a significant reduction in tumor cell density over 
time following the insertion of the implant. Furthermore, we found that the implant with the release rate con-
stants  ks = {5, 25} × 10–6 s−1 will almost have the same therapeutic effect on the last day of treatment. However, 
using a smaller release rate will consume less amount of the drug with minimum toxicity on the normal tissue. 
Therefore, design the implant with an optimal release rate is very important to get a high therapeutic efficacy.

The final therapeutic outcomes of the combination therapy using the DOX-loaded implant and RFA can be 
obtained from the tumor survival curves, as shown in Fig. 9. We can see that using the implant alone for tumor 
treatment without RFA leads to a negligible impact on the tumor cell density, even with a high release rate, i.e., 
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Figure 7.  Intracellular free-DOX concentration in the risk region of 90% ablated tumor for various release rate 
constants (a) spatial-mean temporal concentration profile and (b) spatial concentration at t = 12 h.
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90% of the tumor cells survive at the end of the treatment (at t = 96 h). In the case of 80% ablated tumor, there 
is about 40% cancer cells survive on the last day of the treatment. However, for 90% ablated tumor, most of the 
tumor cells are killed on the last day, i.e., only 4% survival cells. This can also be confirmed in the color map 
of tumor cell distribution, as shown in Fig. 10. Thus, the combination treatment using the implant following 
RFA will result in high therapeutic efficacy in destroying the residual tumor cells compared to a single therapy 
approach. Moreover, the release rate constants,  ks = {5, 25} × 10−6 s−1, show a similar therapeutic effect on the last 
day (at t = 96 h) with lower tumor survival compared to an implant with  ks = 1 × 10−6 s−1.

In general, the IDDSs have negligible toxicity on the surrounding healthy tissue and do not cause systemic 
toxicity. However, the amount of DOX which may reach to the normal tissue should be minimized to reduce the 
toxicity risks. The DOX level in the normal tissue can be used as a metric to predict the toxicity. In this study, 
the peak DOX concentration in normal tissue under all the examined release rates, as listed in Table 1, is found 
to be lower than the half-maximal inhibitory  concentration27  (IC50 = 4.13 × 10−5 kg/m3). The peak extracellular 
concentration of free and bound-DOX in the solid tumor without RFA has very small and negligible values. In 
the non-ablated solid tumor, the released DOX from the implant will be affected by the cellular uptake and the 
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Figure 10.  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 ks = 5 × 10−6 s−1.
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elimination through the blood vessels before reaching the normal tissue. This explains why the amount of DOX 
that appears in the normal tissue is very small in the case of the non-ablated tumor compared to the ablated 
tumor where the vascular and cellular structures are destroyed.

Conclusions
In this paper, we propose comprehensive mathematical and computational models for the transport of antican-
cer drug following the insertion of a dual-release implant in thermally ablated solid tumor with the help of the 
molecular communication paradigm. We predict the extracellular and intracellular concentrations of both free 
and bound-DOX in the various regions of thermally ablated solid tumor. This model includes the impact of the 
various pharmacokinetic processes such as binding of DOX to proteins, cellular influx/efflux, and elimination into 
the vasculature system. Also, we investigate the impact of the pressure and velocity of interstitial fluid on DOX 
transport in tumor and surrounding healthy tissue. Accuracy and validity of the proposed transport model is 
verified with the published experimental data assuming that the various pharmacokinetic processes are combined 
in the apparent diffusivity and elimination constant. Moreover, we examine the impact of the anticancer drug on 
tumor cell density, which shows a significant reduction in cell density over time. The combination therapy using 
the implantable drug delivery following thermal ablation results in high therapeutic efficacy. We found that the 
anticancer drug does not lead to toxicity effect on the normal tissue. The proposed model can help to optimize 
the development of the combination technique for treating solid tumors. Thus, we can reduce the clinical trials 
and the number of animals in biomedical research to save time and reduce cost. One of the limitations in our 
model is ignoring the impact of the implant biodegradation and drug interactions with the tissue surround-
ing the implant on the drug release process. Another limitation is using average diffusivity within the ablated 
tumor. However, the diffusivity varies with the radial distance in the ablated tumor. We will improve our model 
to overcome these limitations in future works.

Method
Mathematical model. Solid tumors are heterogeneous environments due to spatial heterogeneity of the 
tumor vasculature and the cells. However, due to the unavailability of experimental heterogeneity data of solid 
tumors and to simplify the analysis, the solid tumors are widely treated in the literature as spatially homogene-
ous  media27,28,30–32. Thus, we do not discriminate between the necrotic and viable tumor regions. Moreover, 
we assume that the growth timescale of the tumor and normal tissues is much longer than the timescale of the 
transport phenomena and the observation time window. Thus, it would be reasonable to assume that the system’s 
physiological parameters to be time-independent27. Incomplete radiofrequency ablation (RFA) will create an 
ablated zone, with no viable cancer cells, surrounded by a tumor rim (risk region) that shows a high density of 
the viable malignant cells, as shown in Fig. 11.

Tumor microenvironment modelling. Interstitial fluid transport. The tumor and surrounding tissue 
can be treated as porous media because the length scale of the intercapillary distances is much smaller than the 
tumor  radius27,30,33,34. Thus, the variations over the microscopic length scales can be averaged out, and the inter-
stitial fluid flow (IFF) is defined by coupling mass and momentum conservation equations.

For incompressible Newtonian fluid flow through a porous medium, the momentum conservation equation 
(Navier–Stokes equation) is simplified to Darcy’s law at a steady-state, which is quite applicable to the analysis of 
the interstitial fluid  flow33. Darcy’s law is used to account for the convective contribution of the interstitial fluid 
through porous media. Darcy law is derived for incompressible Newtonian fluid with neglecting the following 
factors: the divergence of the velocity, the inertial force, and the friction within the fluid and between the fluid 
and solid phases. Similar to other works in the  literature35,36, the fluid flow in the tumor tissue with thermal 
ablation can be modelled using Darcy law.

where �vi is the interstitial velocity field (IVF) in (m/s), Pi is the interstitial fluid pressure (IFP) in (Pa), ki is the 
hydraulic conductivity of the interstitial fluid in (m2/(Pa s)).

The mass continuity (balance) equation for an incompressible fluid in the porous media with source and sink 
of mass is given as  follows27.

(1)�vi = −ki∇Pi

Table 1.  The maximum DOX concentration in the normal tissue for ablated and non-ablated tumors.

Tumor Drug

Release rate constant

ks = 1 × 10–6 s−1 ks = 5 × 10–6 s−1 ks = 25 × 10–6 s−1

90% ablation
Free 58.9 × 10–8 202 × 10–8 430 × 10–8

Bound 176 × 10–8 608 × 10–8 1280 × 10–8

80% ablation
Free 0.28 × 10–8 0.99 × 10–8 2.04 × 10–8

Bound 0.85 × 10–8 2.98 × 10–8 6.13 × 10–8

No ablation
Free 0.72 × 10–12 0.74 × 10–12 1.10 × 10–12

Bound 2.16 × 10–12 2.21 × 10–12 3.32 × 10–12
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where ρi is the interstitial fluid density in (kg/m3), φvi is the mass fluid source term which represents the fluid flow 
rate per unit volume of tissue from the blood vessels into the interstitial space in (1/s), and φli is the lymphatic 
drainage (sink) term that represents the fluid flow rate per unit volume of tissue from the interstitial space into 
the lymph vessels in (1/s). The Eq. (2) is applicable to both normal and cancerous biological tissues.

The mass fluid source term φvi is governed by Starling’s  law27,30 as

where Pvi is the intervascular blood pressure (IBP) in (Pa), πvi is the osmotic pressure of the plasma in (Pa), πi 
is the osmotic pressure of the interstitial fluid in (Pa), Lvi is the hydraulic conductivity of the blood vessel walls 
in (m/Pa s), σi is the average osmotic reflection coefficient for plasma proteins, and Svi

/

Vi is the surface area of 
the blood vessels per unit volume of tissue in (1/m).

The lymphatic drainage term φli is given  as27,30

where Pli is the hydrostatic pressure of intra-lymphatic in (Pa), Ll is the hydraulic conductivity of the lymphatic 
wall in (m/(Pa s)), Sli

/

Vi is the surface area of the lymphatic vessels per unit volume of tissue in (1/m), and LlSl
/

V  
is the lymphatic filtration coefficient in (1/(Pa s)).

At steady state, the mass continuity equation for incompressible flow in porous media reduces to

Now, by combining Darcy’s law (1) and the mass continuity Eq. (5), we get

where ∇2 is the Laplacian operator.
The lymphatic drainage term is equal to zero in the tumor region due to the lake of the lymphatic system. 

Moreover, the mass fluid source term is equal to zero in the ablated-tumor region because the thermal ablation 
destroys the vascular network. Thus, Eq. (6) can be rewritten as

Equation (7), together with the boundary conditions (23)–(34), can be solved analytically or numerically. 
However, the analytical derivation could be complicated for three regions even there is an analytical solution for 

(2)
∂ρi

∂t
+∇ · (ρi�vi) = (φvi − φli)ρi

(3)φvi =
LviSvi

Vi
(Pvi − Pi − σi(πvi − πi))

(4)φli =
LliSli

Vi
(Pi − Pli)

(5)∇ · �vi = φvi − φli

(6)−ki∇
2Pi = φvi − φli

(7)−ki∇
2Pi =

{

0,

φvi ,

φvi − φli ,

Ablated tumour

Non - ablated tumour

Normal tissue

Figure 11.  Schematic illustration of a cross-section view of a 3-D solid tumor, including the drug implant after 
RFA.
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two regions model, and thus we solve it using COMSOL Multiphysics software. The obtained interstitial fluid 
pressure and velocity will be used in the drug transport model in the next subsection.

Interstitial drug transport. In this model, the drug source is a miniaturized implant loaded with DOX antican-
cer drug inserted inside a solid tumor. The implant will release the anticancer drug, which diffuses through the 
surrounding tissue, and it will be influenced by the various pharmacokinetic processes, including drug efflux/
influx into cells, drug binding/unbinding with interstitial proteins, elimination into blood capillaries, and bio-
degradation. These factors have a significant impact on drug transport and therapeutic efficacy.

Transport of free-DOX in the interstitial space can be mathematically modelled using the following diffu-
sion–convection–reaction equation.

where ∇ is the Del gradient operator and the index i ∈ {a, t, n} refers to the ablated tumor, the non-ablated 
tumor, and the normal tissues. The function Cexi is the spatiotemporal extracellular concentration of free-DOX 
in the interstitial space in (g/m3), and DFi is the diffusion coefficient of free-DOX, which has a different value 
in each region.

The loss rate of free-DOX due to drainage in the lymphatic vessels and elimination by the blood capillaries.

The loss rate of free-DOX due to lymphatic drainage (φli) is given by Eq. (4). Since lack of lymphatic system in 
the tumor  region1,28,30, we set the loss rate due to lymphatic drainage equal to zero in both the ablated and non-
ablated tumor regions. Moreover, the experimental studies showed that thermal ablation destroys the vascular 
structure inside the ablated tumor zone, and therefore the DOX loss into the blood in this region is neglected. 
However, several blood microvessels may appear in the peripheral region of the ablation  zone37. Moreover, the 
initial concentration of DOX in the plasma is assumed to be zero, where the implant is the only drug  source38.

The loss rate of free-DOX due to elimination by blood vessels (γvi) can be expressed as  follows38,39.

where PFi is the permeability coefficient of the blood vessel wall to free-DOX in (m/s).
The term FB accounts for the binding and unbinding of DOX with Albumin proteins in the interstitial space.

where ka and kd are the DOX-protein association and dissociation reaction rates, respectively, and Cbi is the 
spatiotemporal bound-DOX concertation in the tissues.

The doxorubicin molecules can transport to/from the interior of the cell across the cell membrane. Thus, the 
effect of cellular uptake (influx) and efflux is modelled using the following cellular influx/efflux rate:

where Dc is the cancer cells density in the unit of  (105 cells/m3). The cellular influx and efflux functions, ζinf  and 
ζeff  , are given in Eqs. (14) and (15), respectively.

Modelling of the target cells. Drug absorption by the cells. The doxorubicin can transport across the 
cell membrane via passive diffusion and carrier-mediated  transport40. Free and bound DOX can cross the tumor 
cell membrane. The amount of bound DOX which enter the cells is  neglected41. Therefore, we assume that only 
free-DOX can uptake by the cells, and therefore the intracellular concentration is a function of the extracellular 
free-DOX concentration. The intracellular DOX concentration Cc is expressed in the unit of (ng/105 cells), and 
it changes with the time according to the following  equations42,43.

where ζinf and ζeff  are the cellular influx and efflux functions, Vmax is the maximum rate of transmembrane trans-
port, and φe is the extracellular volume fraction. The parameters Vmax , ke , and kc were obtained in the  literature43, 
by the fitting of the experimental data of intracellular Adriamycin concentration in tumor  cells44. The parameters 
mentioned above are listed in Table 2.

(8)
∂Cexi

∂t
+∇ · (viCexi) = ∇ · (DFi∇Cexi)+ FBi + FCi − γiCexi

(9)γi =

{

0,

γvi ,

γvi + φli ,

Ablated Tumor

Non - ablated Tumor

Normal Tissue

(10)γvi =
PFiSvi

Vi

(11)FBi = kdCbi − kaCexi

(12)FCi = Dc

(

ζeff − ζinf
)

(13)
dCc

dt
= ζinf − ζeff

(14)ζinf = Vmax

Cexi

Cexi + keφe

(15)ζeff = Vmax

Cc

Cc + kc
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Albumin is moving protein molecules that can be found in the bloodstream and interstitial space. Some 
free-DOX molecules may bind to proteins, such as Albumin, in the interstitial space, then new macromolecules 
(bound-DOX) will be created. The bound-DOX may unbind from the DOX-protein complexes and then becomes 
free. The spatiotemporal transport of bound-DOX in the extracellular space can be modelled using the following 
diffusion–convection–reaction  equation27,41:

where Cexi is the spatiotemporal extracellular concentration of bound-DOX in the interstitial space and DBi is 
the diffusion coefficient of bound-DOX, which has a different value in each region.

The loss rate of bound-DOX due to the blood and lymphatic microvessels is given as

where PBi is the permeability coefficient of the blood vessel wall to bound-DOX.

Death of the tumor cells. The cancer cell density can be described using the following equations, which include 
the impact of the free-DOX concentration and the natural growth and death of  cells27,42.

where kgr and kdr are the natural growth and decay rate constants of the tumor cells, respectively, and km is the 
saturation constant. The nonlinear function K reflects the effect of the anticancer drug, which depends on the 
intracellular concentration of free-DOX, the maximal DOX cell killing rate ( kmax ), and Michaelis constant EC50 . 
Initial tumor cell density is used as an initial condition for solving Eq. (18). The parameters mentioned above 
are listed in Table 2.

Drug implant model. In this study, the drug implant is loaded with anticancer drug DOX. The main design 
parameters of the implant are the release rate, the implant size, and the amount of loaded drug. The release rate 
depends on the implant formation and the physicochemical properties of the loaded drug, which can be adjusted 
during the design phase by selecting appropriate materials, e.g., polymer and  drugs48. The optimal release rate 
can help in improving the therapeutic outcomes by reducing the side effects, which in order save time and cost. 
The amount of the released drug can be experimentally monitored over time to obtain the release profiles. Rel-
evant mathematical models for the release kinetic can be fitted to the experimentally measured release curves to 
predict the release rate  constants49. The implant has a dual-release pattern, i.e., it releases DOX over two phases: 
fast burst release over a short time duration followed by slow sustained release over an extended period of time. 
Thus, we can model both dual-release and sustained release implants by adjusting the release parameters. For 
example, in-situ forming implants (ISFIs) and double-layer implants have dual-release  pattern6,12.

The cumulative amount of released DOX at the time t can be mathematically modelled using the bi-expo-
nential first-order kinetic model as

(16)
∂Cbi

∂t
+∇ · (viCbi) = ∇ · (DBi∇Cbi)− FBi − γiCexi

(17)γvi =
PBiSvi

Vi

(18)
dDc

dt
=

(

kgr − kdr
)

Dc − KDc − kmD
2
c

(19)K =
kmaxCc

Cc + EC50

(20)M(t) = M0W∞

(

1− f · e−kf t −
(

1− f
)

· e−kst
)

Table 2.  Tumor cell density and intracellular concentration parameters.

Parameter Unit Value References

Vmax ng/(s  105 cells) 4.67 × 10−3 27,41–43,45,46

ke kg/m3 2.19 × 10−4 27,41–43,45,46

kc ng/105 cells 1.37 27,41–43,45,46

φe – 0.4 27,41,43,45

Dc0 105 cells/m3 1 × 1010 27,41,42,45,46

kgr s−1 5.78 × 10−6 42,46

kdr s−1 2.78 × 10−6 42,46

km m3/(s  105 cells) 3 × 10−16 27,42,46

kmax s−1 1.67 × 10−5 27,47

EC50 ng/105 cells 0.5 27,47
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where M0 is the total amount of loaded-drug in the implant in (mg), W∞ is the total fraction of drug released at 
steady state, and f is a fraction of drug released during the burst phase. The parameters kf  and ks are release rate 
constants for burst and sustained release phases in  (s−1), respectively.

Now, the rate of drug release across the spherical implant surface at time t per unit area of the implant surface 
in g/(s  m2), i.e., the flux, can be expressed as

where A = 4πr20 is the surface area of the implant and r0 is the implant radius.
The characteristic parameters of the dual-release implant are listed in Table 3. Similar to the experimental 

release  data6, we chose 10% of the loaded drug to be released within the first hour while different values of 
sustained-release rate constant are examined.

The experimental studies in the literature showed insignificant variation for the size of the implant during 
the release duration since the implant releases drug prior to any significant  degradation38. Thus, it is reasonable 
to assume that the size variation due to biodegradation is negligible during the observation  time6,38.

Model parametrization. In this work, the values of the model parameters are obtained from the published 
experimental data and other studies in the literature, assuming that the growth of the tissues is negligible dur-
ing the observation timeframe. This assumption is widely used in the literature since the time scales of fluid and 
drug transport phenomena are relatively  short27. Thus, it would be reasonable to assume that the system’s physi-
ological parameters to be time-independent. The parameters are defined through the paper and summarized in 
Tables 2, 3, 4 and 5.

Microvasculature density (S/V). The microvasculature density is the ratio of vascular surface area per unit vol-
ume of tissue. The microvasculature density of capillaries highly varies among tumor types and within the same 
type of  tumor34. However, the experimental data show a leak of lymph vessels in the tumor tissues. Different 
studies show that the larger tumors have smaller microvasculature  densities34,50. For a tumor with 2 cm diameter 
(i.e., volume = 4188  mm3), the surface area of the blood vessels per unit volume of tumor tissue is approximately 
equal to  104 1/m34. In normal tissues, the surface area of the blood vessels per unit volume of tissue is measured 
as 7 × 103 1/m51. As mentioned before, the histological analysis confirms that the thermal ablation destroys the 
vascular network and tumor cells in ablated tumor  tissue4,8,12,21,52–54. Thus, the effect of microvasculature density 
and, consequently, drug loss through blood microvessels in ablated tumor tissue is neglected.

(21)Frs(t) =
1

A

dM

dt
=

M0W∞

A

(

f · kf e
−kf t +

(

1− f
)

· kse
−kst

)

Table 3.  The dual-release implant parameters.

Parameter Value Unit

M0 5 mg

kf 5 × 10–4 s−1

ks 1–25 × 10–6 s−1

f 0.1 –

W∞ 1 –

r0 1.5 mm

Table 4.  Fluid transport parameters.

Parameter Unit Tumor tissue Normal tissue References

πi Pa 2000 1333 27,28,30,32,55–57

πvi Pa 2666 2666 27,28,30,32,55–57

ρi kg/m3 1000 1000 27,32

µi Pa s 7.8 × 10−4 7.8 × 10−4 27,32

ki m2/(Pa s) 3.10 × 10−14 6.40 × 10−15 27,28,30,32,55–57

Svi
/

Vi m−1 10,000 7000 27,28,30,32,34,51,55–58

Lvi m/(Pa s) 2.10 × 10−11 2.70 × 10−12 27,28,30,32,55–57

LlSl
/

V 1/(Pa s) 0 4.17 × 10−7 27,30

Pli Pa 0 0 27,30

Pvi Pa 2080 2080 27,28,30,32,55–57

σi – 0.82 0.91 27,28,30,32,55–57
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Extracellular space fraction (φe). The volume fraction of extracellular space in the tumor is much larger than 
that in the normal tissue, and it ranges from 0.2 to 0.6 with tumor cell density ranges from 0.955–15.3  105 cells/
mm341. In this study, the volume fraction of extracellular space φe and the initial cell density Dc0 are chosen to be 
equal to 0.4 and 10 × 105 cells/mm3, respectively.

Microvasculature permeability  (PF,  PB). The vasculature permeability measures the capability of the blood or 
lymph microvessels to exchange various substances in and out of the vasculature. The vasculature permeability 
of Albumin (similar to Albumin bound-DOX) and free-DOX is approximately threefold higher in tumor than 
that in normal  tissues41.

Diffusion coefficients  (DF,  DB). The diffusivity of free-DOX is higher than Albumin-bound DOX, where the 
molecular weights (MW) of free-DOX and bound-DOX are 544 Da and 69 kDa, respectively. Moreover, the 
diffusivity of free and bound-DOX in the tumor is larger than that in normal tissues, as listed in Table 5. How-
ever, the experimental studies found that the diffusivity of DOX near the center of the ablated liver tumor after 
RFA, Dac , is 75% higher than that in non-ablated  tumor20,23. Based on the histological findings in ablated tumor 
tissues, the diffusivity shows dependency on the radial distance with a higher value at the center of the ablated 
tumor than the periphery region. The diffusion coefficient in the outer region of the ablated tumor ( rc ≤ r ≤ ra ) 
is characterized  as20,23

where ra is the ablation zone radius, rc = αra is the radius of the central region of the tumor, and α = 0.47.
The diffusivity Dac of the tumor center decreases linearly with the radial distance to finally reaches the dif-

fusivity of the non-ablated (risk) tumor, i.e., Dt . In this model, we use an average diffusion coefficient within 
the ablated liver tumor tissue. The mean diffusivity of the outer ablated region is calculated using the scale 
relationship of DOX diffusivity in ablated and non-ablated tissues, then by taking the average of the diffusivity 
given by Eq. (22).

Model geometry. In this work, a 3-D spherical solid tumor is considered with a diameter of 2 cm, as shown 
in Fig. 11. This value falls within the range of different tumor sizes encountered in  reality59, e.g., the diameter of 
tumors in rats and rabbits ranges from 0.5 to 2 cm. We examine three cases for the tumor microenvironment, 
namely, non-ablated tumor, 80% ablated tumor, and 90% ablated tumor. For example, 80% ablated tumor means 
that a tumor region of a radius ( 0.8× rt ) is ablated. In the case of the ablated tumor, a thin rim of viable cancer 
cells (risk region) will remain at the tumor periphery. The thickness of the risk regions with 80% and 90% abla-
tion zones are 2 mm and 1 mm, respectively. Here, the thickness of the normal region is chosen to be 5 mm. The 
implant has a radius of 1.5 mm, and it is located at the tumor center. The model geometry and mesh are created 
using a built-in CAD kernel in COMSOL Multiphysics package. The mesh size is chosen as “Finer” based on a 
convergence mesh independence test, which shows that a 5-times decrease in the mesh element size will pro-
vide a negligible enhancement, i.e., < 5%, in DOX concentration profiles. Moreover, we refined the mesh using 
“Boundary Layer Setting” at the implant/tissue boundary and other interface boundaries between the various 
regions, to handle the rapid change of drug concentration, velocity, and pressure at these interface layers.

Boundary conditions. Due to spherical symmetry, the pressure at the tumor center is characterized using 
no-flux boundary condition as

In this work, the observation time scale in the numerical analysis is assumed to be much shorter than the time 
scale for the growth of the tumor and normal  tissues27. Therefore, the interface boundary between the various 
regions are assumed to be fixed. The continuity boundary conditions of the interstitial pressure and fluid flux 
are imposed at these interface boundaries as

(22)Da = Dac −
r − rc

ra − rc
(Dac − Dt)

(23)∇Pi|r=0 = 0.

Table 5.  Free and bound doxorubicin parameters.

Parameter Unit Free Bound References

Da m2/s 5.34 × 10−10 13.95 × 10−12 Calculated according to the experimental  data20,23

Dt m2/s 3.40 × 10−10 8.89 × 10−12 27,32,41–43,45,46,60–62

Dn m2/s 1.58 × 10−10 4.17 × 10−12 27,32,41–43,45,46,60–62

ka s−1 0.833 – 27,41,42,45,46

kd s−1 – 0.278 27,41,42,45,46

Pt m/s 1 × 10−6 7.8 × 10−9 27,41,43,63

Pn m/s 3.33 × 10−7 2.6 × 10−9 27,41,43,63

MW kg/mol 0.544 69 27,32,43,45
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In addition, the outer boundary of the normal region is assumed to be fixed. The interstitial fluid pressure 
at this boundary has a minimal constant value. Thus, Dirichlet boundary condition can be applied at the outer 
boundary as

The total interstitial drug flux is a combination of diffusion and convection fluxes. In this model, the inter-
stitial velocity field mainly appears at the interface boundary between the tumor and the normal tissues due to 
a large pressure difference at that layer. The continuity boundary conditions of drug flux and concentration are 
applied at the interface boundaries between the various regions. The continuity boundary conditions are applied 
for both free and bound DOX as

where ∇ is the gradient operator in the spherical coordinate system and the index j is used to indicate either the 
free or bound DOX.

No flux (Neumann) boundary condition is applied at the outer boundary of the normal region as

The release process of DOX drug from the implant surface is modelled using the following flux boundary 
condition:

where Frs(t) is given by Eq. (21).

Received: 2 August 2020; Accepted: 22 October 2020

References
 1. Shemi, A., Khvalevsky, E. Z., Gabai, R. M., Domb, A. & Barenholz, Y. Multistep, effective drug distribution within solid tumors. 

Oncotarget 6, 39564 (2015).
 2. Zhang, B. et al. A review of radiofrequency ablation: Large target tissue necrosis and mathematical modelling. Phys. Med. 32, 

961–971 (2016).
 3. Wan, J., Wu, W., Huang, Y., Ge, W. & Liu, S. Incomplete radiofrequency ablation accelerates proliferation and angiogenesis of 

residual lung carcinomas via HSP70/HIF-1alpha. Oncol. Rep. 36, 659–668 (2016).
 4. Wu, H. et al. Radiofrequency ablation: post-ablation assessment using CT perfusion with pharmacological modulation in a rat 

subcutaneous tumor model. Acad. Radiol. 16, 321–331 (2009).
 5. Wan, J., Wu, W., Chen, Y., Kang, N. & Zhang, R. Insufficient radiofrequency ablation promotes the growth of non-small cell lung 

cancer cells through PI3K/Akt/HIF-1α signals. Acta Biochim. Biophys. Sin. 48, 371–377 (2016).
 6. Li, J. et al. Liquid-solid phase-inversion PLGA implant for the treatment of residual tumor tissue after HIFU ablation. PLoS ONE 

10, e0117358 (2015).
 7. Haaga, J. R., Exner, A. A., Wang, Y., Stowe, N. T. & Tarcha, P. J. Combined tumor therapy by using radiofrequency ablation and 

5-FU–laden polymer implants: Evaluation in rats and rabbits. Radiology 237, 911–918 (2005).
 8. Weinberg, B. D. et al. Combined radiofrequency ablation and doxorubicin-eluting polymer implants for liver cancer treatment. J. 

Biomed. Mater. Res. A 81, 205–213 (2007).
 9. Sawyer, A. J. et al. Convection-enhanced delivery of camptothecin-loaded polymer nanoparticles for treatment of intracranial 

tumors. Drug Deliv. Transl. Res. 1, 34–42 (2011).
 10. Enayati, M., Mobedi, H., Hojjati-Emami, S., Mirzadeh, H. & Jafari-Nodoushan, M. In situ forming PLGA implant for 90 days 

controlled release of leuprolide acetate for treatment of prostate cancer. Polym. Adv. Technol. 28, 867–875 (2017).
 11. Fisher, P. D., Palomino, P., Milbrandt, T. A., Hilt, J. Z. & Puleo, D. A. Improved small molecule drug release from in situ forming 

poly(lactic-co-glycolic acid) scaffolds incorporating poly(beta-amino ester) and hydroxyapatite microparticles. J. Biomater. Sci. 
Polym. Ed. 25, 1174–1193 (2014).

 12. Qian, F., Saidel, G. M., Sutton, D. M., Exner, A. & Gao, J. Combined modeling and experimental approach for the development of 
dual-release polymer millirods. J. Control Release 83, 427–435 (2002).

(24)Pi|r=r−a
= Pi|r=r+a

(25)Pi|r=r−t
= Pi|r=r+t

(26)−ka∇Pi|r=r−a
= −kt ∇Pi|r=r+a

(27)−kt ∇Pi|r=r−t
= −kn∇Pi|r=r+t

(28)Pi|r=rn = P∞

(29)
(

−Daj∇Cj + viCj

)∣

∣

r=r−a
=

(

−Dtj∇Cj + viCj

)∣

∣

r=r+a

(30)
(

−Dtj∇Cj + viCj

)∣

∣

r=r−t
=

(

−Dnj∇Cj + viCj

)∣

∣

r=r+t

(31)Cj

∣

∣

r=r−a
= Cj

∣

∣

r=r+a

(32)Cj

∣

∣

r=r−t
= Cj

∣

∣

r=r+t

(33)
(

−Dnj∇Cj + viCj

)∣

∣

r=rn
= 0

(34)−Ddoxi∇Cexi|r=r0 = Frs(t)



15

Vol.:(0123456789)

Scientific Reports |        (2020) 10:19366  | https://doi.org/10.1038/s41598-020-76123-0

www.nature.com/scientificreports/

 13. Liu, C., Krishnan, J., Stebbing, J. & Xu, X. Y. Use of mathematical models to understand anticancer drug delivery and its effect on 
solid tumors. Pharmacogenomics 12, 1337–1348 (2011).

 14. Swierniak, A., Kimmel, M. & Smieja, J. Mathematical modeling as a tool for planning anticancer therapy. Eur. J. Pharmacol. 625, 
108–121 (2009).

 15. Dogra, P. et al. Mathematical modeling in cancer nanomedicine: A review. Biomed. Microdevice 21, 40 (2019).
 16. Gasselhuber, A., Dreher, M. R., Rattay, F., Wood, B. J. & Haemmerich, D. Comparison of conventional chemotherapy, stealth 

liposomes and temperature-sensitive liposomes in a mathematical model. PLoS ONE 7, e47453 (2012).
 17. Zou, H., Banerjee, P., Leung, S. S. Y. & Yan, X. Application of pharmacokinetic-pharmacodynamic modeling in drug delivery: 

Development and challenges. Front. Pharmacol. https ://doi.org/10.3389/fphar .2020.00997  (2020).
 18. Thurber, G. M. & Weissleder, R. A systems approach for tumor pharmacokinetics. PLoS ONE 6, e24696 (2011).
 19. Wang, C. C., Li, J., Teo, C. S. & Lee, T. The delivery of BCNU to brain tumors. J. Control Release 61, 21–41 (1999).
 20. Weinberg, B. D., Patel, R. B., Exner, A. A., Saidel, G. M. & Gao, J. Modeling doxorubicin transport to improve intratumoral drug 

delivery to RF ablated tumors. J. Control Release 124, 11–19 (2007).
 21. Weinberg, B. D., Blanco, E. & Gao, J. Polymer implants for intratumoral drug delivery and cancer therapy. J. Pharm. Sci. 97, 

1681–1702 (2008).
 22. Qian, F., Stowe, N., Liu, E. H., Saidel, G. M. & Gao, J. Quantification of in vivo doxorubicin transport from PLGA millirods in 

thermoablated rat livers. J. Control Release 91, 157–166 (2003).
 23. Weinberg, B. D. et al. Model simulation and experimental validation of intratumoral chemotherapy using multiple polymer 

implants. Med. Biol. Eng. Comput. 46, 1039–1049 (2008).
 24. Carvalho, C. et al. Doxorubicin: The good, the bad and the ugly effect. Curr. Med. Chem. 16, 3267–3285 (2009).
 25. Felicetti, L., Femminella, M., Reali, G. & Liò, P. Applications of molecular communications to medicine: A survey. Nano Commun. 

Netw. 7, 27–45 (2016).
 26. Chahibi, Y., Pierobon, M., Song, S. O. & Akyildiz, I. F. A Molecular Communication System Model for Particulate Drug Delivery 

Systems. IEEE Trans. Biomed. Eng. 60, 3468–3483 (2013).
 27. Zhan, W. & Xu, X. Y. A mathematical model for thermosensitive liposomal delivery of Doxorubicin to solid tumour. J. Drug Deliv. 

2013, 172529 (2013).
 28. Baxter, L. T. & Jain, R. K. Transport of fluid and macromolecules in tumors. I. Role of interstitial pressure and convection. Microvasc. 

Res. 37, 77–104 (1989).
 29. Qian, F., Stowe, N., Saidel, G. M. & Gao, J. Comparison of doxorubicin concentration profiles in radiofrequency-ablated rat livers 

from sustained-and dual-release PLGA millirods. Pharm. Res. 21, 394–399 (2004).
 30. Soltani, M. & Chen, P. Numerical modeling of fluid flow in solid tumors. PLoS ONE 6, e20344 (2011).
 31. Phipps, C. & Kohandel, M. Mathematical model of the effect of interstitial fluid pressure on angiogenic behavior in solid tumors. 

Comput. Math. Methods Med. 2011, 843765 (2011).
 32. Goh, Y.-M.F., Kong, H. L. & Wang, C.-H. Simulation of the delivery of doxorubicin to hepatoma. Pharm. Res. 18, 761–770 (2001).
 33. Sefidgar, M. et al. Effect of tumor shape, size, and tissue transport properties on drug delivery to solid tumors. J. Biol. Eng. 8, 12 

(2014).
 34. Zhan, W., Gedroyc, W. & Xu, X. Y. The effect of tumour size on drug transport and uptake in 3-D tumour models reconstructed 

from magnetic resonance images. PLoS ONE 12, e0172276 (2017).
 35. Keangin, P. & Rattanadecho, P. A numerical investigation of microwave ablation on porous liver tissue. Adv. Mech. Eng. 10, 

1687814017734133 (2018).
 36. Payne, S. et al. Image-based multi-scale modelling and validation of radio-frequency ablation in liver tumours. Philos. Trans. R. 

Soc. A Math. Phys. Eng. Sci. 369, 4233–4254 (2011).
 37. Swenson, C. E. et al. Increased duration of heating boosts local drug deposition during radiofrequency ablation in combination 

with thermally sensitive liposomes (ThermoDox) in a porcine model. PLoS ONE 10, e0139752 (2015).
 38. Pereira, D. Y., Yip, A. T., Lee, B. S. & Kamei, D. T. Modeling mass transfer from carmustine-loaded polymeric implants for malignant 

gliomas. J. Lab. Autom. 19, 19–34 (2014).
 39. Tzafriri, A. R. et al. Mathematical modeling and optimization of drug delivery from intratumorally injected microspheres. Clin 

Cancer Res. 11, 826–834 (2005).
 40. Shin, K., Klosterhoff, B. S. & Han, B. Characterization of cell-type-specific drug transport and resistance of breast cancers using 

tumor-microenvironment-on-chip. Mol. Pharm. 13, 2214–2223 (2016).
 41. Eikenberry, S. A tumor cord model for doxorubicin delivery and dose optimization in solid tumors. Theor. Biol. Med. Model. 6, 16 

(2009).
 42. Liu, C., Krishnan, J. & Xu, X. Y. A systems-based mathematical modelling framework for investigating the effect of drugs on solid 

tumours. Theor. Biol. Med. Model 8, 45 (2011).
 43. El-Kareh, A. W. & Secomb, T. W. A mathematical model for comparison of bolus injection, continuous infusion, and liposomal 

delivery of doxorubicin to tumor cells. Neoplasia 2, 325–338 (2000).
 44. Kerr, D. J., Kerr, A. M., Freshney, R. I. & Kaye, S. B. Comparative intracellular uptake of adriamycin and 4’-deoxydoxorubicin by 

nonsmall cell lung tumor cells in culture and its relationship to cell survival. Biochem. Pharmacol. 35, 2817–2823 (1986).
 45. Nhan, T., Burgess, A., Lilge, L. & Hynynen, K. Modeling localized delivery of Doxorubicin to the brain following focused ultrasound 

enhanced blood-brain barrier permeability. Phys. Med. Biol. 59, 5987–6004 (2014).
 46. Liu, C., Krishnan, J. & Xu, X. Y. Investigating the effects of ABC transporter-based acquired drug resistance mechanisms at the 

cellular and tissue scale. Integr. Biol. 5, 555–568 (2013).
 47. Eliaz, R. E., Nir, S., Marty, C. & Szoka, F. C. Determination and modeling of kinetics of cancer cell killing by doxorubicin and 

doxorubicin encapsulated in targeted liposomes. Can. Res. 64, 711–718 (2004).
 48. Yang, W. W. & Pierstorff, E. Reservoir-based polymer drug delivery systems. J. Lab. Autom. 17, 50–58 (2012).
 49. Parmar, A. & Sharma, S. Engineering design and mechanistic mathematical models: Standpoint on cutting edge drug delivery. 

TrAC, Trends Anal. Chem. 100, 15–35 (2018).
 50. Rhim, H. et al. Essential techniques for successful radio-frequency thermal ablation of malignant hepatic tumors. Radiographics 

21, S17–S35 (2001).
 51. Pappenheimer, J., Renkin, E. & Borrero, L. Filtration, diffusion and molecular sieving through peripheral capillary membranes: 

A contribution to the pore theory of capillary permeability. Am. J. Physiol.-Legacy Content 167, 13–46 (1951).
 52. Weinberg, B. D., Ai, H., Blanco, E., Anderson, J. M. & Gao, J. Antitumor efficacy and local distribution of doxorubicin via intra-

tumoral delivery from polymer millirods. J. Biomed. Mater. Res. A 81, 161–170 (2007).
 53. Guan, L. & Xu, G. Destructive effect of HIFU on rabbit embedded endometrial carcinoma tissues and their vascularities. Oncotarget 

8, 19577–19591 (2017).
 54. Gao, J., Qian, F., Szymanski-Exner, A., Stowe, N. & Haaga, J. In vivo drug distribution dynamics in thermoablated and normal 

rabbit livers from biodegradable polymers. J. Biomed. Mater. Res. 62, 308–314 (2002).
 55. Baxter, L. T. & Jain, R. K. Transport of fluid and macromolecules in tumors. II. Role of heterogeneous perfusion and lymphatics. 

Microvasc. Res. 40, 246–263 (1990).
 56. Baxter, L. T. & Jain, R. K. Transport of fluid and macromolecules in tumors: III. Role of binding and metabolism. Microvasc. Res. 

41, 5–23 (1991).

https://doi.org/10.3389/fphar.2020.00997


16

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19366  | https://doi.org/10.1038/s41598-020-76123-0

www.nature.com/scientificreports/

 57. Jain, R. K. & Baxter, L. T. Mechanisms of heterogeneous distribution of monoclonal antibodies and other macromolecules in 
tumors: Significance of elevated interstitial pressure. Can. Res. 48, 7022–7032 (1988).

 58. Hilmas, D. E. & Gillette, E. L. Morphometric analyses of the microvasculature of tumors during growth and after x-irradiation. 
Cancer 33, 103–110 (1974).

 59. Burton, M. A., Gray, B. N., Self, G. W., Heggie, J. C. & Townsend, P. S. Manipulation of experimental rat and rabbit liver tumor 
blood flow with angiotensin II. Can. Res. 45, 5390–5393 (1985).

 60. Jain, R. K. Transport of molecules in the tumor interstitium: A review. Can. Res. 47, 3039–3051 (1987).
 61. Nugent, L. J. & Jain, R. K. Extravascular diffusion in normal and neoplastic tissues. Can. Res. 44, 238–244 (1984).
 62. Swabb, E. A., Wei, J. & Gullino, P. M. Diffusion and convection in normal and neoplastic tissues. Can. Res. 34, 2814–2822 (1974).
 63. Wu, N. Z., Klitzman, B., Rosner, G., Needham, D. & Dewhirst, M. W. Measurement of material extravasation in microvascular 

networks using fluorescence video-microscopy. Microvasc. Res. 46, 231–253 (1993).

Author contributions
M.A. conducted the simulations and theoretical modeling. All authors wrote and reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Modelling of combination therapy using implantable anticancer drug delivery with thermal ablation in solid tumor
	Results and discussion
	Conclusions
	Method
	Mathematical model. 
	Tumor microenvironment modelling. 
	Interstitial fluid transport. 
	Interstitial drug transport. 

	Modelling of the target cells. 
	Drug absorption by the cells. 
	Death of the tumor cells. 

	Drug implant model. 
	Model parametrization. 
	Microvasculature density (SV). 
	Extracellular space fraction . 
	Microvasculature permeability (PF, PB). 
	Diffusion coefficients (DF, DB). 

	Model geometry. 
	Boundary conditions. 

	References


