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ABSTRACT

Although intraperitoneal chemotherapy (IPC) has been suggested as a promising method for the man-
agement of peritoneal dissemination (PD) of ovarian or colorectal cancers, the actual clinical use of
this method has been restricted due to such problems as poor drug penetration into the tumor and
high side effects. It is, therefore, necessary to develop new strategies to improve the efficacy of this
approach. In the present work, a new strategy is proposed based on intraperitoneal (IP) injection of
thermosensitive liposomal doxorubicin (TSL-Dox) with triggered release by mild hyperthermia induced
by high intensity focused ultrasound (HIFU). A computational model is developed to evaluate the pro-
posed drug delivery system. Results show an order of magnitude increase in drug penetration depth
into the tumor compared to the conventional IP delivery. Furthermore, the effects of thermal condi-
tions applied to the tumor, TSL size, tumor vessel permeability, and tumor size are investigated.
Results indicate an improved efficiency of the drug delivery by expanding the heated region, yet, it
increases the risk of unintentional TSL drug load release in the peritoneal cavity. Results also indicate
that smaller TSLs have better treatment outcome. However, there is a significant reduction in treat-
ment efficacy for TSLs with sizes smaller than the vessel wall pore size. Thus, tuning the size of TSL
should be based on the tumor microvascular permeability. The simulation results suggest that the
TSL-Dox delivery system in smaller tumors is far advantageous than larger ones. Results of our model
can be used as guidelines for future preclinical studies.
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1. Introduction has become a standard of care only for colorectal peritoneal
metastasis under certain conditions with limited spread of
the disease (Mohamed et al., 2011; Bhatt, 2018). In addition,
peritoneal recurrence is common even after complete imple-
mentation of CRS and HIPEC (Bijelic et al., 2007; Konigsrainer
et al,, 2013), which is over 50% for patients with pseudomyx-

oma peritonei (PMP), ovarian cancer, and mesothelioma. The

Peritoneal dissemination (PD) is one of the most serious con-
sequences of patients with peritoneal carcinomatosis (PC).
The predicted quality of life in these types of cancers is very
poor and the five-year survival rate is less than 40% for
advanced ovarian cancer and less than 12.5% for colorectal

cancers (Burges & Schmalfeldt, 2011; Favoriti et al., 2016).
Management approaches of PD have been associated with
many changes over the past three decades. In the 1980s,
chemotherapy by systematic injection with a palliative
approach was associated with predicting an expected sur-
vival of less than a few months. However, using newer meth-
ods, such as cytoreductive surgery (CRS), along with
hyperthermic intraperitoneal chemotherapy (HIPEC) for
selected patients has provided a long-term survival rates,
which can even lead to complete treatment in some cases
(Sadeghi et al., 2000; Montori et al., 2014; Sloothaak et al,,
2014; Wright et al., 2015). This combined treatment method

recurrence after CRS and HIPEC is considered as a failure for
treatment (van Oudheusden et al., 2015). Therefore, there is
generally a need for a therapeutic strategy for effective PD
management, particularly for patients who are not candi-
dates for combined CRS and HIPEC treatment.

One of the most important considerations is to improve
the intraperitoneal chemotherapy (IPC) efficiency. IPC trans-
fers high amounts of anticancer drugs to peritoneal site,
thereby, directly exposing peritoneal neoplasms to high con-
centrations of these drugs (Lambert, 2015), unlike intraven-
ous (IV) injection in which the drug is delivered by
translocation through the bloodstream. IPC is completed
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within 30-120 minutes, which is considered a short time for
injection (De Smet et al, 2013) causing insufficient drug
delivery to the tumor. In addition, low molecular weight
drugs are rapidly absorbed by capillaries and enter the circu-
latory system (Hirano et al., 1985). Although a drug entered
the circulation may have little secondary therapeutic effects,
the systemic effect of the drug should be low enough to
minimize its side effects (De Smet et al, 2013). In addition,
the tumor-specific pathophysiology including the denseness
of extracellular matrix (ECM), lack of an effective lymphatic
system, and a leaky and spatially heterogeneous microvascu-
lature lead to a high interstitial pressure in the tumor, fol-
lowed by an outward convective flux in the tumor periphery
(Shamsi et al., 2018), all of which inhibit the effective drug
penetration to the tumor interior. A low drug penetration
depth in the tumor is one of the main weaknesses of IPC. In
order to increase the treatment efficacy, the drug delivery
system used for IPC should consider all the above-mentioned
restrictions, including limitations related to side effects and
poor drug penetration.

Liposomes are drug carriers used to improve drug deliv-
ery and reduce the side effects of chemotherapy by releas-
ing their load in a pre-designed, controllable manner (Zhan
& Wang, 2018). Thermosensitive liposomes (TSLs) in com-
bination with mild local hyperthermia (HT) have been
shown to enhance the systemic chemotherapy(Willerding
et al., 2016; Lokerse et al., 2018). TSL is a drug carrier that
releases its content at a threshold temperature of about
40°C (Kong et al, 2000; Needham & Dewhirst, 2001; Li
et al., 2010). The drug release rate in this system is strongly
dependent on the local temperature of the tissue. Localized
HT can be created by using HIFU as a controllable, noninva-
sive, and high-precision method (ter Haar & Coussios, 2007;
Staruch et al, 2011; Tempany et al.,, 2011). The use of TSL
triggered by HIFU-induced mild HT to reduce side toxicity
and improve drug delivery in IV chemotherapy has been
widely considered in preclinical studies (Ponce et al., 2006;
Dromi et al.,, 2007; Staruch et al., 2012; Hijnen et al,, 2014;
Centelles et al., 2018). Although no report is available on
such a drug delivery system in IP injection, employing lipo-
somal doxorubicin with passive release in IPC has been
reported in a number of studies (Sadzuka et al., 1997, 2000;
Dadashzadeh et al, 2010; Sugarbaker & Stuart, 2019).
Results indicate that the use of liposomes increases tumor
concentration of doxorubicin. Moreover, larger-sized lipo-
somes results in slower clearance from the abdominal cavity
(Sadzuka et al.,, 2000). Since liposomes in the abdominal
cavity can enter the bloodstream through lymph nodes
(Sadzuka et al, 1997), the role of TSLs becomes more
important to minimize systemic side effects.

In the literature, there are a number of modeling studies
on the use of TSL for drug delivery to a tumor focusing on
IV delivery of drugs (El-Kareh & Secomb, 2000; Gasselhuber
et al,, 2012; Zhan & Xu, 2013). To the best of our knowledge,
no mathematical model has yet been reported for IP injec-
tion of TSLs, but conventional IPC has been studied in sev-
eral modeling works (Au et al., 2014; Steuperaert et al., 2017;
Shamsi et al.,, 2018). Au et al. (2014) developed a model for
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IP delivery of paclitaxel by taking spatially variable parame-
ters into account and considering three different regions for
a 2mm spherical tumor. Steuperaert et al. (2017) introduced
a model to study the effects of several different parameters
like tumor tissue permeability and tumor size and shape for
cisplatin and paclitaxel penetration depths. Shamsi et al.
(2018) used magnetic nanoparticles (MNPs) to enhance drug
penetration in the tumor tissue in IPC, influenced by a per-
manent magnet-induced magnetic field. Although their
results showed that using drug-coated MNPs can significantly
increase drug penetration depth in the tumor, this method
can lead to increased side effects by transferring large quan-
tities of the drug to the adjacent normal tissues. Using TSL
in IPC can prevent these side effects in addition to improving
drug delivery.

In the present work, HIFU-mediated IP delivery of thermo-
sensitive liposomal doxorubicin (TSL-Dox) is evaluated within
a mathematical model for the first time. The fluid flow, drug
transport, and acoustic and bio heat transfer equations are
used in this model. Tumor pathophysiology is reconstructed
by considering leaky vasculature, lack of an effective lymph
system, and elevated interstitial pressure at the center of
tumor. The TSL delivery performance is compared with that
of conventional IPC. Further, the effects of parameters includ-
ing HIFU frequency, TSL size, and vessel wall pore size are
investigated. The impact of tumor size on the drug delivery
is studied by taking into account three different tumors of 2,
5, and 10mm in radius. Results of this model are also vali-
dated against experimental and numerical studies.

2. Materials and methods

To evaluate the performance of the IP drug delivery system
using TSLs, simulations are performed in two parts: first, con-
ventional IP delivery of doxorubicin, and second, HIFU-medi-
ated IP delivery of doxorubicin with TSLs (TSL-Dox delivery).
The results of these two simulations are compared to evalu-
ate the performance of a TSL-Dox drug delivery system for IP
injection. Figure 1(a) shows a schematic of the IP drug deliv-
ery. In conventional IP, the drug is injected into the periton-
eal cavity and gradually absorbed into the tumor tissue. In
TSL-Dox delivery, on the other hand, TSLs are injected into
the peritoneal cavity. A HIFU transducer is used to transfer
localized heat and release TSLs inserted into the tumor tis-
sue. The transducer is configured such that its focus area
covers the tumor or part thereof. When the drug enters the
tumor tissue, it can further penetrate the tumor by means of
a convection—diffusion mechanism. The diffusive transfer
depends on the diffusion coefficient in the extracellular fluid
and the drug concentration. On the other hand, the convect-
ive transfer is dependent upon tissue permeability and fluid
velocity. Upon tissue entry, the drug can bind to cell surface
receptors and then internalize to cancer cells. Figure 1(b)
shows the above-mentioned mechanisms for IP drug deliv-
ery. The computational domain of the drug transfer equa-
tions was considered as a semicircle with the radius R
(Figure 1(c)). A solid tumor has a spatial heterogeneity. The
tumor center may have a necrotic core where there are no
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Figure 1. (a) Schematic of high-intensity focused ultrasound-mediated intraperitoneal delivery of thermosensitive liposomal doxorubicin (TSL-Dox delivery);
(b) schematic of the drug delivery mechanisms considered in the present study; (c) the geometry corresponding to the fluid flow and mass transport model.

blood or lymph vessels, so no fluid exchange occurs with the
interstitium. The outer region of the tumor contains rapidly
dividing cells and blood vessels. In simulations, therefore, a
non-uniform perfusion rate is considered in the tumor center
by adding a necrotic core of the radius R, =R/2. This model
corresponds to experimental observations for non-uniform
perfusion (Jain & Ward-Hartley, 1984; Baxter & Jain,
1989, 1990).

The mathematical model for conventional IPC includes
conservation of mass and Darcy’s equations for the intersti-
tial fluid flow and the convection—-diffusion-reaction (CDR)
equations for mass transport. Considering the convection
and diffusion mechanisms, CDR equations include transport
in the interstitium, across the vessels, and such other mecha-
nisms as binding and internalization to cancer cells. Previous
studies have detailed the derivation of these equations
(Baxter & Jain, 1991; Stylianopoulos & Jain, 2013; Soltani
et al., 2014; Sefidgar et al., 2015; Kashkooli et al., 2019). The
general mass transfer model is based on compartment

models, which are widely used to describe the drug transfer
(Soltani et al., 2017). In compartment models, it is assumed
that the concentration in each compartment is distributed
independently while in the CDR equations, spatial variations
of the concentration are also considered by taking convec-
tion and diffusion mechanisms into account. In other words,
by adding the CDR equations to the compartment model,
the concentration distribution in each compartment will be
dependent on both space and time. The block-diagram of
the model used in the present work is shown in Figure 2(a).
The TSL-Dox delivery modeling includes equations that
describe the encapsulated doxorubicin transport and release
through HIFU heating. These equations include the main
equations for fluid flow and CDR equations. Besides, the bio
heat transfer equations by considering the HIFU heating are
also used to model the TSL drug release. Finally, to quantita-
tively evaluate the efficiency of both drug delivery systems, a
cell survival model is used to calculate the fraction of killed

cells (FK).
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Figure 2. (a) Compartment model of drug transport in intraperitoneal TSL-Dox delivery system.

2.1. Conventional IP chemotherapy

Tumor tissue is considered as a porous medium, which is jus-
tifiable given that the inter-capillary distance (33-98 um) is
usually 2-3 orders of magnitude smaller than the length
scale for drug transfer (Less et al, 1991; Yuan et al., 1995).
Therefore, fluid flow in the tumor interstitial space is
described using Darcy’s law in a porous medium (Baxter &
Jain, 1989):

Vi = —KVP,' (1)

where « is the hydraulic conductivity of the interstitium, and
P; and v; are the interstitial fluid pressure (IFP) and velocity,
respectively. The steady-state mass conservation equation for
an incompressible interstitial fluid is as:

Vovi=bg — ¢ &)

where ¢z is the net fluid flow rate per unit volume from
blood vessels into the interstitium, and ¢; is the net flow
rate per unit volume from interstitium into the lymphatic
vessels. ¢ and ¢, are obtained using Starling’s law:

LpS
¢B: 4

4

where Lp is the hydraulic conductivity of the microvascular
wall; S/V is the vascular surface area per unit volume; Pz and
P;, respectively, are the intravascular blood pressure and IFP;
o is the average osmotic reflection coefficient for plasma
proteins, mg is the plasma osmotic pressure, and 7; is the
interstitial fluid osmotic pressure. Absorption by the lymph-
atic system, ¢,, is related to the pressure difference between
the interstitial fluid and lymphatics:

5 S
t %
where Lp, is the hydraulic conductivity of the lymphatic ves-
sel wall, S, /V is the ratio of the surface area of lymphatic
vessels to the tumor tissue volume, and P; is the hydrostatic
pressure of the lymphatic vessel. Due to the lack of an effect-
ive lymphatic system in the tumor tissue, the term ¢, is con-

sidered to be zero.

(Ps—Pi—05(mg—;)) (3)

(Pi—PL) (4)

Drug transfer is described by the convection-diffusion
equations for free drug in the interstitial fluid. The concentra-
tion of free drug in the interstitial fluid (Cf) is calculated as:

oC 1
—f = VG + DEV2Cr — o fonCrecCr + KorrCo + @

e (5)

where Df is the free drug diffusion coefficient in a porous
medium, C.. is the concentration of cell surface receptors,
and ¢ is the tumor volume fraction available to the drug.
The Koy and Ko coefficients are the constants of drug bind-
ing and unbinding rates, respectively. ® represents the net
total free drug obtained from blood vessels and absorbed by
lymphatic vessels calculated as:

Q=0 — O (6)

where @3 is the drug obtained from blood vessels in the

tumor and @, is the drug loss through the lymphatic vessels

in the tissue unit. Using the pore model (Deen, 1987; Baxter

& Jain, 1989, 1990) for trans-capillary exchange, ®z and @,
are expressed as:

1> 7)

(8)

where Cp is the drug concentration in the plasma, o is the
filtration reflection coefficient, and P is the microvessel per-
meability coefficient for free drug. As in IP chemotherapy,
there is no systematic injection of drug, the term Cp can be
neglected in the equations. In addition, due to the lack of an
effective lymphatic system, the lymph-related term (®;) is
considered to be zero. Pe is the Peclet number that deter-
mines the convection/diffusion ratio through the capillary
wall defined as:

Pe
ePe —

O = <¢B(1 —of)Cp + P—‘f (Cp—0)

o, =¢,C

$g(1—0¢)

Pe
g

9)
The equation related to concentration of cancer cell-
bound doxorubicin is as follows:

oG 1

ok — KonGCrecCr — KorrCp — KintCp (10)
t 9
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where Kyr is the constant of internalization rate. Finally, the
equation for the concentration of internalized doxorubicin
will be as:

oG

— = Kinr G,
ot iNTCB

(an

2.2. HIFU-mediated IP delivery of thermosensitive
liposomal doxorubicin delivery

Interstitial fluid flow equations for TSL-Dox delivery include
conservation of mass and Darcy’s equations (Equations
(1)-(4)). Equations similar to those of 5-8 are also used to
describe the encapsulated doxorubicin transport, with an
additional equation for the concentration of doxorubicin-con-
taining TSLs. Therefore, the mass transfer equations for the
TSL drug delivery system will be as follows:

oC,
aitL = —V,-VCL —+ DLVZCL — KELCL +@

where C; represents TSL-Dox concentration, Kg is the liposo-
mal drug release constant, and D, is the TSL-Dox diffusion
coefficient in the porous medium which is computed by the
fiber matrix model described in Fournier (2017) and Shamsi
et al. (2018). TSL is designed in such a way to quickly release
its contents through heating. The release rates at various
temperatures (Table 1) are based on the existing experimen-
tal data for a specific liposome formulation (Tagami et al.,
2012) and according to the results of fitting on these data.
Linear interpolation is used for temperatures between these
points. For temperatures above 42 °C, the release rate is con-
sidered to be constant.

The equations for the free, bound, and internalized doxo-
rubicin concentrations are also expressed in Equations
(13)—(15), respectively.

oG
ot

(12)

1
= KgC, — viVCr + DEV2Cr — 6KONCrecCF + KorrCg (13)

oC, 1
6_B = —KonGCrecCr — KorrCp — KintCp (14)
t 9
@
— = KinrG 15
P intCa (15)

Tables 2 and 3 represent the values for the parameters
used in the model including tissue parameters and solute
transport parameters, respectively.

The nonlinear sound propagation model in a thermo vis-
cose environment is presented as the modified Westervelt
equation, which includes the effects of diffraction, absorp-
tion, and nonlinearity (Hamilton & Blackstock, 1998):

2ot ¢t o pct ot?
where c is the sound speed, p is the density, § is the acoustic
diffusivity, B is the nonlinearity coefficient of the medium, and
p is the acoustic pressure. The used acoustic source is a sin-
gle-element transducer whose parameters are given in Table
4, Since maximum pressure in the focal area is less than
2MPa in the present study, the error caused by the nonlinear

(16)

Table 1. Release rates at various temperatures (Tagami et al., 2012).

T(°C) 37 38 39 40 41 42
ke (s7') 000417 000545 0.01492  0.02815  0.04250  0.05409

wave effects is less than 5% in the thermal term (Huang et al.,
2004), and therefore these effects were neglected.

In order to couple the pressure field to the temperature
field, we need to estimate the thermal energy deposition
associated with the absorption of ultrasonic waves. The fol-
lowing equation (Nyborg, 1986) describes the ultrasonic
power deposition per unit volume:

2
2045 6p>
=2 I = —
q olaBs @2pc < (a ¢

where o5 corresponds to the local absorption coefficient, /
specifies the local acoustic intensity, and the brackets denote
time average over one acoustic cycle. In local tumor heating,
the tissue temperature can be calculated by solving the
energy conservation equation (Pennes, 1948):

(17)

pt.:,aa—Ttr = K;V*T; — DP.p,cowp(T; — Tp) + Kuiru-Ge
where ¢ is the specific heat, K is the thermal conductivity
coefficient, w is the perfusion rate, and g; represents the
heat deposition from an external source (HIFU) in the tissue,
and b and t subscripts specify the blood and tissue, respect-
ively. In this equation, DP represents a reduction in the per-
fusion rate due to heat-induced vessel coagulation, which is
assumed to be equal to 1 at normal body temperature and
approaches zero by complete vascular shutdown. To model
the rate of perfusion reduction due to coagulation, an
Arrhenius model is used as follows (Brown et al., 1992;
Gasselhuber et al., 2012):

T
DP = exp (f [ Are o dr)
Jo

(18)

(19)

where the parameters A and AE are the frequency factor
and the activation energy, respectively, calculated by fitting
with the experimental data (Brown et al., 1992).

To reach the ideal temperature range during the simula-
tion, a Pl controller is used to adjust the input power based
on the temperature set in the temperature region (T,):

Kars = KolTer ~T(O)+K [ [T =T) 20
where K, and K; are the Pl controller parameters. The func-
tion of this controller is to prevent tumor site temperature
from rising above 43°C to avoid damage to adjacent normal
tissues. Figure 2(b) shows the computational domain of the
heat transfer in our model. The values for the acoustic and
thermal parameters used in the model are given in Table 5.

2.3. Cell survival model

The FK is calculated as 1 — s, where sg is the fraction of sur-
viving cells. The fraction of surviving cells is calculated using
Equation (21) (Mpekris et al., 2017) obtained based on the
fitting of an exponential equation on the experimental data



Table 2. Parameters for tumor tissue.
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Parameter Definition Unit Value Reference
S/v Surface area of blood vessels per unit tissue volume m’ 2e4 (Soltani & Chen, 2011)
k Hydraulic conductivity of the interstitium m?-Pa'.s7" 3e-14 (Baxter & Jain, 1989)
Lp Hydraulic conductivity of the micro-vascular wall m-Pa'.s 2.10e-11 (Sefidgar et al., 2014)
Pg Vascular fluid pressure Pa 2.1e3 (Soltani & Chen, 2011)
g Osmotic pressure of the plasma Pa 2.7e3 (Baxter & Jain, 1990)
; Osmotic pressure of interstitial fluid Pa 2e3 (Baxter & Jain, 1990)
o Average osmotic reflection coefficient for plasma proteins - 0.9 (Baxter & Jain, 1989)
ar Radius of the tumor matrix fibers nm 200 (Nacev, 2013)
I Pore radius of tumor vessels nm 200 (Stylianopoulos & Jain, 2013)
) Vessel wall thickness pum 5 (Stylianopoulos & Jain, 2013)
Table 3. Solute transport parameters used in the simulation.
Parameter Definition Unit Value Reference
Dest Effective diffusion coefficient cm?-s”! 3.40e-6 (Zhan et al,, 2014; Chou et al., 2017)
P Microvessel permeability coefficient s 3.00e-4 (Zhan et al., 2014; Chou et al., 2017)
Kon Constant of binding rate Mg 1.5e2 (Stylianopoulos & Jain, 2013; Stylianopoulos et al., 2015)
Korr Constant of unbinding rate - 8e-3 (Stylianopoulos & Jain, 2013; Stylianopoulos et al., 2015)
Kint Constant of cell uptake rate - 5e-5 (Stylianopoulos & Jain, 2013; Stylianopoulos et al., 2015)
[0) Tumor volume fraction accessible to drugs - 0.3 (Zhan & Xu, 2013)
Crec Concentration of cell surface receptors M 1e-5 (Stylianopoulos et al., 2015)
® Cancer cell survival constant m>- mol™ 0.6603 (Mpekris et al., 2017)
Table 4. HIFU transducer parameters (Huang et al., 2004). considered around the tumor and the outer boundary condi-
Parameter  Inside diameter ~ Outside diameter ~ Focal length  Frequency  tion is constant thermally and equal to normal body tem-
Unit mm mm mm MHz perature (37°C). An initial temperature of 37°C is also
Value 200 700 6264 110 considered to solve this equation.
for doxorubicin in an in vitro study (Kerr et al., 1986). . i
2.5. Simulation methods
se=exp(—o-G) 21

where C is the intracellular concentration of doxorubicin and
o is the fitting parameter as defined in the literature (Kerr
et al., 1986).

2.4. Initial and boundary conditions

Since the geometry is considered to be symmetrical, half of
the computational domain is taken into consideration. Figure
1(c) shows the computational domain for the Darcy and
mass transfer equations. The internal boundary condition
between the necrotic regions and the tumor tissue is consid-
ered as a continuity and is defined for all concentrations and
interstitial pressures in Equations (22) and (23):

(DFVC +v,C) Q= (DFVC + viC) QF (22)
cQ =cat

—kVPQ™ = —kVPQ* (23)
PQ =PQ"

In IP injection, it is assumed that the drug is present with
uniform concentration around the tumor (Steuperaert et al.,
2017; Shamsi et al., 2018) so the outer boundary condition
for concentration is considered constant and equal to
0.8 mol/m? for both conventional IP chemotherapy and TSL-
Dox delivery. The amount of interstitial pressure is also con-
sidered constant and equal to zero outside the tumor
(Shamsi et al., 2018).

The computational domain for solving the bio heat equa-
tion is shown in Figure 2(b). Accordingly, the normal tissue is

The governing equations, including fluid flow, mass transfer,
and bio heat transfer equations, are solved and simulated in
COMSOL Multiphysics v5.3a. The duration of IP chemother-
apy is considered one hour. Figure 3(a) illustrates a numerical
procedure for modeling the conventional IPC. First the inter-
stitial fluid flow equations are solved. The resulting velocity
and pressure values are then used to solve the concentra-
tion equations.

Figure 3(b) displays the numerical procedure for TSL-Dox
delivery equations. By modeling the fluid flow, first the vel-
ocity distribution and interstitial pressure are obtained, which
are used as input in solving the concentration equations. On
the other hand, acoustic pressure is calculated by solving the
acoustic equation (Equation (16)), which is used as input in
the heat transfer modeling. Since the liposomal release rate
in the concentration equations is a function of temperature,
the bio heat transfer equation (Equation (18)) couples with
the concentration equations (Equations (12)-(15)).

3. Results and discussion

The results of TSL-Dox delivery are compared with those of
conventional IP chemotherapy. The concentration charts of
free drug (Cg), bound drug (Cp), and internalized drug (C) are
studied and compared in each section. The area under the
drug concentration-time curve (AUC) which indicates the
amount of extracellular drug available to the tumor is calcu-
lated and evaluated for both free drug concentration (AUC)
and bound drug concentration (AUCg). Two main criteria are
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Table 5. Acoustic and thermal properties.

Parameter Definition Unit Tumor tissue Normal tissue Reference

Vg Ultrasound speed m-s” 1550 1550 (Sheu et al., 2011)

p Density kg-m3 1000 1055 (Sheu et al., 2011)

c Specific heat J-kg K 3800 3600 (Sheu et al., 2011)
&Kappa; Thermal conductivity w-m K™ 0.552 0.512 (Sheu et al., 2011)

LS Absorption coefficient Np-m™"-MHz™ 8.55 8.55 (Huang et al., 2004)

Wpo Perfusion rate of blood flow at 37 °C 5! 0.002 0.018 (Vaupel et al., 1989)

R Universal gas constant Jmol™ - K™ 8.314 8.314 (Gasselhuber et al., 2012)
AE Activation energy for perfusion decrease J-mol™’ 6.67e5 6.67e5 (Gasselhuber et al., 2012)
&Alpha;; Frequency factor for perfusion decrease 5! 1.98e106 1.98e106 (Gasselhuber et al., 2012)
Ky Controller parameter (proportional term) - 0.2 0.2 (Gasselhuber et al., 2012)
K; Controller parameter (integral term) - 0.01 0.01 (Gasselhuber et al., 2012)

considered for assessing the performance of drug deliv-
ery systems:

1. FK values are used as the main parameter for quantita-
tive  evaluation of drug delivery efficiency
(Equation (21)).

2. The performance of the drug delivery system in enhanc-
ing drug penetration depth to the tumor is evaluated by
the parameter W;,,, which is a distance from the tumor
outer boundary where the total concentration is equal
to 50% of the drug concentration at the tumor border
(Au et al., 2014). This parameter is then become dimen-
sionless to compare the drug penetration in tumors with
different sizes relative to the tumor radius (R), and is
investigated as relative half width (W, ,,%).

3.1. Conventional IPC

The tumor microenvironment has an effective role in the
efficiency of drug delivery to the tumor. Higher cell density
in tumors leads to a decrease in the tumor tissue perme-
ability compared to normal tissue (Steuperaert et al., 2017).
Figure 4(a,b) shows the interstitial pressure and velocity dis-
tribution in the tumor. Accordingly, the IFP is uppermost in
the tumor center (1533 Pa), except a decrease with steep
gradient in a small area near the tumor outer boundary;
this high IFP constantly exists in the tumor. According to
Darcy’s equation (Equation (1)), as the pressure gradient in
a large part of the tumor center is zero, interstitial fluid vel-
ocity (IFV) is negligible in this section. As such, due to the
high pressure gradient at the tumor exterior, IFV increases
with a large gradient and reaches its maximum value
(O.17um-s’1) at the tumor outer boundary (Figure 4(b)).
This outward IFV on the tumor outer boundary acts as a
barrier for the penetration of antitumor agents during IP
chemotherapy.

Figure 5(a) shows the time profiles for mean concentra-
tions of free, bound, and internalized doxorubicin. As seen,
in a very short time after injection in the tumor, Cr reaches
its maximum value (0.0046 mol-m~3), and then remains
constant. The same applies to Cg concentration, with the
exception that Cz concentration is maximized with a lower
gradient. Contrary to Cr and Cg concentrations, C; concen-
tration is constantly increasing with a certain gradient.
This continuous increase in C; drug concentration and the

non-decreasing trend of Cr and Cp result from the constant
drug concentration at the tumor outer boundary during
the one-hour injection. Values of AUCr to AUCg are 0.292
and 0.113mol-m—3.s7", respectively, which will be used
as reference values for comparing with the results for TSL-
Dox delivery. An FK value of 0.022 is observed within
60 minutes after the start of treatment (Figure 5(b)), sug-
gesting a low efficiency of the conventional IPC
drug delivery.

As depicted in the contours of Figure 6(a-c), the drug
penetration in the tumor with IP injection is limited to a
very small area of the outer tumor border leaving a
large portion of the tumor unavailable to the drug. A
value of 30 um is obtained for W;,;, which according to
the tumor radius of 10 mm, W,,,% is equal to 0.3%. The
results of this section clearly demonstrate one of the
major problems with IP injection, that is, a very low
drug penetration depth due to the opposing convect-
ive flow.

The evaluation of conventional IPC performance indicates
a low efficacy of this method according to the low values of
AUCr and AUCg, FK values, and also the percentage of drug
penetration in the tumor (low W;,,%). In addition to the
above, such other challenges as drug side effects and prac-
tical obstacles including the rapid drug excretion from the
peritoneal cavity predispose the use of this chemotherapy
approach to more constraints.

3.2. TSL-Dox delivery

The neoplasms resulted in the development of PC varied in
size from less than 1Tmm to 10mm. Treatment of larger
tumors is more challenging due to the very low drug pene-
tration in the tumor and the risk of disease recurrence
(Ansaloni et al.,, 2015). The results of a large tumor with a
radius of T0mm are discussed in here. Effects of main TSL-
Dox delivery system parameters, including the HIFU trans-
ducer frequency (f) and the TSL size (a), were studied by
changing these parameters in the clinically reasonable
ranges. The effect of tumor size in the drug delivery is exam-
ined by analyzing the results of two small and medium
tumors with 5mm and 2 mm in radius, respectively.

Figure 7 shows the time profile of mean TSL-Dox concen-
tration (C;) in the tumor. Mean TSL-Dox concentration in the
tumor increases after injection of TSL-Dox into the peritoneal
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Figure 4. (a) Contours of interstitial fluid pressure and (b) interstitial fluid velocity distribution in the tumor.

cavity within a very short time lapse. By applying heat
through the HIFU transducer and with the rising tempera-
ture, doxorubicin is released from TSLs at a high rate and C;
drops with a sharp gradient. After this stage and with con-
tinuous heat transfer, an equilibrium is established between
the entry of TSLs in the tumor and their heat-induced
release, thereby, C; reaches a constant equilibrium within
60 minutes (Figure 7).

Due to the elliptic feature of the heated focal region
(Figure 8), the concentration distribution in the tumor is also
asymmetric (Figure 6(d-e)), with the upper and lower tumor
areas containing the highest drug concentrations. In other
words, because TSLs enter the tumor from the outer tumor
boundary, and due to the presence of an outward convec-
tion flow, this penetration is limited to areas close to the
tumor border. Rising temperatures in the central regions of
the tumor, where liposome concentration is zero or close to
zero, have no effect on the drug delivery process. In contrast,
it is important to increase the temperature in the tumor bor-
der or near the border due to the accumulation of TSLs in

these areas leading to TSL drug release. Hence what deter-
mines the concentration distribution in the tumor is the dis-
tribution of temperature near the tumor borders. Since the
focal region is elliptic in HIFU-mediated heating, the tumor
borders lying at the elongated side of the ellipse, as the
upper and lower tumor areas, experience liposomal release
at high rates. The rest of tumor boundaries, however, will
have low drug release as not being adequately heated.

The time profiles of mean Cg, Cg, and C; values are shown
in Figure 9(a—c), respectively. The analysis of these graphs
shows that at initial minutes of the injection, the values of
all three concentrations are lower in TSL-Dox delivery than
the corresponding values for conventional IPC, but it sur-
passes over time. In fact, because particles of free drug are
injected directly at the beginning of conventional IPC, these
particles have a greater accumulation in the tumor due to
their smaller size. Ultimately, Cz and C; values will also be
greater than those of TSL-Dox delivery. However, since free
doxorubicin supply is related to release from TSLs, and
because there is always a constant mean concentrations of
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these carriers in the tumor during injection (Figure 7), the corresponding values for conventional IPC and ultimately
continuous release of free drug raises the concentration of exceed these levels.

free doxorubicin continuously. Over time, therefore, the con- Figure 9(d) illustrates the time profiles for FK values in
centration values in TSL-Dox delivery system approach the conventional IPC and TSL-Dox delivery. Although FK is higher
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for conventional IPC at early stages, FK values in TSL-Dox
delivery gradually exceed that of conventional approach at
times over 17 minutes. According to this chart and concen-
tration graphs (Figure 6(a—c)), TSL-Dox delivery method has a
much higher efficiency than conventional IPC.

Drug penetration depths in the two drug delivery meth-
ods (Figure 9(e)) indicate a significant penetration depth
increase in TSL-Dox drug delivery. A comparison of Wi/ omax
values shows that drug penetration depth in TSL-Dox deliv-
ery was 14.5 times higher than that of the conventional
method. In conventional IPC, chemotherapy drugs after
entering the tumor immediately bind to cancer cells within
the tumor boundaries and, therefore, cannot further pene-
trate the tumor. In TSL-Dox delivery system, on the other
hand, as the drug is transferred by carriers, the particles
have the opportunity to further penetrate the tumor. In fact,
there is a competition for a free drug between rapid diffu-
sion and drug binding to nearby cancerous cells (Mok et al.,
2009; Schmidt & Wittrup, 2009). As a result, free drug par-
ticles in conventional IPC bind to cancer cells more effect-
ively, so that there is lesser penetration in this method than
the use of TSL.

3.2.1. Effect of frequency

If the HIFU focal area is such that it affects an area outside
the tumor, it will release the drug into the peritoneal fluid
raising the risk of side effects. To achieve the lowest risk of
side effects, therefore, the focal area should be adjusted so
that the temperature at the tumor boundaries and its exter-
ior does not reach the temperature range (nearly 42°C) of a
high liposomal release rate. Figure 10(a-e) shows the con-
tours of temperature distribution in the tumor for various
operating frequencies of 0.5, 0.75, 1, 1.25, and 1.5 MHz. HIFU
focus was set on the tumor center. The figure clearly shows
that changing the HIFU transducer frequency results in a
change in the focal area size, and that the higher the fre-
quency, the smaller the focal area. Therefore, changes in this
frequency can potentially affect drug delivery to the tumor.

DRUG DELIVERY 907

316
|
|
|
t 1315
|
{314
313
312
311
310

Figure 8. Contour of temperature distribution after HIFU heating with an oper-
ating frequency of 1 MHz.

For the lowest frequency (0.5MHz, Figure 10(a)), this area
also encompasses a part of the tumor border, while the focal
area is drawn into the tumor boundaries at 1 MHz (Figure
10(c)) and ultimately lies close to the necrotic core at
1.5 MHz (Figure 10(e)).

Figure 11 shows the temperature distribution profiles
along the vertical line passing through the tumor center at
various frequencies. The analysis of these profiles reveals
that the tumor border temperature is 41.82°C at a frequency
of 0.5MHz, with a high TSL release rate at this temperature
(Table 1). In addition, outside the tumor area, the tempera-
ture is also very close to maximum temperature of TSL
release (42°C) in areas close to the upper and lower tumor
boundaries. This means high release rates of TSLs within the
peritoneal cavity possibly leading to side effects. With nar-
rowing of the focal area at a frequency of 0.75 MHz, the tem-
perature reached 40.51°C at the tumor border, and the
release rate decreased at the tumor border compared to that
at a frequency of 0.5MHz. In such a condition, the tempera-
ture is still close to that of high TSL drug release in parts of
the tumor exterior, and the use of this frequency will still
result in the risk of side effects. At a frequency of 1 MHz, the
focal area is completely drawn into the tumor borders. In
this state, the temperature is 39.61°C on the tumor bound-
ary; hence, there will be a relatively low liposomal release
rate at the tumor border and its exterior area compared to
the two previous frequencies. Finally, for two frequencies of
1.25 and 1.5MHz, the temperature is 39.08 and 38.92°C,
respectively, on the tumor boundary, indicating a low release
rate on the tumor border and its exterior area.

Figure 12(a-e) shows C; drug distribution at five different
frequencies after an hour of drug delivery. A careful examin-
ation of these contours suggests that at lower frequencies
where the focal area has a wider range, drug release occurs
in most of the tumor and is not limited to the tumor upper
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and lower areas. In addition, a comparison of the profiles in
Figure 11 reveals that the lower the frequency, the larger the
tumor region undergoing high temperatures, leading to
increased rate of liposomal drug release. Overall, it can be
expected that more drug is released into the tumor at lower
frequencies. This is also confirmed by the examination of
average concentrations (Figure 13(a—d)). At 0.5MHz, the

highest mean concentrations of free, bound, and internalized
drug occur at all the times (Figure 13). For better analysis of
this phenomenon, the AUCs were calculated for extracellular
concentrations (Figure 13(e)). The results showed that by
increasing the frequency (0.5-1.5MHz), the values of AUCe
and AUCg dropped from 0.522 to 0.242mol-m~3.s7', and
from 0.202 to 0.092 mol - m >3-, respectively.
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The time profile of FK values at five examined frequencies is
shown in Figure 13(d). As expected, FK values are higher at
lower frequencies at all times; in fact, higher drug

concentrations available to the tumor, followed by an increase
in C; at lower frequencies, make chemotherapy more effective
at these frequencies. According to Figure 13(d), the FK values
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Figure 11. Temperature distribution profiles along the vertical line passing
through the tumor center (symmetric axis in Figure 1(d)) for different frequencies.

surpass those of conventional IP chemotherapy at all five
examined frequencies after 20 minutes of the treatment onset,
with increasing levels over time. The FK value is 0.17 at a fre-
quency of 0.5 MHz within 60 minutes after injection, which is
approximately 8.5 times that of the conventional injection at
the same time. At the largest tested frequency (1.5 MHz), the
FK value was equal to 0.1 at 60 minutes, showing a fivefold
increase compared to conventional IP chemotherapy.

Although the rising mean concentrations of AUC and FK
at lower frequencies has a positive indication of an effective
drug delivery to the tumor, it should be noted that the
decreasing frequency and enlargement of the focal region
amplify the probability of high liposomal release rates in the
peritoneum cavity. To achieve the lowest risk of side effects,
therefore, this increase in frequency should be commensur-
ate to the tumor geometry and dimensions. Based on the
results obtained in the previous section for presently exam-
ined tumor, frequencies of 0.5MHz and 0.75MHz have a
higher risk of unwanted high-dose liposomal release in the
peritoneum among the tested frequencies.

To compare the effects of different frequencies on the
drug penetration depth, values for the five examined fre-
quencies are shown in Figure 13(f). It suggests that increas-
ing the frequency from 0.5MHz to 1MHz raises the
penetration depth, which is attributable to the liposome
release near the tumor border occurring at lower frequen-
cies. In other words, because the temperature is close to
42°C in the tumor border at a frequency of 0.5MHz, the
drug is released from the liposome at high rates and, at the
same time, the outer tumor boundary binds to the cancerous
cell. On the other hand, as the temperature is lower near the
tumor border at 1MHz, the drug is released at lower rates
near the border, and more TSLs remain available for penetra-
tion into the tumor interior. Another point in Figure 13(f) is
that increasing the two frequencies of 1.25 and 1.5 MHz has
not led to further increase in the penetration depth

compared to 1MHz frequency, which might have resulted
from the focus of the heated area on the necrotic region. In
fact, since liposomal penetration is absent in the necrotic
region, the heating focus on this tumor area does not play a
role in improving drug delivery. Overall, frequencies close to
1MHz can be considered more appropriate for the studied
tumor as the highest penetration depth and FKs occur at
this frequency, with a low risk of drug release in the periton-
eal cavity.

3.2.2. Effect of liposome size

The effect of TSL size on drug delivery efficiency is investi-
gated in liposomes with dimensions of 5-200nm in diam-
eter. The size of TSLs determines their diffusion coefficients
in the interstitial space and, thus, may potentially affect drug
delivery. Figure 14 shows mean tumor TSL concentrations for
different sizes of liposomes as a function of time.
Accordingly, a decrease in liposome size increases average
tumor concentrations of liposome because smaller liposomes
can pass through the tumor. This increase in concentration
leads to elevated levels of Cr Cg and C; drug followed by
boosted chemotherapy efficacy, so that changing liposomal
size has a terrific effect on FK levels. The FK value is approxi-
mately 0.11 for a 200nm liposome at t=60min, but it is
doubled to 0.24 by using a 5nm liposome. The AUCr and
AUCg values also increased considerably with a decrease in
TSL size. For example, the AUCF value is 0.236mol-m 2.5~
for a 200 nm TSL, but this amount rises to almost five times
(1.142mol-m~3.s7") with a TSL size of 5nm. In addition,
TSL size simulation results showed no significant impact of
TSL size on drug penetration depth, with a penetration value
of 0.43 for all the liposome sizes under the same thermal
conditions. Considering that the depth of drug penetration
into the tumor is generally very limited in IP injection, even
for the direct injection of doxorubicin in conventional IPC,
the use of TSLs with much larger sizes than free doxorubicin
cannot significantly reduce the penetration depth.

3.2.3. Effect of vessel wall permeability

During IP injection, low molecular weight drugs can rapidly
absorbed by capillaries and enter the circulatory system. This,
in addition to the loss of the drug available to the tumor, can
add to the side effects of chemotherapy. Therefore, in addition
to the effect of TSL size on the drug transfer in the interstitial
space, drug transfer through the vessel wall is also affected by
the ratio of TSL size to vessel wall pore size (r,) as the param-
eter representing vessel permeability (Stylianopoulos et al.,
2015). In Figure 15(a,b), FKs as a function of time are plotted
for various sizes of vessel pores with TSLs of 20nm and
100nm. As the vessel wall transfer depends on the TSL size
and the vessel wall pore size, both the pore and the liposome
dimensions affect the chemotherapy efficiency. According to
the results (Figure 15(a,b)), the amount of FK decreases signifi-
cantly when the vessel pore size is larger than the TSL size. As
shown in Figure 15(b), for a 100nm liposomal size at
60 minutes, the FK value is 0.12 when the vessel pore size is
200 or 100nm, but it is 0.24 for a vessel size smaller than
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100 nm. Thus, increasing vessel pore diameter leads to elevated
loss of TSL through the vessel, thereby, reducing the treatment
efficiency. Although based on results of pervious section, a
decrease in TSL size can improve the treatment efficacy in this
method, so the TSL dimensions should be reduced considering
the vessel wall pore size. Additionally, it should be noted that
experimental results (Sadzuka et al, 2000) demonstrate that
TSL with a larger size has a longer residence in peritoneum
cavity and will be available to the tumor for a longer
time period.

3.2.4. The effect of tumor size
The results presented in previous sections were for a large
tumor with a radius of 10 mm. In this section, the results for
two medium and small tumors (5 and 2mm in radius) are
compared with that of the large tumor. Figure 16(a-c) shows
the contours of C; drug for three small, medium, and large
tumors for a TSL size of 100 nm at t =60 min. The figure dis-
plays that TSL-Dox delivery for a small tumor has a better
drug distribution and penetration than the medium and
large tumors.

The values of AUCk for large, medium, and small tumors were
calculated as 0.292, 0.855, and 6.967 mol-m™—>-s™", indicating a
significant increase with reductions in the tumor size. The values
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Figure 12. Contours of the concentration distribution of C; drug at five examined frequencies within 60 minutes after drug delivery.

DRUG DELIVERY 911

1 MHz

of AUG; also indicate a significant increase in this parameter by
reducing the tumor size from 0.113mol-m™3-s7" for a large
tumor to 2.695mol-m~3-s' for a small tumor. It can, therefore,
be concluded that the extracellular drug concentration available
to the tumor is greater in smaller tumors. Figure 16(d) shows FK
values as a function of time for three different tumor sizes. It is
seen that the treatment efficiencies have significantly increased
with decreasing tumor size. FK values for medium and small
tumors are 0.28 and 0.88, respectively, at t=60min showing a
considerable rise compared that of 0.12 obtained for the
large tumor.

In addition, Figure 16(e) compares the relative drug pene-
tration depth for different tumor sizes with a TSL of 100 nm.
The relative penetration is 23% in the small tumor, which is
approximately four times that of medium tumors and nearly
six times that of large tumors. Therefore, smaller tumors have
generally a better status than the larger tumors in terms of
drug availability to the tumor and penetration depth.

3.3. Validation

This section deals with the validation of the numerical simu-
lations. Since the simulation of this problem is obtained from
solving different physics and various equations, including the
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Darcy equation to find the pressure and velocity distribu-
tions, mass transfer equations to find the distributions of
free, bound, and internalized drug, the Westervelt equation
to find the acoustic pressure, and bio heat equation to calcu-
late the temperature. Therefore, it is necessary to verify each
physics and to compare with results of various references.

3.3.1. Interstitial fluid pressure and interstitial fluid vel-
ocity validation

One of the most important parts of this modeling is to find
the distribution of interstitial pressure and velocity, which is
obtained by solving the Darcy equation according to
Equation (1). To this end, a comparison is made between the



radial distributions of interstitial tissue pressure with experi-
mental works (Boucher et al, 1990) in the same conditions
(Figure 17(a)) showing a good agreement between experi-
mental and theoretical results. Also, mean interstitial velocity
is compared with the theoretical values obtained by Soltani
& Chen (2011), which shows a remarkable agreement
(Figure 17(b)).

3.3.2. Verification of the interstitial concentration
distribution

Au et al. (2014) examined chemotherapy on a murine tumor
using paclitaxel by the conventional IP method. Total concen-
tration profile in terms of penetration depth after a six-hour
period is shown in Figure 17(c). The tumor radius was
R=2mm and the drug concentration was C;,; =45 mM at the
tumor border. There is a significant difference between the
two charts, but there is a similar behavior qualitatively. This

difference may be due to different tissue and drug properties.
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3.3.3. Verification of acoustic pressure distribution
As mentioned above, an ultrasonic device is used to heat the
tumor tissue locally to increase the liposomal release rate
with the transducer used in the work of Huang et al. (2004).
They used a single-element, piezoceramic spherical trans-
ducer (Models H-102 and H-101, Sonic Concepts,
Woodinville, WA) with a central hole of 20mm in diameter.
The transducer has a focal length of 62.64 mm, an aperture
of 70mm, and an operating frequency of 1MHz.
Supplementary Figure S1(a,b) shows the dimensionless
acoustic pressure distribution in two axial and radial direc-
tions inside the tumor, which is in well agreement to the
experimental results of Huang et al. (2004). In these dia-
grams, the absolute acoustic pressure becomes dimension-
less with maximum pressure at the focal point.
Supplementary Figure S2(a) shows the acoustic pressure
distribution obtained from solving the Westervelt equation,
as well as the distribution of acoustic intensity
(Supplementary Figure S2b). The acoustic pressure value is
equal to 0.9 MPa in the focal area. As the distance from the
focal area increases, the amounts of acoustic pressure and
intensity decrease as well.

3.3.4. Thermal verification

By increasing both the local acoustic pressure and acoustic
intensity in the focal area, the amount of heat generated in
this area behaves according to Equation (17). Therefore, it is
expected that the temperature in this area is maximal.
Huang et al. (2004) also plotted the temperature at the focal
point in terms of elapsed time. They turned off the ultra-
sound device after a second. The ascending temperature rise
stops in the first second, after which the temperature falls.
As shown in Supplementary Figure S3, the results of our
simulation for temperature at the focal point has a good
agreement with presented values of Huang et al. (2004), pro-
viding the performance of heat transfer solver in the pres-
ence of HIFU heat source.
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Figure 15. FK as a function of time for different vessel wall pore sizes: (a) 20 nm TSL and (b) 100 nm TSL.
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4, Conclusions

IP chemotherapy is commonly used as a locoregional treat-
ment for patients with PC, often originated from ovarian or
colorectal carcinoma. Although IP chemotherapy has been
promising for certain cases of patients with colorectal cancer,
the inadequate drug delivery to the tumor and its side effects
have strongly restricted the clinical use of this drug delivery
method. In this study, a new drug delivery strategy is proposed
based on intraperitoneal (IP) injection of TSL-Dox in combin-
ation with mild HT induced by high intensity focused ultra-
sound (HIFU). A mathematical model is developed to assess
the feasibility of the proposed drug delivery system. FK values
and the drug penetration depth into the tumor are considered
as the two main criteria for evaluating the efficacy of the pro-
posed drug delivery system. Various factors, including the
effect of HIFU frequency, TSL size, vessel wall pore size, and
the tumor size can influence the FK value and drug penetra-
tion depth. A set of parametric studies is conducted to exam-
ine the impacts of the above-mentioned parameters. The
following conclusions are drawn based on our results:

1. The use of TSL-Dox delivery in IP injection is much more
effective than conventional IP chemotherapy, so that
using 100 nm TSLs and thermal condition created with

1 MHz HIFU frequency in large tumors lead to 14.5 times
increase in the drug penetration depth and more than
six times elevation in FK values within one hour after
the injection.

The effect of tumor tissue temperature on the perform-
ance of the proposed drug delivery system is evaluated
by changing the HIFU frequency in the range of
0.5-1.5MHz. The results show that concentration distri-
bution in the tumor is determined by temperature distri-
bution near the tumor boundaries. As the frequency
decreases, the amounts of FK increases, however,
decreased frequency led to the enlargement of the
heated focal point. Therefore, it should be noted that
with excessive frequency reduction, the heated region
may encompass the tumor boundaries and cause the
release of TSLs in the peritoneal fluid. In addition, the
results show an improvement in drug penetration by
increasing the HIFU frequency up to 1 MHz. With further
increase in frequency the focal area will be limited to
the necrotic core of the tumor and the depth of pene-
tration remains unaffected. According to the results of
the frequencies studied, frequencies close to 1 MHz have
the highest treatment efficiency and, at the same time,
the lowest risk of unintentional dug release in the peri-
toneal cavity.
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3. The effect of TSL size (5-200 nm) is investigated on the system. In addition, the drug penetration depth into the
performance of the proposed drug delivery system. tumor is significantly higher for smaller tumors.
The results show that decreased TSL sizes could enhance
the FK values and the treatment efficiency. FK values are The results are of high accuracy and reliability as verified

11% and 24% when using 200 nm and 5nm TSLs within by various numerical and experimental tests.
an hour after treatment while the corresponding values
for conventional IPC is about 2%. Also, the size of TSLs
had no significant effect on the drug penetration depth.

4. The results show that the vessel wall pore size in the Disclosure statement
tumor could have a high impact on the efficiency of this
method. If the size of TSLs is smaller than that of vessel
wall pore size, a marked amount is lost through these
vessels, thereby, decreasing the treatment efficiency. ORCID
These drugs increase the risk of chemotherapy system-  \ soltani () http:/orcid.org/0000-0003-0878-6274
atic side effects by entering the bloodstream.

5. The use of TSL-Dox delivery method has a far greater
effect on smaller tumors. In a small tumor with a radius
of 2mm, the FK value reaches 0.88 at one hour after the  ansaloni L, Coccolini F, Morosi L, et al. (2015). Pharmacokinetics of con-
injection, indicating a high efficiency of the drug transfer comitant cisplatin and paclitaxel administered by hyperthermic

The authors report no conflict of interest.

References



916 M. REZAEIAN ET AL.

intraperitoneal chemotherapy to patients with peritoneal carcinoma-
tosis from epithelial ovarian cancer. Br J Cancer 112:306.

Au J-S, Guo P, Gao Y, et al. (2014). Multiscale tumor spatiokinetic model
for intraperitoneal therapy. AAPS J 16:424-39.

Baxter LT, Jain RK. (1989). Transport of fluid and macromolecules in
tumors. |. Role of interstitial pressure and convection. Microvasc Res
37:77-104.

Baxter LT, Jain RK. (1990). Transport of fluid and macromolecules in
tumors. Il. Role of heterogeneous perfusion and lymphatics. Microvasc
Res 40:246-63.

Baxter LT, Jain RK. (1991). Transport of fluid and macromolecules in
tumors: lll. Role of binding and metabolism. Microvasc Res 41:5-23.
Bhatt A. (2018). Management of peritoneal metastases-cytoreductive sur-

gery, HIPEC and beyond. Singapore: Springer.

Bijelic L, Yan TD, Sugarbaker PH. (2007). Failure analysis of recurrent dis-
ease following complete cytoreduction and perioperative intraperito-
neal chemotherapy in patients with peritoneal carcinomatosis from
colorectal cancer. Ann Surg Oncol 14:2281-8.

Boucher Y, Baxter LT, Jain RK. (1990). Interstitial pressure gradients in tis-
sue-isolated and subcutaneous tumors: implications for therapy.
Cancer Res 50:4478-84.

Brown S, Hunt J, Hill R. (1992). Differential thermal sensitivity of tumour
and normal tissue microvascular response during hyperthermia. Int J
Hyperthermia 8:501-14.

Burges A, Schmalfeldt B. (2011). Ovarian cancer: diagnosis and treatment.
Dtsch Arztebl Int 108:635.

Centelles MN, Wright M, So P-W, et al. (2018). Image-guided thermosen-
sitive liposomes for focused ultrasound drug delivery: using NIRF-
labelled lipids and topotecan to visualise the effects of hyperthermia
in tumours. J Control Release 280:87-98.

Chou C-Y, Chang W-I, Horng T-L, Lin W-L. (2017). Numerical modeling of
nanodrug distribution in tumors with heterogeneous vasculature.
PLoS One 12:e0189802.

Dadashzadeh S, Mirahmadi N, Babaei M, Vali A. (2010). Peritoneal reten-
tion of liposomes: effects of lipid composition, PEG coating and lipo-
some charge. J Control Release 148:177-86.

De Smet L, Ceelen W, Remon JP, Vervaet C. (2013). Optimization of drug
delivery systems for intraperitoneal therapy to extend the residence
time of the chemotherapeutic agent. Sci World J 2013:1.

Deen W. (1987). Hindered transport of large molecules in liquid-filled
pores. AIChE J 33:1409-25.

Dromi S, Frenkel V, Luk A, et al. (2007). Pulsed-high intensity focused
ultrasound and low temperature-sensitive liposomes for enhanced
targeted drug delivery and antitumor effect. Clin Cancer Res 13:
2722-7.

El-Kareh AW, Secomb TW. (2000). A mathematical model for comparison
of bolus injection, continuous infusion, and liposomal delivery of
doxorubicin to tumor cells. Neoplasia 2:325-38.

Favoriti P, Carbone G, Greco M, et al. (2016). Worldwide burden of colo-
rectal cancer: a review. Update Surg 68:7-11.

Fournier RL. (2017). Basic transport phenomena in biomedical engineer-
ing. Boca Raton, FL: CRC Press.

Gasselhuber A, Dreher MR, Partanen A, et al. (2012). Targeted drug deliv-
ery by high intensity focused ultrasound mediated hyperthermia com-
bined with temperature-sensitive liposomes: computational modelling
and preliminary in vivo validation. Int J Hyperthermia 28:337-48.

Hamilton MF, Blackstock DT. (1998). Nonlinear acoustics. San Diego:
Academic Press.

Hijnen N, Langereis S, Grull H. (2014). Magnetic resonance guided high-
intensity focused ultrasound for image-guided temperature-induced
drug delivery. Adv Drug Deliv Rev 72:65-81.

Hirano K, Hunt CA, Strubbe A, MacGregor RD. (1985). Lymphatic trans-
port of liposome-encapsulated drugs following intraperitoneal admin-
istration — effect of lipid composition. Pharm Res 2:271-8.

Huang J, Holt RG, Cleveland RO, Roy RA. (2004). Experimental validation
of a tractable numerical model for focused ultrasound heating in
flow-through tissue phantoms. J Acoust Soc Am 116:2451-8.

Jain RK, Ward-Hartley K. (1984). Tumor blood flow-characterization, mod-
ifications, and role in hyperthermia. IEEE Trans Son Ultrason 31:
504-25.

Kashkooli FM, Soltani M, Rezaeian M, et al. (2019). Image-based spatio-
temporal model of drug delivery in a heterogeneous vasculature of a
solid tumor—computational approach. Microvasc Res 123:111-24.

Kerr DJ, Kerr AM, Freshney RI, Kaye SB. (1986). Delivery of molecular and
cellular medicine to solid tumors. Biochem Pharmacol 35:12817-23.

Kong G, Anyarambhatla G, Petros WP, et al. (2000). Efficacy of liposomes
and hyperthermia in a human tumor xenograft model: importance of
triggered drug release. Cancer Res 60:6950-7.

Konigsrainer |, Horvath P, Struller F, et al. (2013). Risk factors for recur-
rence following complete cytoreductive surgery and HIPEC in colorec-
tal cancer-derived peritoneal surface malignancies. Langenbecks Arch
Surg 398:745-9.

Lambert LA. (2015). Looking up: recent advances in understanding and
treating peritoneal carcinomatosis. CA Cancer J Clin 65:283-98.

Less JR, Skalak TC, Sevick EM, Jain RK. (1991). Microvascular architecture
in @ mammary carcinoma: branching patterns and vessel dimensions.
Cancer Res 51:265-73.

Li L, ten Hagen TL, Schipper D, et al. (2010). Triggered content release
from optimized stealth thermosensitive liposomes using mild hyper-
thermia. J Control Release 143:274-9.

Lokerse WJ, Eggermont AM, Grill H, Koning GA. (2018). Development
and evaluation of an isolated limb infusion model for investigation of
drug delivery kinetics to solid tumors by thermosensitive liposomes
and hyperthermia. J Control Release 270:282-9.

Mohamed F, Cecil T, Moran B, Sugarbaker P. (2011). A new standard of
care for the management of peritoneal surface malignancy. Curr
Oncol 18:e84.

Mok W, Stylianopoulos T, Boucher Y, Jain RK. (2009). Mathematical mod-
eling of herpes simplex virus distribution in solid tumors: implications
for cancer gene therapy. Clin Cancer Res 15:2352-60.

Montori G, Coccolini F, Ceresoli M, et al. (2014). The treatment of peri-
toneal carcinomatosis in advanced gastric cancer: state of the art. Int
J Surg Oncol 2014:1.

Mpekris F, Baish JW, Stylianopoulos T, Jain RK. (2017). Role of vascular
normalization in benefit from metronomic chemotherapy. Proc Natl
Acad Sci USA 114:1994-9.

Nacev AN. (2013). Magnetic drug targeting: developing the basics.
College Park, MD: University of Maryland.

Needham D, Dewhirst MW. (2001). The development and testing of a
new temperature-sensitive drug delivery system for the treatment of
solid tumors. Adv Drug Deliv Rev 53:285-305.

Nyborg WL. (1986). Sonically produced heat in a fluid with bulk viscosity
and shear viscosity. J Acoust Soc Am 80:1133-9.

Pennes HH. (1948). Analysis of tissue and arterial blood temperatures in
the resting human forearm. J Appl Physiol 1:93-122.

Ponce AM, Vujaskovic Z, Yuan F, et al. (2006). Hyperthermia mediated
liposomal drug delivery. Int J Hyperthermia 22:205-13.

Sadeghi B, Arvieux C, Glehen O, et al. (2000). Peritoneal carcinomatosis
from non-gynecologic malignancies: results of the EVOCAPE 1 multi-
centric prospective study. Cancer 88:358-63.

Sadzuka Y, Hirota S, Sonobe T. (2000). Intraperitoneal administration of
doxorubicin encapsulating liposomes against peritoneal dissemin-
ation. Toxicol Lett 116:51-9.

Sadzuka Y, Nakai S-i, Miyagishima A, et al. (1997). Effects of administered
route on tissue distribution and antitumor activity of polyethylenegly-
col-coated liposomes containing adriamycin. Cancer Lett 111:77-86.

Schmidt MM, Wittrup KD. (2009). A modeling analysis of the effects of
molecular size and binding affinity on tumor targeting. Mol Cancer
Ther 8:2861-71.

Sefidgar M, Soltani M, Raahemifar K, et al. (2014). Effect of tumor shape,
size, and tissue transport properties on drug delivery to solid tumors.
J Biol Eng 8:12.

Sefidgar M, Soltani M, Raahemifar K, et al. (2015). Numerical modeling of
drug delivery in a dynamic solid tumor microvasculature. Microvasc
Res 99:43-56.

Shamsi M, Sedaghatkish A, Dejam M, et al. (2018). Magnetically assisted
intraperitoneal drug delivery for cancer chemotherapy. Drug Deliv 25:
846-61.



Sheu TW, Solovchuk MA, Chen AW, Thiriet M. (2011). On an acoustics—
thermal-fluid coupling model for the prediction of temperature eleva-
tion in liver tumor. Int J Heat Mass Transf 54:4117-26.

Sloothaak D, Mirck B, Punt C, et al. (2014). Intraperitoneal chemotherapy
as adjuvant treatment to prevent peritoneal carcinomatosis of colo-
rectal cancer origin: a systematic review. Br J Cancer 111:1112.

Soltani M, Chen P. (2011). Numerical modeling of fluid flow in solid
tumors. PLoS One 6:€20344.

Soltani M, Sefidgar M, Bazmara H, et al. (2017). Spatiotemporal distribu-
tion modeling of PET tracer uptake in solid tumors. Ann Nucl Med 31:
109-24.

Soltani M, Sefidgar M, Casey M, et al., eds. (2014). Comprehensive mod-
eling of the spatiotemporal distribution of PET tracer uptake in solid
tumors based on the convection-diffusion-reaction equation. 2014
IEEE Nuclear Science Symposium and Medical Imaging Conference
(NSS/MIC). IEEE. 8-15 November, Seattle, WA, USA.

Staruch R, Chopra R, Hynynen K. (2011). MRI-controlled ultrasound ther-
mal therapy. IEEE Pulse 2:39-47.

Staruch RM, Ganguly M, Tannock IF, et al. (2012). Enhanced drug delivery
in rabbit VX2 tumours using thermosensitive liposomes and MRI-con-
trolled focused ultrasound hyperthermia. Int J Hyperthermia 28:
776-87.

Steuperaert M, Falvo D'Urso Labate G, Debbaut C, et al. (2017).
Mathematical modeling of intraperitoneal drug delivery: simulation of
drug distribution in a single tumor nodule. Drug Deliv 24:491-501.

Stylianopoulos T, Economides E-A, Baish JW, et al. (2015). Towards opti-
mal design of cancer nanomedicines: multi-stage nanoparticles for
the treatment of solid tumors. Ann Biomed Eng 43:2291-300.

Stylianopoulos T, Jain RK. (2013). Combining two strategies to improve
perfusion and drug delivery in solid tumors. Proc Natl Acad Sci USA
110:18632-7.

Sugarbaker PH, Stuart OA. (2019). Pharmacokinetics of the intraperitoneal
nanoparticle pegylated liposomal doxorubicin in patients with periton-
eal metastases. Eur J Surg Oncol. doi:10.1016/j.ejs0.2019.03.035.

DRUG DELIVERY 917

Tagami T, May JP, Ernsting MJ, Li S-D. (2012). A thermosensitive lipo-
some prepared with a Cu®>" gradient demonstrates improved pharma-
cokinetics, drug delivery and antitumor efficacy. J Control Release
161:142-9.

Tempany CM, McDannold NJ, Hynynen K, Jolesz FA. (2011). Focused
ultrasound surgery in oncology: overview and principles. Radiology
259:39-56.

ter Haar G, Coussios C. (2007). High intensity focused ultrasound: phys-
ical principles and devices. Int J Hyperthermia 23:89-104.

van Oudheusden TR, Grull H, Dankers PYW, de Hingh I. (2015). Targeting
the peritoneum with novel drug delivery systems in peritoneal carcin-
omatosis: a review of the literature. Anticancer Res 35:627-34.

Vaupel P, Kallinowski F, Okunieff P. (1989). Blood flow, oxygen and nutri-
ent supply, and metabolic microenvironment of human tumors: a
review. Cancer Res 49:6449-65.

Willerding L, Limmer S, Hossann M, et al. (2016). Method of hyperther-
mia and tumor size influence effectiveness of doxorubicin release
from thermosensitive liposomes in experimental tumors. J Control
Release 222:47-55.

Wright AA, Cronin A, Milne DE, et al. (2015). Use and effectiveness of
intraperitoneal chemotherapy for treatment of ovarian cancer. J Clin
Oncol 33:2841.

Yuan F, Dellian M, Fukumura D, et al. (1995). Vascular permeability in a
human tumor xenograft: molecular size dependence and cutoff size.
Cancer Res 55:3752-6.

Zhan W, Gedroyc W, Xu XY. (2014). Effect of heterogeneous microvascu-
lature distribution on drug delivery to solid tumour. J Phys D: Appl
Phys 47:475401.

Zhan W, Wang C-H. (2018). Convection enhanced delivery of liposome
encapsulated doxorubicin for brain tumour therapy. J Control Release
285:212-29.

Zhan W, Xu XY. (2013). A mathematical model for thermosensitive lipo-
somal delivery of doxorubicin to solid tumour. J Drug Deliv 2013:1.


https://doi.org/10.1016/j.ejso.2019.03.035

	Abstract
	Introduction
	Materials and methods
	Conventional IP chemotherapy
	HIFU-mediated IP delivery of thermosensitive liposomal doxorubicin delivery
	Cell survival model
	Initial and boundary conditions
	Simulation methods

	Results and discussion
	Conventional IPC
	TSL-Dox delivery

	Effect of frequency
	Effect of liposome size
	Effect of vessel wall permeability
	The effect of tumor size
	Validation

	Interstitial fluid pressure and interstitial fluid velocity validation
	Verification of the interstitial concentration distribution
	Verification of acoustic pressure distribution
	Thermal verification
	Conclusions
	Disclosure statement
	References



<<
	/CompressObjects /Tags
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 150
	/DoThumbnails false
	/ColorConversionStrategy /sRGB
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects true
	/DownsampleMonoImages true
	/PassThroughJPEGImages false
	/ColorSettingsFile (None)
	/AutoRotatePages /All
	/Optimize true
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 600
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.6
	/MonoImageResolution 600
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Warning
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Bicubic
	/EmitDSCWarnings false
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 150
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/DetectCurves 0.1
	/PDFXTrapped /False
	/ColorImageFilter /DCTEncode
	/TransferFunctionInfo /Preserve
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage true
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/ESP <>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


