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A B S T R A C T

Temozolomide presents significant anticancer activities in preclinical trials. However, its clinical applications
suffer from serious side effects owing to the high concentration in blood and normal tissues. In this study,
mathematical modelling is applied to simulate the liposome-mediated delivery of temozolomide under different
conditions in a 3-D realistic brain tumour model reconstructed from MR images. Delivery outcomes are eval-
uated by the bioavailability of free temozolomide across time. As compared to the oral and intravenous admin-
istration of free temozolomide, liposome-mediated delivery can successfully improve the drug accumulation in
tumour while reducing the drug exposure in blood and normal tissue. Results show that the delivery is less
sensitive to the duration of intravenous infusion but highly dependent on the liposome properties. The treatment
can be improved by either enhancing the liposome transvascular permeability or using the liposomes with high
extracellular release rates. Intravascular release can only increase the risk of adverse effects rather than im-
proving the drug bioavailability in tumour. Results obtained in this study could be applied for optimising the
treatment using liposome encapsulated temozolomide.

1. Introduction

Malignant glioma is one of the most aggressive and invasive dis-
eases in clinic because of the high mortality rate (Mangiola et al.,
2010). Despite of surgery followed by radiotherapy and chemotherapy,
glioma could invariably recur and henceforth lead to rapid death (Xue
et al., 2017). Blood-brain barrier (BBB) is the main obstacle in routine
chemotherapy as it can successfully block the majority of drugs within
the blood circulatory system and hence retard the drug accumulation in
the tumour.

As an alkylating agent belonging to the imidazotetrazine series, te-
mozolomide presents broad-spectrum anticancer activities with ubiqui-
tous distribution in all the tissues (Friedman et al., 2000). It is favoured
for brain tumour therapy due to the effectiveness of crossing the BBB
(Pineda et al., 2017). However, the clinical applications are limited by
several adverse effects owing to the high concentrations in blood and
various normal tissues (Hanna et al., 2018). Liposomes have been de-
veloped for targeted treatment in which the encapsulated drugs are
designed to be released in the lesion in a controllable manner. Although
the feasibility of liposome-mediated delivery of temozolomide has been
reported in preclinical studies (Huang et al., 2008; Gao et al., 2015),

this delivery system can be further optimised from the aspect of drug
transport to improve the treatment efficacy.

Mathematical modelling has become a promising approach to in-
vestigate drug delivery due to the advantage for examining the multiple
biophysical and physicochemical processes individually or in an in-
tegrated manner. The modelling framework was firstly established to
study the transport of macromolecular drugs (Baxter and Jain, 1989;
Baxter and Jain, 1990, 1991), and further developed by building in
more complex and realistic processes to describe particular delivery
strategies and systems (Tan et al., 2003; Tzafriri et al., 2005; Lee et al.,
2005; Arifin et al., 2009; Nhan et al., 2014). A pharmacokinetics-based
compartmental model was used to evaluate the performances of free
and liposomal doxorubicin under different delivery conditions (El-Kareh
and Secomb, 2000). Systemic administration and implantable wafer
were compared for carmustine based on a 3-D transport model in a
realistic brain tumour (Wang et al., 1999).

In this study, a multiphysics model is applied to a 3-D brain tumour
that is reconstructed from MR data, in order to examine the impacts of
different factors on the liposome-mediated delivery of temozolomide for
optimisation. The model describes the key transport processes, in-
cluding plasma clearance, transvascular transport, convective and
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diffusive transport in interstitial fluid, drug release from liposomes,
binding with proteins, and drug elimination by metabolic reactions and
degradation. Delivery outcomes are evaluated in terms of the drug
bioavailability based on the predicted free temozolomide concentrations
across time.

2. Material and methods

2.1. Mathematical model

The modelling framework consists of several submodules with
equations for the drug delivery, including those for interstitial fluid
flow in the brain and surrounding normal tissue, direct delivery of free
temozolomide as control study and liposome-mediated delivery.

2.1.1. Interstitial fluid flow
Morphological characteristics of microvasculature network can vary

considerably in brain tumour depending on the tumour type and stage.
Given the inter-capillary distance is orders lower than the scale of drug
transport in tissues (Baxter and Jain, 1989), the brain tumour and its
holding tissue are treated as porous media where the microvasculature
is assumed to be homogenously distributed (Baxter and Jain, 1990).
The mass equation and momentum conservation equation for inter-
stitial fluid flow are in the forms of

∇ = Fv· b (1)
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in which v and pi are the velocity and pressure of interstitial fluid flow,
respectively. μ and ρ are the interstitial fluid viscosity and density, and κ
refers to the tissue permeability. t is time, and τ is the stress tensor. The
fluid gain from blood circulatory system (Fb) is determined by the
Starling’s law as
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V
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where pb stands for the blood pressure and Kb is the hydraulic con-
ductivity of the microvasculature wall. S/V refers to the micro-
vasculature surface area per tissue volume. σT is the osmotic reflection
coefficient. πb and πi are the blood and interstitium osmotic pressure,
respectively. The fluid loss to lymphatic system is ignored because of
the lack of functional lymphatics in brain (Weller et al., 2009).

2.1.2. Direct delivery of free temozolomide
The transport processes of free temozolomide in tissue under directly

delivery are illustrated in Fig. 1(a), and can be described by the equa-
tions of the drug concentration in blood and tissue, respectively. The
intravascular concentration of free temozolomide strongly depends on
the administration mode. For continuous infusion, the concentration
(CIVS) is governed by
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where Dose refers to the total dose of drugs administrated in the
treatment. t is time andTd is the infusion duration.VF d, and kF c, stand for
the drug distribution volume and plasma clearance rate, respectively.
The time course of drug intravascular concentration under oral ad-
ministration can be expressed as
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in which G is the fraction of drugs that are absorbed through the di-
gestive system, and kF a, is the absorption rate. Given free temozolomide
can bind with proteins and the concentration of free and bound drugs

are able to reach equilibrium (Danson and Middleton, 2001), the in-
travascular concentration of free temozolomide (CF IVS, ) can be calibrated
by

= + = +C C C C K(1 )IVS F IVS B IVS F IVS IVS, , , (6)

where CB IVS, is the intravascular concentration of bound temozolomide,
and KIVS is the binding constant.

Both the brain tumour and normal tissue could be divided as ex-
tracellular space (ECS), cell membrane (CM) and intracellular space
(ICS). The concentration of free temozolomide in the entire tissue (CF) is
governed by the mass conservation equation (Arifin et al., 2009; Zhan
and Wang, 2018) as
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where kF,e is the free drug elimination rate. α and β denote the volume
fraction of ECS and ICS, respectively. The exchange of free temozolomide
between the intravascular space (IVS) and tissue ECS is defined as
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Two assumptions are further introduced: (1) the equilibrium of free

temozolomide concentration is reached among the three tissue com-
partments (Saltzman and Radomsky, 1991) ( =−P C C/ICS ECS F ICS F ECS, , ;

=−P C C/CM ECS F CM F ECS, , ) and (2) the concentration of free and bound
drugs are linearly correlated (Eikenberry, 2009) ( =K C C/ECS B ECS F ECS, , ;

=K C C/ICS B ICS F ICS, , ). Therefore, Eq. (7) can then be simplified as
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where =∗ α ηv v( / ) is the apparent velocity of interstitial fluid flow.
=∗D α η D( / )F ECS F ECS, , is the free drug apparent diffusivity.

= + +∗k α β k F η[( ) ]/F e F e b, , refers to the apparent drug elimination rate.
=∗Ex C C αEx C C η( , ) ( , )/F IVS F ECS F IVS F ECS, , , , is the apparent exchange be-

tween IVS and ECS, and η is a drug dependent parameter which is given
as

= + + + + − −− −η α K βP K α β P(1 ) (1 ) (1 )ECS ICS ECS ICS CM ECS (10)

2.1.3. Delivery of liposome encapsulated temozolomide
The drug transport processes of liposome-mediated delivery are

represented in Fig. 1(b). The intravascular concentration of liposomal
drugs (CL IVS, ) under continuous infusion is governed by
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where VL d, and kL c, are the distribution volume and plasma elimination
rate of liposomes, respectively, and krel IVS, is the drug release rate from
liposomes in IVS. This concentration under bolus injection follows an
exponential decay defined as
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The liposomal drug concentration in tissue ECS (CL ECS, ) is de-
termined by the diffusive and convective transport with the interstitial
fluid flow, drug release and exchange with IVS, as
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where DL ECS, is the liposome diffusivity in tissue interstitial fluid flow,
and krel ECS, is the drug release rate from liposomes in tissue ECS.

Free temozolomide concentration in blood (CF IVS, ) is governed by the
exchange with tissue, plasma clearance and drug release, as
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in which Vtissue stands for the volume of brain tumour or normal tissue,
depending on the location. The free temozolomide concentration in
tissue ECS (CF ECS, ) can be described in the form of

Fig. 1. Schematic diagrams for drug transport under different delivery modes. (a) Oral and intravenous administration of non-encapsulated temozolomide. (b)
Intravenous administration of liposome encapsulated temozolomide. Letters of L, F and B refer to the liposome-encapsulated drugs, free drugs and the drugs that bind
with proteins, respectively.

Fig. 2. Model geometry. (a) A representative slice of MR images. (b) The reconstructed 3D geometry, with tumour, ventricle and normal brain tissue highlighted in
orange, dark green and grey, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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where =∗k k η/rel ECS rel ECS, , is the apparent drug release rate from lipo-
somes.

2.2. Model geometry

The tumour and its surrounding normal brain tissue are re-
constructed in 3-D from anonymous MR images, which are available on
the image database of TCIA under the Creative Commons Attribution
3.0 Unported License for scientific purposes (Barboriak, 2015; Clark
et al., 2013). The images were acquired in three orthogonal planes with
slice thickness of 1mm. Each slice comprises 256× 256 pixels, and the
pixel size is 1mm. A representative slice is shown in Fig. 2(a).

The brain tumour is segmented from ventricle and normal brain
tissue on each image slice with respect to the local signal intensity using
MIMICS (Materialise HQ, Leuven, Belgium). Smoothed surfaces of the
tumour, normal tissue and ventricle are imported into ANSYS ICEM
CFD (ANSYS Inc., Canonsburg, USA) to generate the computation mesh,
which consists of 4.6 million tetrahedral elements to provide the grid
independent solutions. The tumour and normal brain tissue shown in
Fig. 2(b) are 24.7 cm3 and 1387.3 cm3, respectively.

2.3. Model parameters

Geometric and transport properties are treated as time-independent
because the simulation time window is much shorter than that of tu-
mour growth. Tables 1 and 2 summarise the model parameters re-
presenting the properties of tissue and temozolomide in its different
forms, respectively. The first order kinetics (Afadzi et al., 2010) is ap-
plied to analyse the accumulative releasing profile (Gao et al., 2015) for
estimating the drug release rate in tissue ECS, while the liposomes are
assumed to be stable in blood owing to the lack of experimental data
(Gao et al., 2015). The averaged value of liposome transvascular per-
meability is found to be 2.20E-8 m/s in normal tissues by analysing the
biodistribution profiles (Gao et al., 2015) based on the two-compart-
ment model (Zhao et al., 2007). It is set as 5.84E-8 m/s in tumour as
this parameter is usually 1.4–3.9 times higher than in normal tissue
(Wu et al., 1993; Chauhan et al., 2012). Liposomes are further assumed
to be impermeable to the BBB in normal brain tissue and cannot be
taken up by cells directly.

2.4. Numerical methods

The mathematical model is implemented in a CFD code package
ANSYS FLUENT (ANSYS Inc., Canonsburg, USA) for obtaining numer-
ical solutions. Pressure is correlated with velocity correction by
SIMPLEC algorithm. The 2nd order UPWIND scheme and the 2nd order
implicit Euler scheme are applied to obtain the spatial and temporal

discretisation of governing equations, respectively. The residual toler-
ance of 1E-5 is chosen to control the modelling convergence, and a fixed
time step is set as 10 s after time-step independent tests. As the impacts
of intravenous administration on the interstitial fluid is ignorable (Goh
et al., 2001), governing equations of interstitial fluid flow are solved
first to generate a steady-state solution. The obtained fluid pressure and
velocity are imported to the drug transport model at time zero for
transient simulations of drug delivery (Zhao et al., 2007; Gasselhuber
et al., 2012; Soltani and Chen, 2013). Drug concentrations are assumed
to be zero in the whole domain as the initial condition.

2.5. Boundary conditions

Relative pressure of 1447 Pa (Kimelberg, 2004) and 658 Pa (Gross
and Popel, 1979) are specified on the brain and ventricle surface, re-
spectively, where there is no drug flux. All the variables are continuous
across the interface between the brain tumour and its holding tissue.

3. Results

3.1. Hydraulic environment for drug delivery

Drug transport and accumulation strongly depend on the hydraulic
environment in tissues, including the interstitial fluid pressure (IFP)
and velocity (IFV). The interstitial fluid flow is predicted by solving the
governing equations in the entire domain, subjected to model para-
meters in Table 1 and the aforementioned boundary conditions. Results
in Fig. 3 shows that IFP decreases from the ventricle towards the brain
surface in normal tissue, driving the interstitial fluid to flow in the same
direction (Abbott, 2004). However, the increased microvasculature
density and hydraulic conductivity of the vessel wall are able to im-
prove the fluid leakage from IVS to ECS in the brain tumour, and
thereby build up the IFP and IFV locally (Jain, 1987). This advanced
fluid loss could increase the drug gain from blood stream to enhance the
drug accumulation. Moreover, the convective drug transport can also
be improved because of the high IFV in the brain tumour.

It is worth to note that the interstitial fluid flow is heterogeneous in
the brain tumour. IFP is slightly higher in the deep tumour tissue near
the ventricle. This raised IFP is able to reduce the pressure gradient
across the vessel wall and thereby inhibits the fluid loss from blood
locally. The bulk movement of interstitial fluid flow is found to be faster
in the tumour region that is close to the normal tissue surface, owing to
the large pressure difference there as shown in Fig. 3.

3.2. Baseline study of drug transport and accumulation

A total dose of 150mg/m2 liposome encapsulated temozolomide
(Kushner et al., 2006) is administrated into a 70 kg patient (Goh et al.,
2001) through 1.5-h intravenous infusion (Diez et al., 2010). Delivery
outcomes are compared to control studies in which the identical dose of
non-encapsulated temozolomide is delivered by oral administration and

Table 1
Parameters for the brain tumour and normal tissue.

Symbol Parameter Unit Brain Tumour Normal Tissue

α Volume fraction of extracellular space – 0.35 (Kalyanasundaram et al., 1997) 0.20 (Fung et al., 1996)
β Volume fraction of intracellular space – 0.55 (Kalyanasundaram et al., 1997) 0.65 (Fung et al., 1996)
ρ Interstitial fluid density kg/m3 1000 (Green and Perry, 1973) 1000 (Green and Perry, 1973)
μ Interstitial fluid viscosity kg/m/s 7.8E-4 (Green and Perry, 1973) 7.8E-4 (Green and Perry, 1973)
πb Blood osmotic pressure Pa 3440 (Kimelberg, 2004) 3440 (Kimelberg, 2004)
πi Interstitium osmotic pressure Pa 1110 (Baxter and Jain, 1989) 740 (Baxter and Jain, 1989)
pb Pressure in intravascular space Pa 4610 (Kimelberg, 2004) 4610 (Kimelberg, 2004)
S/V Area of vessel surface per tissue volume m−1 20,000 (Baxter and Jain, 1989) 7000 (Baxter and Jain, 1989)
σT Osmotic reflection coefficient – 0.82 (Baxter and Jain, 1989) 0.91 (Baxter and Jain, 1989)
Kb Hydraulic conductivity of the blood vessel wall m/Pa/s 1.1E-12 (Arifin et al., 2009) 1.4E-13 (Arifin et al., 2009)
κ Darcy’s permeability m2 6.4E-14 (Arifin et al., 2009) 6.5E-15 (Arifin et al., 2009)
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intravenous administration with the same infusion duration.
Liposome encapsulated temozolomide concentration is crucial to

determine the free drug accumulation in the brain tumour for effective
therapy. Shown in Fig. 4 are the predicated time courses of liposomal
temozolomide concentration in IVS and ECS of the brain tumour and its
holding tissue. As all the liposomes are continuously administrated into
blood, the concentration reaches the peak at 1.5 h and keeps decreasing
with time proceeding. Its concentration in tumour ECS increases rapidly
in the initial phase because of the large concentration gradient across
the blood vessel wall, and then reaches the peak when the equilibrium
is established between the source term of drug supply from blood
stream and the sink term accounting for the continuous release. The
gradual fall of concentration in tumour ECS is contributed by the de-
crease of IVS concentration and the drug release from liposomes. Since
the liposomes are too large to cross the BBB, liposomal temozolomide
enters the normal tissue mainly by convection and diffusion from the
brain tumour. So that its concentration is about 2 orders lower than in

the tumour.
The spatial distribution of liposomal and free temozolomide at dif-

ferent time points are compared in Fig. 5. Regardless the drug form,
temozolomide is uniformly distributed except at the tumour/normal-
tissue interface where a large concentration gradient presents. The peak
liposomal drug concentration takes place at 1.5-h when the infusion
ends, whereas, free drug concentration reaches a higher level at around
3.0-h. This is because although the liposome concentration decreases
once after the infusion caseation, the free drug supply of releasing is
still greater than the drug elimination, leading the free drug con-
centration to keep increasing. Since the free drug supply decreases with
the liposome concentration as time proceeds, the drug elimination be-
comes dominant at around 3 h and the free drug concentration begins to
decline.

Predicted free temozolomide concentrations for liposome-mediated
delivery and non-encapsulated temozolomide delivery are compared in
Fig. 6. Results show that the IVS concentration by oral administration is

Table 2
Parameters for chemotherapeutic drugs*.

Symbol Parameter Unit Liposome Temozolomide

PICS-ECS Partition coefficient between ICS and
ECS

– – 1.0 (Fung et al., 1996)

PCM-ECS Partition coefficient between CM and
ECS

– – 1.5E-2 (Yang et al., 2018)

KIVS, KECS, KICE Protein binding constant in IVS, tissue
ECS and ICS

– – 1.8E-1 (Danson and Middleton,
2001)

DECS Diffusivity in extracellular space m2/s 1.53E-13 (T) (Zhang et al., 2008)
3.21E-14 (N) (Ziemys et al., 2016)

7.2E-10# (T) (Zhan et al., 2014)
3.4E-10# (N) (Swabb et al., 1974)

P Transvascular permeability m/s 5.84E-8 (T) (Gao et al., 2015) (E-7–E-11)† (Chauhan et al., 2012; Schmidt
and Wittrup, 2009)
0.0 (N)

8.0E-8 (T) (Rosso et al., 2009)
4.3E-8 (N) (Rosso et al., 2009)

σ Osmotic reflection coefficient – 0.95 (T) (Zhan and Xu, 2013)
1.0 (N) (Zhan and Xu, 2013)

0.15 (T) (Goh et al., 2001)
0.15 (N) (Goh et al., 2001)

G Fraction absorbed in oral administration – – 1.0 (Baker et al., 1999)
ke Drug elimination rate s−1 – 1.06E-4 (Friedman et al., 2000)
kc Plasma clearance rate s−1 8.13E-5 (Gao et al., 2015) 1.06E-4 (Rosso et al., 2009)
ka Absorption rate in oral administration s−1 – 5.75E-04 (Diez et al., 2010)
krel,IVS Release rate in IVS s−1 0.0 (Gao et al., 2015) (0∼E-6)† (Tagami et al., 2011; Connor et al., 1984;

Garcion et al., 2006; Tagami et al., 2012)
–

krel,ECS Release rate in tumour ECS s−1 6.42E-4 (Gao et al., 2015) (E-2–E-6)† (Tagami et al., 2011; Connor et al.,
1984; Garcion et al., 2006; Tagami et al., 2012)

–

Vd Distribution volume m−3 2.20E-2 (Gao et al., 2015) 2.66E-2 (Diez et al., 2010)

* T and N refer to the tumour and normal tissue, respectively.
† Range of the parameter scale.
# Estimated based on the drug molecular weight.

Fig. 3. Hydraulic environment in the brain tumour and its surrounding normal tissue.
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close to that of intravenous administration in which non-encapsulated
temozolomide are directly infused into blood. This can be attributed to
the high systemic availability of temozolomide that enables nearly 100%
drugs (Baker et al., 1999) being absorbed by the digestive system to
enter the IVS. As a result of being well encapsulated, the free drug IVS
concentration in liposome-mediated delivery maintains at a fairly low
level over time. This is different from the delivery results in the tumour
ECS, where comparable free temozolomide concentrations are found for
all the examined delivery modes. Further comparisons denote that li-
posome-mediated delivery can rise the concentration peak and main-
tain the concentration at a relatively higher level in the decreasing
phase, and thereby improves the drug accumulation for effective
therapy.

Results in Fig. 6(c) show that the free temozolomide concentration
can be largely reduced in normal tissue ECS in liposome-mediated de-
livery. The free drug supplies by transvascular transport and local re-
lease are low, due to the small amount of liposomes concentrating in
IVS and normal tissue ECS as shown in Figs. 4 and 6(a). Such that free
drugs entering the normal tissue mainly relies on the migration from
tumour ECS. On the contrary, the large concentration gradient across
vessel wall leads to the significant drug accumulation in normal tissue
ECS in non-encapsulated drug delivery.

The bioavailability of anticancer drugs for producing biological

effects can be measured by the drug exposure across time, which is
defined as area under the curve of free temozolomide concentration
(AUC). The delivery outcomes of each mode are compared in terms of
24-h AUC in different compartments in Table 3. Results show that li-
posome-mediated delivery can successively improve the drug bioa-
vailability in tumour ECS whilst reducing the exposure of blood stream
and normal tissue to free drugs in orders. This is beneficial to improve
the treatment efficacy against tumour and lower the risk of adverse
effects simultaneously, and hence achieve the targeted therapy.

3.3. Effect of liposome transvascular permeability (PL)

Transvascular permeability refers to the capacity of liposomes to
cross the microvasculature wall. It has been found to vary in a wide
range of E-7∼ E-11m/s in both the in vivo experiments (Chauhan et al.,
2012) and theoretical analyses (Schmidt and Wittrup, 2009), presenting
strong dependences on the liposome dimension, location and type of
tumours, pore size on vessel wall and duration after infusion, etc.
Therefore, the influence of PL is examined in the range of 5.84E-
7–5.84E-11m/s in this study.

The effects of liposome transvascular permeability on temozolomide
concentration are shown in Fig. 7. As the liposome distribution volume
is orders higher than the tumour size (2.20E-2 m3 vs. 2.47E-5 m3), the
impact of PL on the liposome IVS concentration is ignorable. It is not
surprising that the liposome concentration in tumour ECS can be largely
improved by increasing PL since more drugs can transport into the tu-
mour tissue. As a result, free drug concentration in tumour is risen so as
to improve the treatment efficacy. Similar effects can be found on free
drug concentrations in IVS and normal tissue ECS, because the accu-
mulation of free temozolomide in these two compartments are de-
termined by the drug convective and diffusive transport from tumour
ECS.

Delivery outcomes (AUC) under different liposome transvascular
permeability values are compared in Fig. 7. Results show that the free
drug bioavailability is non-linearly related to liposome transvascular
permeability, indicating the increase of PL could present a saturable
effect on the overall drug exposure in all the studied compartments. It is
worth to note that the delivery outcomes in blood and normal tissue
share the similar patterns as in the tumour, suggesting that increasing
liposome permeability could not only improve the treatment efficacy
but also result in higher risks of adverse effects.

Fig. 4. Liposomal temozolomide concentration in IVS and ECS of the tumour and
its surrounding normal tissue as a function of time.

Fig. 5. Spatial distribution of temozolomide concentration at different time points under 1.5-h continuous infusion.
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3.4. Effect of extravascular release rate (krel,ECS)

Release rate is a key parameter determining the toxicity and activity
of liposomal delivery system. It stands for the time scale for liposomes
to release the effective load of drugs, and depends on multiple factors
including the liposome formulation, fabrication approach, temperature
and environmental pH value (Tagami et al., 2011; Connor et al., 1984);
etc. Stealth liposomes are able to provide sustainable drug release which
may last for weeks (Garcion et al., 2006), whilst the loads of thermo-
sensitive liposomes can be fully released in few seconds (Tagami et al.,
2012). Therefore, the drug release rate in tissue ECS is varied in the
range from 6.42E-6 to 6.42E-2 s−1 to study its effects.

As shown in Fig. 8, using fast release liposomes can significantly
accelerate the free drug accumulation in tumour ECS to reach higher
peaks, and further slowdown the concentration decrease after the in-
fusion ends. This is able to provide sustainable drug supply to enhance
the tumour cell killing. However, the free drug concentration in blood
can be consequentially elevated, as the enlarged concentration gradient
may drive more drugs to transport into the blood circulatory system.

Similar patterns can be found in normal tissue since the load of free
drugs can also be efficiently released to form high concentrations.

Delivery outcomes are accounted by AUC in different tissue com-
partments for each treatment using liposomes with different extra-
cellular release rates. Quantitative comparisons show that increasing
the drug extracellular release rate up to the scale of E-3 s−1 can largely
improve the exposure of brain tumour to free temozolomide, while fur-
ther increasing leads to less contributions. Similar findings on the blood
stream and normal tissue indicate that the fast extracellular release is
possible to introduce more serious adverse effects.

3.5. Effect of intravascular release rate (krel,IVS)

For well-designed liposomes that are stable in blood, encapsulated
drugs cannot be released until entering the tumours. However, this is
difficult to be achieved in vivo due to the metabolic processes and
physical degradation, etc. In order to examine the effects of drug release
in blood, delivery outcomes of liposomes with different intravascular
release rates (5.84E-6∼ 5.84E-3 s−1) are compared to the control study

Fig. 6. Free temozolomide concentration as a function of time under different delivery modes in (a) IVS, (b) tumour ECS and (c) normal tissue ECS.

Table 3
AUC24h of different delivery modalities (mg/mL·h).

Oral Administration of non-encapsulated drugs 1.5 h infusion of non-encapsulated drugs 1.5 h infusion of liposomal drugs

Blood stream (IVS) 2.177E-2 2.177E-2 3.428E-4
Tumour ECS 1.842E-2 1.844E-2 2.497E-2
Normal tissue ECS 8.750E-3 8.748E-3 9.367E-5
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in which the well-designed liposomes are used.
The impacts of intravascular release on temozolomide concentrations

are shown in Fig. 9. Results denote that intravenous release can sig-
nificantly reduce the liposome concentration in all the compartments,
and effectively improve the free drug accumulation in blood to enlarge
the concentration difference across the vessel wall. However, the im-
pact on free drug concentration in tumour ECS is found to be relatively
small. This is because on the one hand, the enlarged transvascular
concentration gradient enables more free drugs transporting from blood
into tumour ECS; on the other hand, there are less free drugs being
released from liposomes owing to the reduced local liposome con-
centration. To be different, the free drug concentration in normal tissue
increases with the intravascular release rate, because the liposome
concentration there is low and the net gain of free drugs from blood is
in domination.

The treatments using liposomes with different intravascular release
rates are given in Fig. 9 in terms of AUC. Similar drug bioavailability in
tumour ECS indicate that intravenous release has less impacts on the
treatment efficacy against brain tumour. However, the risk of adverse
effects could be significantly risen by the fast intravascular release
owing to the high drug concentration in blood and normal tissue.

3.6. Effect of infusion duration (Td)

Infusion duration is a factor that can be well controlled in clinical
treatments. The delivery by bolus injection and continuous infusions
lasting for 0.5, 1.5, 3.0 and 4.5 h are compared in this study. Fig. 10
shows that drug concentrations in different compartments share the

similar trends: prolonging the infusion duration could result in slow
drug accumulation at the beginning of treatments to reach lower peaks,
whilst the concentrations fall more gradually after the infusion ends.
Quantitative analyses demonstrate that infusion duration has no ob-
vious influence on the free temozolomide exposure in blood circulatory
system, the brain tumour and its surrounding normal tissue.

4. Discussion

A multiphysics model is developed in this study to predict the
temporal and spatial profiles of liposome-mediated delivery of temo-
zolomide into brain tumour. Modelling predictions reveal the ad-
vantages of liposomes in effectively reducing the risk of adverse effects
caused by the high free drug concentration in blood and normal tissue,
and enhancing the drug accumulation in tumour site to improve the
treatment efficacy. Comparisons also denote that oral administration of
non-encapsulated temozolomide can result in similar drug accumulation
as intravenous infusion, owing to the high systemic availability rate of
free temozolomide (Newlands et al., 1997; Ostermann et al., 2004). This
finding consists with the measurements in clinic (Newlands et al.,
1992).

Modelling predictions indicate that increasing the liposome trans-
vascular permeability (PL) and extracellular release rate (krel,ECS) are
effective routes to improve the treatment, however, the probabilities of
adverse effects can be simultaneously risen. Further quantitative ana-
lyses show that although the drug bioavailability in blood and normal
tissue increase with PL and krel,ECS, their values are still orders lower
than those in non-encapsulated drug delivery. This is different from

Fig. 7. Time courses of temozolomide concentrations using liposomes with different transvascular permeability values (PL). Liposomal drugs in (a) IVS, (b) tumour
ECS and (c) normal tissue ECS; free drugs in (d) IVS, (e) tumour ECS and (f) normal tissue ECS. TP1: PL=5.84E-7 m/s. TP2: PL=5.84E-8 m/s, TP3: PL=5.84E-9 m/
s, TP4: PL=5.84E-10m/s, TP5: PL=5.84E-11m/s. AUC of each delivery in the corresponding compartment is given beside, with the unit of mg/mL·h.
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intravenous release, which could lead to comparable AUC in blood and
normal tissue as in the delivery where free temozolomide is directly
administrated into the blood stream.

Spatiotemporal profiles of free temozolomide are found to be highly
dependent on the transport and accumulation of liposomes, indicating
the treatment could be improved by optimising the liposome properties.
Using liposomes with small dimension could be feasible to improve the
delivery outcomes as the small size can significantly increase the
transvascular permeability to enable more drugs entering the tumour
ECS (Chauhan et al., 2012). This improvement could also be achieved
by modifying the liposome surface with ligands (Kulkarni and Feng,
2011; Johnsen and Moos, 2016; Singh et al., 2016) or rising the local
temperature (Dalmark and Storm, 1981). pH-sensitive liposomes
(Kanamala et al., 2016) and thermosensitive liposomes coupled with
local hyperthermia (Gasselhuber et al., 2012) can be applied to enhance
the drug release within the tumour for improved cell killing while re-
ducing the side effects in normal tissue. Moreover, liposomes should be
carefully designed to improve their stability in blood stream, as the
intravenous release can only increase the risk of adverse effects rather
than the drug bioavailability in tumour. This is different from doxor-
ubicin whose permeability is orders higher than that of liposomes in
general tumours. As such intravascular release could result in more
doxorubicin passing through the vessel wall for better accumulation in
the tumour ECS (Gasselhuber et al., 2012).

Liposomes are capable of directly penetrating into tumour cells by
means of endocytosis (Maurer et al., 2001) and thereby release the
drugs locally for highly targeted treatment. However in intravenous

administration, liposomes are commonly modified by polyethylene glycol
(PEG) in order to reduce the plasma clearance for obtaining sustainable
drug supply. This ligand attached on liposome surface can successfully
build up a steric barrier that is efficient in retarding the liposome in-
teractions with cells and hence inhibit endocytosis (Miller et al., 1998;
Vertut-Doï et al., 1996). Additionally, experiments have reported that
liposomes with size greater than 80 nm are difficult to be endocytosed
by tumour cells (Hatakeyama et al., 2004). Since this study mainly
focuses on the delivery mode of intravenous administration, liposomes
are assumed to be impenetrable to cells and endocytosis is neglected.
This active transport process of liposome uptake by cells can be in-
cluded by developing the mathematical model with experimental sup-
ports in the future.

The performances of mathematical model in predicting drug de-
livery to solid tumours have been compared to experimental results for
validation. The model predicted IFV of 0.17 μm/s (Baxter and Jain,
1989) was well located in the experimental range of 0.13–0.2 μm/s
(Butler et al., 1975). IFP was modelled as 1500 Pa and 40 Pa in the solid
tumour and normal tissue (Zhan et al., 2014), respectively, which were
within the corresponding ranges of 586.67–4200 Pa (Boucher and Jain,
1992) and −400 to 800 Pa (Raghunathan et al., 2010) obtained from
experimental measurements. The drug transport model was applied to
simulate the distribution volume of albumin and Evans blue in gel, with
coefficients of multiple determination (R2) of 0.83 and 0.7 achieved,
respectively, as compared to the experiments (Neeves et al., 2006).
Comparisons to animal experiments indicate the modelling results of
free drug delivery still remain qualitative (Bhandari et al., 2017;

Fig. 8. Time courses of temozolomide concentrations using liposomes with different extracellular release rates (krel,ECS). Liposomal drugs in (a) IVS, (b) tumour ECS
and (c) normal tissue ECS; free drugs in (d) IVS, (e) tumour ECS and (f) normal tissue ECS. ER1: krel,ECS=6.42E-6 s−1, ER2: krel,ECS=6.42E-5 s−1, ER3:
krel,ECS=6.42E-4 s−1, ER4: krel,ECS=6.42E-3 s−1, ER5: krel,ECS=6.42E-2 s−1. AUC of each delivery in the corresponding compartment is given beside, with the unit
of mg/mL·h.
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Ranganath et al., 2010), whereas, the model predictive power can be
largely improved for simulating the transport of nanoparticles as in-
dicated by the quantitative comparison with in vivo data (Zhan and
Wang, 2018). The heterogeneous, anisotropic properties of tumours
and complex, controversial biophysical processes feature as the main
obstacles for modelling the drug delivery. The predication accuracy can
be improved by updating the input parameters with values measured in
in vivo experiments, and biophysical and biochemical studies could
provide insight to understand the drug delivery processes for model
development.

The employed mathematical model involves several assumptions
and limitations. (1) The lipid layer of liposomes in generic formulated
products could fuse with cell membranes, thereby enabling liposomes
to cross the vasculature wall (Kulkarni and Shaw, 2015). This mem-
brane fusion has been found to depend on several factors, including the
liposome size, distance between the lipid layers of liposomes and vessel
wall, lipid composition and proteins (i.e. SNARE) (Chernomordik and
Kozlov, 2008). In order to simulate the delivery with reduced side ef-
fects caused by the drug accumulation in normal tissue, the examined
liposomes are assumed to be penetrable to the tumour microvasculature
only, whilst the transvascular transport in normal tissue is neglected. As
a result, results obtained in this study are valid only for the liposomes
that do not fuse with cell membranes. (2) In order to focus on the drug
transport in the entire tumour and brain tissue, microvasculature is
modelled as the source term in governing equations given the vessel
diameter is orders smaller than the tumour dimension. So that the effect
of vessel geometric features on delivery outcomes are not included. This
impact could be examined using microscale transport models where

vasculature network is modelled explicitly (Soltani and Chen, 2013).
(3) Liposome diffusion coefficients in tumour and its surrounding
normal tissue can vary simultaneously with respect to the liposome
shape, size and formulation, (Zhang et al., 2008; Ziemys et al., 2016;
Dewhirst and Secomb, 2017) etc. However, given there is lack of
mathematical model describing this synchronous variation, the effect of
liposome diffusivity is not addressed. Experimental data is needed to
setup the corresponding model for the subsequent studies. (4) Micro-
vasculature is assumed to be homogenously distributed in the brain
tumour and its surrounding normal tissue (Baxter and Jain, 1989; Goh
et al., 2001; Soltani and Chen, 2013); owing to the lack of relative in-
formation that can be extracted from the adopted MR images. As a
consequence, model predictions from this study correspond to the
generic, averaged delivery outcomes in the entire tumour and its
holding tissue, not location-specified. This assumption can be relaxed
by combing the model with advanced medical imaging techniques, such
as dynamic contrast-enhanced imaging (Zhao et al., 2007) to obtain the
local microvascular density. Microscopic imaging can also be applied to
reconstruct the 3-D structure of capillary network for investigating the
drug transport by means of microscale-transport modelling (Eikenberry,
2009). (5) The biological and geometric properties of the brain tumour
and its holding tissue, as well as the transport properties of liposomes
and free temozolomide are assumed to be independent of time. This is
owing to the simulation time window is much shorter as compared to
the time constant of tumour growth (Baxter and Jain, 1989). The
changes of these properties with time should be included into the
modelling studies for long term treatments, where the tumour can
significantly develop. (6) The dynamic variation of interstitial fluid

Fig. 9. Time courses of temozolomide concentrations using liposomes with different intravascular release rates (krel,IVS). Liposomal drugs in (a) IVS, (b) tumour ECS
and (c) normal tissue ECS; free drugs in (d) IVS, (e) tumour ECS and (f) normal tissue ECS. IR1: krel,IVS=0.0 s−1, IR2: krel,IVS=6.42E-6 s−1, IR3: krel,IVS=6.42E-
5 s−1, IR4: krel,IVS=6.42E-4 s−1, IR5: krel,IVS=6.42E-3 s−1. AUC of each delivery in the corresponding compartment is given beside, with the unit of mg/mL·h.
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flow is ignored through the entire drug delivery process. This is because
on the one hand, the impact of intravenous administration is less than
3% and can be eliminated in a rather short time window as compared to
the treatment duration (Goh et al., 2001); on the other hand, the drug
solution is diluted so that the influence on the interstitial fluid prop-
erties, such as viscosity, can be ignored (Baxter and Jain, 1989). The
time course of interstitial fluid flow should be incorporated for simu-
lating the delivery of drugs that are able to largely change properties of
the biological system.

The mathematical model is developed to describe the key biophy-
sical and physicochemical processes in drug delivery to brain tumour.
The adopted model parameters refer to the averaged and representative
values obtained from literature. Therefore, modelling predictions are
able to provide qualitative comparisons of the delivery outcomes under
different conditions. Findings from this study enable identifying the
contributions of each factor to the delivery so as to provide suggestions
for optimising liposome properties and delivery strategy for improve-
ment. Patient-specific and liposome-specific studies could be carried
out with the supports from medical imaging and extensive experiments.

5. Conclusions

Delivery of liposome encapsulated temozolomide into brain tumour
has been studied by means of mathematical modelling based on a 3-D
realistic tumour reconstructed from medical images. As compared to
the routine delivery using free temozolomide, liposome-medicated de-
livery is capable of improving the drug bioavailability in tumour while
significantly reducing the risk of adverse effects. Delivery outcomes are
less sensitive to the duration of intravenous administration but present

strong dependences on liposome properties. Modelling results demon-
strate that the treatment can be benefited by increasing either the li-
posome transvascular permeability or the release rate in tumour ex-
tracellular space, whereas, releasing temozolomide in blood stream
could only rise the risk of adverse effects. Findings from this study could
be used as a guild for the design of liposome-mediated delivery of te-
mozolomide.
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