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tumors due to increased hydraulic conductivity or recovered
lymphatic function after mild whole body hyperthermia

Manpreet Singh1
& Ronghui Ma1 & Liang Zhu1

Received: 1 July 2020 /Accepted: 30 December 2020
# International Federation for Medical and Biological Engineering 2021

Abstract
The objective of this study is to investigate the effect of hyperthermia-induced improvement of hydraulic conductivity and
lymphatic function on both tumoral IFP reduction and nanoparticle delivery to PC3 tumors. We developed a theoretical model
for nanoparticle transport in a tumor incorporating Starling’s law, Darcy’s law, transient convection, and diffusion of chemical
species in porous media, and nanoparticle accumulation in tumors. Results have shown that both mechanisms were effective to
decrease the IFP at the tumor center from 1600 Pa in the control without heating to 800 Pa in tumors with whole body heating.
IFP reductions not only elevate the nanoparticle concentration in the tumor, but also result in a more uniform nanoparticle
concentration in the tumor than that in the control without heating. Due to the IFP reductions at the tumor center and/or local
blood perfusion increases, the final amount of accumulated nanoparticles in the tumor increased by more than 35–95% when
compared to the control without heating. We conclude that increases in the hydraulic conductivity and recovery of lymphatic
functions are possible mechanisms that lead to IFP reductions and enhancement in nanoparticle deposition in PC3 tumors
observed in our in vivo experimental studies.
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Nomenclature
Deff Diffusion coefficient of nanoparticles in the porous

tumor, m2/s
C Concentration of nanoparticles in the porous tumor,

mol/m3

Cp Concentration of nanoparticles in the capillaries of
tumors, mol/m3

p Interstitial fluid pressure in the tumor, Pa
pblood Blood pressure in capillary, Pa
Vf,r Interstitial fluid velocity in the radial direction, m/s
Kt Hydraulic conductivity of the porous tumor, m2/Pa s
S/V Surface area of capillaries per unit volume of the tu-

mor, 1/m
S L Y /
V

Surface area of lymphatic vessels per unit volume of
the tumor, 1/m

Lp Hydraulic permeability of the capillary wall, m/Pa s

LLY Hydraulic permeability of the lymphatic vessel wall,
m/Pa s

Ṁ acc Accumulation rate of nanoparticles in the entire tu-
mor, mol/s

Macc Amount of nanoparticle deposition in the tumor, mol
kf Deposition rate coefficient of nanoparticles attached

to tumor cells, 1/s
pLY Lymphatic hydrostatic pressure, Pa
r Coordinate in the radial direction in spherical coordi-

nates, m
R Radius of the tumor, m
t Time, s

Greek symbols
ε Porosity of the tumor
ϕ Fluid source or sink term in Darcy’s law,1/s
Ċ Source or sink term of nanoparticles in porous media,

mol/m3·s
σt Osmotic reflection coefficient for plasma proteins for

tumors
σf Filtration reflection coefficient through either the

capillary or lymphatic vessel walls
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π Osmotic pressure in the interstitial space of tumors,
Pa

πblood Osmotic pressure in the capillaries of tumors, Pa
τ Time constant, s

Subscripts
blood Blood
LY Lymphatic
acc Accumulation

1 Introduction

Inefficacy of some cancer treatments is attributed to the tumor
patho-physiological micro-environment that hinders delivery
of therapeutic agents. Tumors exhibit differential mass trans-
port characteristics, such as elevated interstitial fluid pressure
(IFP), disorganized and irregular tortuous vessel networks,
poor tumor perfusion, large distances between capillaries in
the interstitium, fluid loss at the periphery, large affinity and
heterogeneous binding, and a dense extracellular matrix
(ECM) [1]. All these factors impair accumulation and pene-
tration of targeting moieties inside the tumor interstitium.
Furthermore, tumors have relatively disparate physiological
factors, such as vascular permeability, interstitial diffusion
coefficients, and hydraulic conductivity that often show non-
uniform distribution, leading to inadequate uptake of thera-
peutic agents. High-molecular-weight drugs have difficulty
entering the tumor interstitial space. On the other hand, low-
molecular-weight agents may penetrate more deeply into tu-
mors. However, they are often limited by their rapid elimina-
tion by blood flow and increased uptake into normal tissues.
This increased uptake results in toxicity to normal tissues and
decreases the drug pay-load rate [2].

Most therapeutic drugs are delivered to cancer patients via
intravenous injections due to risks of tumor reseeding during
the process of a direct intratumoral injection. Although vascu-
lar permeability in tumors is typically larger than that of nor-
mal tissues due to an irregular and loose structure of the neo-
plastic endothelium of tumor capillaries [3, 4], the passive
transport involved in systemic injections has to overcome
many barriers to achieve a drug concentration in the entire
tumor above a desired therapeutic level. In addition, poorly
perfused tumor regions, such as the tumor core, may not be
exposed to the threshold therapeutic drug concentration.

Localized heating on tumors has been used to increase
transvascular permeability and boost drug/nanostructure ex-
travasation from tumor capillaries to the tumor interstitial
space during systemic drug delivery [5–10]. It was suggested
that the enhancement in permeability was due to an enlarge-
ment of vascular endothelial pore size in tumors after mild
hyperthermia [5]. One paper reviewed the effectiveness of
combined radiofrequency thermal ablation and found

adjuvant IV liposomal doxorubicin with heating increased
tumor destruction by 25–30% [6]. Those previous studies
speculated that transient thermal damage to the endothelial
cells or altered cellular homeostatic mechanisms would in-
crease cellular or nuclear membrane permeability to drugs,
leading to more intracellular drug uptake [7–10]. Other sug-
gested mechanisms include increased blood flow to the tu-
mors and IFP reduction by localized heating. In Leunig
et al., elevating temperatures of melanoma tumors in Syrian
golden hamsters by immersing the tumor in a water bath at 43
°C for 30–60 min significantly decreased tumoral IFP and
slowed down the tumor growth rate [11]. They attributed the
IFP reductions to heating-induced vascular damage in these
tumors. Studies by Hauck et al. showed significantly en-
hanced delivery of chimeric 125I-labeled 81C6 in gliomas im-
planted in mice after inducing a local hyperthermia at 41.8 °C
for 4 h [12]. Since they did not observe significant IFP reduc-
tions [13], they speculated that the enhancement in drug de-
livery might be due to heating-induced local blood perfusion
increases. A recent experimental study by Stapleton et al. [14]
reported reduced IFPs in human breast tumors initially
exhibiting high IFPs via a laser heating to elevate the tumor
temperature to 42 °C for 20 min. The local heating to tumors
enhanced bulk accumulation of liposomes in the tumors [14].
However, in Lammers et al. [15], localized heating via im-
mersing tumor-bearing limbs of rats into a warm water bath
for 1 h showed a statistically significant increase in copolymer
delivery in one of the three studied tumor groups when com-
pared to the control without heating.

Furthermore, mild whole body hyperthermia has been im-
plemented to increase nanoparticle delivery to tumors. A
study demonstrated successful visualization of an endothelial
lining gap induced by whole body hyperthermia (41 °C for 30
min) and enhancement in large-sized (~ 87 nm dia.) liposome
extravasation and penetration into the interstitial space up to
27.5 μm from the vessel wall [16]. The effect of whole body
hyperthermia on IFP reduction was first evaluated by Sen
et al. and Winslow et al. on murine colon tumors, murine
melanomas, and human head and neck tumors implanted in
mice [17, 18]. They placed the mice in a heating chamber to
induce mild whole body hyperthermia for several hours.
Correlations were established among IFP reductions, in-
creases in local tumoral blood perfusion, reductions in tumor
hypoxia, and enhanced liposome extravasation from tumor
capillaries.

Similarly, a recent study by our group illustrated the effec-
tiveness of using mild whole body hyperthermia (40 °C) to
lower IFP and enhance nanoparticle delivery to PC3 tumors
implanted in mice [19]. In that experiment, nude mice with
implanted PC3 tumors on their flank were divided into two
groups, with or without 1-h whole body hyperthermia. A pre-
viously developed gold nanofluid was injected into the tail
vein of mice after the whole body heating. The IFPs at the
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tumor center and periphery were measured before the heating,
right after the heating, 2 h post heating, and 24 h post heating.
Later, the tumors were resected 24 h post heating to quantify
nanoparticle deposition using microCT. Statistically signifi-
cant IFP reductions of 45% right after heating, 47% 2 h after
heating, and 52% 24 h after heating were observed in the
whole body hyperthermia mouse group. MicroCT analyses
of the resected tumors illustrated that nanoparticles were more
concentrated near the tumor periphery rather than at the tumor
center, and suggested an overall 42% more nanoparticle de-
livery in the heating group than that in the control group with-
out heating. It was speculated that the observed IFP reductions
might be due to increases in hydraulic conductivity of porous
tumors or improvement of functional lymphatic vessels in
tumors as a result of heating. A larger hydraulic conductivity
of a porous tumor would decrease the flow resistance and
allow the fluid to move towards the tumor periphery.
Additionally, functional lymphatic drainage may contribute
by significantly reducing the amount of solute present in the
tumor, as fluids and solutes are reabsorbed from the tumor
tissue by lymphatic vessels. Our experimental studies also
showed sustained increases in the blood perfusion rate in both
the mouse body and tumor for 24 h after the implemented 1-h
whole body hyperthermia, thus allowing more nanoparticles
to be delivered to the PC3 tumors [20].

Transport of fluid, macromolecules, and nanoparticles in
tumors has been studied via mathematical simulations since
the 1980s. Typically, the tumor was treated as a porous medi-
um and the transvascular fluid/particle transport was modeled
as a continuum. The mathematical model was first introduced
by Baxter and Jain [4] to model the radial fluid transport in a
spherical tumor as distributed fluid sources and sinks, and
macromolecule concentration distribution in tumors was de-
termined by solving a convection/diffusion equation with a
source term for extravasation of drug from blood vessel and
a sink term for extravascular binding. The effects of increasing
hydraulic conductivity of the microvessels of a tumor on drug/
particle concentration distribution were investigated by El-
Kareh and Secomb in 1995 [21]. It was reported that an opti-
mal value of microvessel hydraulic conductivity can maxi-
mize the infiltration rate of drug at the tumor center, and this
critical value is more dependent on the tumor size than the
shape. Most of the theoretical simulation in past years was
largely focused on evaluation of the role played by cell up-
takes and particle elimination from the interstitial space. The
cell uptake of nanocarriers in tumor cells was estimated using
a two-compartment exchange model connected to the intersti-
tial compartment [14]. In this approach, the interaction be-
tween tumor cells and nanoparticles is the result from binding
of receptors and ligands, a reversible reaction process. Further,
in Su et al. [22], a microscopic particle tracking model was
developed in a cell-fluid compartment to evaluate the collec-
tive effect of nanoparticle attachments to tumor cells. The

averaged deposition rate coefficient obtained from the particle
tracking model was later used in a continuum model as a
particle sink term to determine nanoparticle distribution dur-
ing and after an intratumoral injection of nanofluid in a porous
tumor. Stapleton et al. [23] presented a theoretical framework
based on pressure-driven fluid flow across blood vessels and
through the tumor interstitium to describe liposome transport
in solid tumors. The model was validated by computed to-
mography measurements of accumulation of liposomes in
three preclinical tumor models. Their study predicted inter-
subject and intra-tumoral variations in the enhanced perme-
ability and retention effect. Stapleton et al. [14] performed
simulations in a high IFP tumor and showed that decreasing
steady-state IFP by only 1% is sufficient to increase
nanotherapeutic exposure. In this study, simulation was also
performed to examine the effects of temporarily decreasing or
spatiotemporally modulating IFP on nanotherapeutic expo-
sure. The study reported that the transient effects on fluid
dynamics in tumors with high IFPs were a possible mecha-
nism of improving drug delivery. In a recent study by
Chakraborty et al. [24], the authors proposed a mixed model
in which two parallel cylindrical blood vessels and a lymph
vessel are embedded in bulk tissue. The model combines both
individual blood/lymphatic vessels and the continuum ap-
proach of convection/diffusion in the rest of the tumor region,
and investigated nanoparticle transport as a function of the
solute size, the intercapillary separation, and the flow direction
in microvessels. It represents an advancement in accurate
modeling of nanoparticle delivery and deposition in porous
tumors.

In this study, we adopted the theoretical approaches from
previous studies to model gold nanoparticle transport in tumors,
to evaluate to what extent increased hydraulic conductivity or
improvement in lymphatic functions in porous tumors contrib-
utes to the increase in gold nanoparticle delivery. It examines the
roles played by flow resistance and lymphatic drainage in pro-
moting nanoparticle extravasation from the tumor capillary,
nanoparticle diffusion, and nanoparticle deposition in PC3 tu-
mors. The experimentally measured IFP values at the tumor
center were used to determine the hydraulic conductivity of the
porous PC3 tumor or the permeability for transvascular fluid
transport across lymphatic vessels. Using a transport model of
nanoparticles in a porous medium and data from a previously
developed nanoparticle trajectory model, we quantified the in-
creased nanoparticle deposition in tumors after tumor-bearing
mice are subjected to whole body hyperthermia and compared
the results to experimental measurements.

2 Mathematical formulation

A tumor is modeled as a porous medium in a sphere of 10 mm
in diameter [19]. The size of the tumor is selected based on the
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same average transverse diameter of the PC3 tumors used in
our previous study [19]. The characteristic macroscopic length
scale of a tumor (10 mm) is several orders of magnitude larger
than the typical length scale of the inter-capillary distance ~
50–100 μm. Hence, mass and fluid transport in the tumor is
considered in a continuous porous medium. The interstitial
fluid is assumed as a Newtonian fluid and is intrinsically in-
compressible. The tumor is modeled as spatially homoge-
neous with uniform biological and physical properties, shown
in Fig. 1. All the variables are considered one dimensional (1-
D) in the radial direction in a spherical coordinate system.

The fluid extravasation from the capillaries or to the lym-
phatic vessels is considered a fluid source or a fluid sink term
expressed as the volume of fluid to or from the interstitial
space per unit time per unit volume of the tumoral tissue,
expressed by Starling’s law [25],

ϕblood−ϕLY

¼ LpS
V

� �
pblood−p−σt πblood−πð Þ½ �− LLYSLY

V

� �
p−pLY½ �

ð1Þ

The fluid source term is determined by the pressure differ-
ence between the capillary pressure pblood and IFP p, the ef-
fective osmotic pressure difference, and the density of the
capillary in tumor tissue. The fluid sink term is related to the
difference between IFP and lymphatic pressure pLY. The hy-
draulic permeabilities of the capillary wall Lp and the lymphat-
ic vessel wall LLY in the tumor and the vasculature surface
area per unit tissue volume S/V are also showing in the fluid
source term and sink term, respectively. The source and sink
terms are used in the mass conservation equation in a porous
medium, to determine the interstitial fluid velocity in the radial
direction Vf, r, governed by Darcy’s law [26],

d εV f ;r
� �
dr

¼ ϕblood−ϕLY ð2aÞ

εV f ;r ¼ −Kt
dp
dr

ð2bÞ

where ε is the porosity of the tumor, and Kt is the hydraulic
conductivity of the porous tumor, which is related to the flow
resistance in the porous medium.

The general equation for molecular transport in the tumor
tissue is based on the conservation law for chemical species in
porous media [25, 26], and the governing equation of the
nanoparticle concentration field is expressed as:

∂C
∂t

¼ Deff
1
r2

∂
∂r

r2
∂C
∂r

� �
−
d
dr

V f ;rC
� �

þ Ċblood−ĊLY−k f C ð3Þ

where C is the local nanoparticle concentration based on the
tissue volume, Deff is the effective diffusion coefficient of the

nanoparticles in the porous medium, and Ċblood and ĊLY are
the nanoparticle source term and sink term representing the
rate of nanoparticle transport across a capillary wall or across a
lymphatic vessel wall, respectively,

Ċblood ¼ ϕblood 1−σ f
� �

Cp and ĊLY ¼ ϕLY 1−σ f
� �

C ð4Þ

where σf is the filtration reflection coefficient, and Cp is the
nanoparticle concentration in the plasma of capillaries.
Equation 4 assumes that diffusion is much smaller than ad-
vection [25]. Due to nanoparticle deposition in the tumor and
clearance by other organs such as the liver, spleen, and kid-
neys, nanoparticle concentration in blood plasma decreases
with time. In this study, it is assumed that the decay of Cp

follows an exponential function with a time constant τ,

Cp tð Þ ¼ Cp;0exp −
t
τ

� �
ð5Þ

where Cp,0 is the initial peak concentration of the nanoparti-
cles in the plasma following the intravenous injection of a
nanofluid and mixing with the blood in the circulation system
in the mouse.

In Eq. 3, kf is the deposition rate coefficient of the nanopar-
ticles attached to tumor cells. Thus, the last term on the right
side of Eq. 3 represents a nanoparticle sink to reduce the
nanoparticle concentration in the interstitial fluid, therefore,
limiting the diffusion depth of the nanoparticles in tissue.
Typically, nanoparticles suspended in fluid do not always fol-
low the flow of fluid. There are many individual forces acting
on individual nanoparticles, including van der Waals attrac-
tive force, electrostatic double-layer force, hydrodynamic drag
force, lift force, buoyancy force, and Brownian motion [22,
27]. Van der Waals forces and Brownian motion may lead to
particle deposition on the cell surfaces. We assume that a
nanoparticle deposited on a cell surface stays on the cell sur-
face and does not join the interstitial fluid again after itsFig. 1 Schematic diagram of the modeled tumor and the boundary

conditions
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attachment. In this study, kfwas determined via our developed
microscale particle trajectory model [22, 27]. For the nanopar-
ticles used in this study, it was derived as

k f¼0:023 s−1
� � ð6Þ

Hyperthermia may modify tumor environment and lead to
reduced tortuosity. The reduced tortuosity would then increase
the interstitial velocity and subsequently change the particle
deposition rate coefficient. For tumors with a porosity as low
as 0.2, the reduced tortuosity will not have a significant influ-
ence on the path line of nano-sized particles over micro-sized
cells. We assume that it is reasonable to use a constant depo-
sition rate coefficient value during hyperthermia. Further,
nanoparticles used in target drug delivery as carriers to en-
hance drug delivered to the tumor are usually coated with
agents to facilitate bonding and internalization. The dissocia-
tion and resuspension of the nanoparticles is therefore consid-
ered negligible. Additionally, internationalized nanoparticles
do not change the overall distribution of the particles in the
tumor and nanoparticle clearance is not included in the model.

The time-dependent accumulation rate of nanoparticles in

the tumor, Ṁ acc tð Þ, is the integration of the last term on the
right side of Eq. 3 over the entire tumor as

Ṁacc tð Þ ¼ ∭tumork f * C r; tð ÞdVolume ð7Þ

Finally, the amount of nanoparticle deposition in the tumor

is determined by integrating Ṁ acc tð Þ over time as

Macc tð Þ ¼ ∫t0Ṁacc sð Þds ð8Þ

Equations 2a and 2b can be combined into a governing
equation for the pressure field in the interstitial fluid space,
p. Boundary conditions required for solving the pressure field
are a prescribed pressure at the tumor periphery as zero and
zero pressure gradient at the tumor center due to symmetry
[21]. For the nanoparticle concentration field C, the initial
condition is a zero nanoparticle concentration distribution in
the tumor. The boundary conditions are zero concentration
gradients at both the center (r = 0) due to symmetry and the
periphery (r = R) due to the dominant role played by advec-
tion. They are expressed as:

r ¼ 0;
dp
dr

¼ 0;
dC
dr

¼ 0 ð9aÞ

r ¼ R; p ¼ 0;
dC
dr

¼ 0 ð9bÞ

In previous animal experimental studies by our group [19,
20], we observed that the IFPs at the center of PC3 tumors
after 1-h whole body hyperthermia were approximately half of
that in the tumors without heating. The experiments also

demonstrated increases in the blood perfusion rate in the tu-
mor by 25% on average after heating. The observed IFP re-
ductions and the increases in blood perfusion rate were main-
tained for at least 24 h after heating. In this study, simulations
are conducted to evaluate the roles played by either increases
in the hydraulic conductivity of the porous tumor or improve-
ment of the lymphatic functions in the tumor. In addition, the
blood perfusion rate increase in the tumor is modeled as a
plasma pressure (pblood) increase in the tumor capillaries.
One can model the blood flow from capillaries to the venules
as a simple flow-resistant network. Assuming that the hydro-
static pressure in the venules is zero and the flow resistance of
the blood vessel network is unchanged, one can determine that
the hydrostatic pressure in the tumor capillaries (pblood) would
increase by 25% if the local blood perfusion rate is elevated by
25%.

As shown in Table 1, five cases are simulated in this study.
Case A (the control) is for a tumor without heating, where p-
blood is assigned as 3233 Pa (24 mmHg) and there is no lym-
phatic transvascular flow, and the hydraulic conductivity of
the porous tumorKt is first adjusted to match our experimental
measurement of IFP at the tumor center as 1600 Pa. Cases B1
and B2 examine the role played by Kt in IFP reduction by
adjusting its value to match the experimentally measured
IFP of 800 Pa at the tumor center. The impact of recovery of
lymphatic function in the tumor is evaluated in cases C1 and
C2, where theKt is unchanged as in the control while LLYSLY/V
shown in Eq. 1 is adjusted so that the predicted IFP at the tumor
center is consistent with our experimental measurement of 800
Pa. In cases B2 and C2, the hydrostatic pressure in the tumoral
capillary is elevated to account for the 25% increase in the
blood perfusion rate in the tumor. Although enhanced hydrau-
lic conductivity and recovery of lymphatic function may occur
simultaneously, their roles are examined separately in this
study to achieve a better understanding of their individual con-
tributions to nanoparticle delivery.

The coupled equations described above were discretized
based on mass, momentum, and concentration conservations.
MATLAB codes were written to simulate the steady-state
fluid velocity and pressure fields as well as the transient con-
centration field in the tumor. Explicit scheme was used for the
simulation of the transient process of nanoparticle concentra-
tion distribution in the tumor. The numerical simulation re-
sults have been compared to an analytic solution derived for
the pressure distribution in the radial direction. It was found
that the numerical simulation results of the pressure fields
agree very well with the prediction by the analytical solutions,
with deviations less than 1%. The total simulation was con-
ducted over a long duration until the nanoparticle concentra-
tion in the capillary plasma was less than 1% of its peak value.
Result sensitivity to the spatial step and time step in the nu-
merical simulation was examined. Decreases in the spatial

305Med Biol Eng Comput (2021) 59:301–313



step or time step by 50% resulted in a change of less than 1%
in the final results of nanoparticle accumulation.

3 Results

In our previous experiments, 0.2 ml of a gold nanofluid
(AuNP-PPI-CO2H, 10mgAu/ml) was injected into the tail vein
of mice weighing approximately 25 g, and a total blood vol-
ume inside the mouse was 1.46 ml [19, 20]. The total amount
of gold delivered to the mouse is determined as 1.015 × 10−5

mol. The initial nanoparticle concentration in the plasma can be
calculated as 6.952 mol/m3. In this study, we assume that Cp

decays with a time constant τ equal to 5193 s. This is equiva-
lent to a half time of clearance in the blood stream as 3600 s,
similar to that reported in previous studies [28]. The value of
the deposition rate coefficient kf was estimated based on our
previously developed particle trajectory model, with the size of
the developed AuNP-PPI-CO2H nanoparticles as 28 nm in
diameter and surface zeta potential as − 30 mV [21, 22]. The
values of all these physiological parameters used are summa-
rized in Table 2 [4, 19, 20, 22, 24, 27, 29–32].

Figure 2 illustrates the pressure distribution in the radial
direction in the interstitial fluid space. It clearly demonstrates
higher IFPs at the tumor center than that at the periphery,
similar to experimental observations. For the tumor without
heating (case A), the hydraulic conductivity Kt of the porous
medium is first adjusted to 9.96 × 10−13 (m2/Pa s) so that the
tumor center IFP is 1600 Pa. In cases B1 and B2, the hydraulic
conductivity has to be 2.74 times (case B1, Kt = 2.73 × 10−12

m2/Pa s) or 3.46 times (case B2, Kt = 3.45 × 10−12 m2/Pa s) of

the value in the control (case A) to match the IFP reduction to
800 Pa at the tumor center after whole body hyperthermia.
Using the same hydraulic conductivity of the control, one
finds that improvement in the lymphatic function would also
result in the same IFP reduction. Shown in Fig. 2, the im-
provement of the lymphatic function, i.e., LLYSLY/V, is
changed from zero in case A to 6.37 × 10−7 1/Pa s and 1.09
× 10−6 1/Pa s, respectively, so that p at the tumor center
matches the IFP value of 800 Pa. Note that the pressure pro-
files of cases B1 and cases B2 are almost the same. In cases C1
and C2, the hydrostatic pressures in the tumoral capillary are
slightly different at the tumor periphery. Comparing the two
mechanisms, the pressure fields in the central region of the
tumor are more uniform in the radial direction of the tumor in
cases C1 and C2 than those in cases B1 and B2.

The interstitial fluid flow profiles in the radial direction are
plotted in Fig. 3. The interstitial fluid motion is induced by the
fluid sources and sinks of the transvascular and translymphatic
flows. The high strength of the fluid sources towards the tu-
mor periphery leads to large fluid velocities towards the tumor
surface. In cases B1 and B2 with a larger hydraulic conduc-
tivity than the control, fluid moves through the interstitial
space much faster, approximately 31% and 90% higher at
the tumor periphery, respectively, than that in the control.

In case C1 and case C2 with improvement of lymphatic
function, the resulting velocity profiles in the radial direction
are quite different from those in case B1 and case B2. As
illustrated in Fig. 3, due to the additional fluid sink by the
lymphatic drainage, the resulting maximal velocity in the ra-
dial direction in case C1 decreases by 27% from the control. In
case C2, although the lymphatic drainage decreases fluid flow

Table 1 Five cases in the
simulation. # denotes adjusted
parameters

Case A—control Case B1 Case B2 Case C1 Case C2

pblood (Pa) 3233 3233 4041 3233 4041

p(0) (Pa) 1600 800 800 800 800

p(R) (Pa) 0 0 0 0 0

Kt (m
2/Pa s) 9.96 × 10−13 2.73 × 10−12# 3.45 × 10−12# 9.96 × 10−13 9.96 × 10−13

LLYSLY/V (1/Pa s) 0 0 0 6.37 × 10−7# 1.09 × 10−6#

Table 2 Parameters used in the
simulations in SI units with
references

Trans-capillary flow Trans-lymphatic flow Porous tumor

πblood [29]: 2660 Pa pLV [4]: 0 Pa p(0) [19, 20]: 1600 or 800 Pa

π [29]: 1330 Pa p(R): 0 Pa

σt [4, 30]: 0.82 σf [4, 24, 31]: 0.9 R: 0.005 m

Lp [4]: 2.1 × 10−11 m/Pa s LLVSLV/V: adjustable Kt: adjustable

S/V [4]: 20000 1/m ε [4, 8]: 0.2

Cp,0 [19]: 6.952 mol/m3 Deff [32]: 9.57 × 10−12 m2/s

τ: 5193 s kf [22, 27]: 0.023 1/s
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in the radial direction, its effect is countered by the increase in
pblood. In case C2, the resulting maximal velocity decreases by
only 12% from the control. The slight difference of velocity
profile in cases C1 and C2 is primarily due to the relative
contribution of the lymphatic drainage in the tumor region.
As shown in Eq. 1, the lymphatic drainage is only dominant
at the tumor central region, while it plays a very minor role at
the tumor periphery where the IFP is almost the same as the
lymphatic pressure pLY. Note that in case C2, the fluid gener-
ated from the transcapillary flow is much larger than that in
case C1. At the tumor periphery where the lymphatic drainage
is diminishing, it leads to a slightly larger amount of fluid
removed at the tumor periphery than that in case C1.

Figure 4 shows the transient nanoparticle concentration
distribution in the tumor in the control case without heating
(case A). Initially, the nanoparticle concentration is zero in the
tumor. It gradually increases due to nanoparticle extravasation
from the capillaries (the solid curves in Fig. 4). A peak con-
centration profile in the radial direction occurs after approxi-
mately 200 s. However, due to nanoparticle deposition in the
tumor and clearance by other organs in the body, the nanopar-
ticle concentration in the tumor starts to decrease with time

(the dashed lines in Fig. 4). At approximately 20000 s (5.5 h),
it is observed that less than 2% of the maximal nanoparticle
concentration is in the tumor, implying negligible nanoparticle
presence in the blood stream in the mouse body. The contri-
bution of particle diffusion due to a non-uniform concentra-
tion field during the transient transport processes is at least one
order of magnitude smaller than that due to advection.

The peak nanoparticle concentration profiles in the radial
direction are illustrated in Fig. 5. The peak nanoparticle con-
centrations of all five cases occur at approximately 200 s.
Overall, there are higher nanoparticle concentrations in the
tumor periphery than in the center. In case A (the control
without heating), the nanoparticle concentration at the tumor
center is barely 30% of that at the tumor periphery (case A:
0.00655 mol/m3 at the center vs 0.0216 mol/m3 at the periph-
ery). Figure 5 demonstrates the marked increase in the nano-
particle concentration in the tumor with whole body hyper-
thermia when the IFP at the center is smaller. The percentage
of nanoparticle concentration at the center is more than 73% of
that at the tumor periphery in case B1. The contribution of
local blood perfusion rate in the tumor to nanoparticle delivery
can be seen from the concentration profile in case B2,

Fig. 2 Interstitial fluid pressure distributions in the radial direction for all
five cases

Fig. 3 Interstitial fluid velocity distribution in the radial direction for all
five cases

Fig. 4 Elevations and decays of nanoparticle concentration distribution in
the radial direction in the tumor without heating

Fig. 5 Nanoparticle concentration distribution in the tumor at their peaks
in all five cases
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illustrating not only higher nanoparticle concentrations, but
also more uniform nanoparticle concentrations in the tumor.
Similar trends are observed in cases C1 and C2 with improve-
ment of lymphatic drainage. Case C2 demonstrates the highest
nanoparticle concentration among all five cases, with 0.0270
mol/m3 at the center and 0.0294 mol/m3 at the periphery. The
nanoparticle concentration at the tumor center is more than
92% of that at the tumor center, suggesting an almost uniform
nanoparticle concentration in the tumor in case C2.

Nanoparticle deposition in the tumor is directly proportion-
al to the local nanoparticle concentration C and the deposition
rate coefficient kf (Eq. 3). Since kf is assumed unchanged for
all cases, the larger the local nanoparticle concentration, the
higher the nanoparticle deposition rate on cell surfaces. From
Fig. 5, one would expect to see more nanoparticles deposited
on the tumor periphery than at the tumor center. This is also
consistent with our experimental observations. Since whole
body hyperthermia would significantly elevate nanoparticle
concentration at the tumor center (Fig. 5), it would also help
enhance nanoparticle delivery to the tumor center and result in
a more uniform nanoparticle deposition in tumors.

Nanoparticles deposited on cell surfaces are assumed to
stay on the cell surfaces and do not join the interstitial fluid
again after their attachment. The total accumulated amount of
nanoparticles would increase with time. Figure 6 illustrates an
initial rise and later decay in the accumulation rate in the entire

tumor, Ṁ acc tð Þ, with time. Initially, Ṁ acc tð Þ is zero before the
nanofluid injection. Ṁ acc tð Þ almost doubles its value at t =
100 s from that at t = 20 s. From t = 100 s to the quasi-
steady state at 200 s, the accumulation rate changes only
slightly. Later, the accumulation rate decays due to decreases
in the nanoparticle concentration in the capillary plasma. The

peak accumulation rates, Ṁ acc tð Þ, in the entire tumor in the
control without heating is 1.72 × 10−10 mol/s. In case B1 and
case C1 with heating, the accumulation rate increases by 30%
from the control. When the local blood perfusion rate increase
is considered in case B2 and case C2, it enhances the total
accumulation rate in the tumor by 78% and 88% from that
without heating, respectively. After the peak, the accumula-
tion rate decays with time. They decrease to 50% of their peak
values after approximately 4000 s.

The quantity of nanoparticles delivered and deposited in
the tumor is estimated byMacc(t). Shown in Fig. 7, the curves
corresponding to all cases illustrate a rising trend with time. It
takes 1 h to reach 50% and 3.05 h to reach 90% of their values
at the end of the simulation. In the control without heating
(case A), the final amount of nanoparticle deposition is ap-
proximately 8.35 × 10−7 mol, which is 8.1% of the total
amount of nanoparticles delivered to the blood stream via
the tail vein. However, with the enhanced hydraulic conduc-
tivity of the porous tumor (Kt), the final amount of nanoparti-
cle deposition increases to 1.12 × 10−6 mol in case B1 and

further to 1.54 × 10−6 mol in case B2 when considering the
local blood perfusion rate increases in the tumor. Examining
the effect of improvement in lymphatic drainage, one observes
slightly larger nanoparticle deposition increases, with 1.13 ×
10−6 mol in case C1 and 1.63 × 10−6 mol in case C2. In other
words, compared to the control with only 8.1% of the total
amount of the nanoparticles captured by the tumor, enhanced
conductivity or improved lymphatic function would boost the
percentage of nanoparticles captured by the tumor to 11–16%
of the injected nanoparticles in the circulatory system.

4 Discussion

In our previous experiments, IFPs were measured at two tu-
mor locations, one was at the center of the tumor, and the other
was at a tumor peripheral location halfway between the center
and the surface. The measured average IFP value at the pe-
riphery site was approximately 90% of that at the tumor center
in the tumor group without whole body hyperthermia. Note
that the theoretical prediction of the IFP at the periphery

Fig. 6 Rate of nanoparticle accumulation in the entire tumor at various

time instants, Ṁ acc tð Þ. The top panel provides the transient process of the
entire simulation duration, while the bottom panel shows details in the
first 500 s
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location (r = 2.5 mm) in the theoretical simulation is smaller,
approximately 84% of that at the tumor center, implying a
good agreement with the experimental measurements. In the
tumor group after 1-h whole body hyperthermia, experimental
measurements of the IFP at the tumor periphery indicated that
the average IFP values were 92% of the IFPs at the center right
after the whole body hyperthermia, and 91% of the IFPs at the
center 2 h post heating. Examining the radial profiles of the
IFP in cases B1, B2, C1, and C2, one finds that the theoreti-
cally predicted IFP at the periphery location of r = 2.5 mm
varies from 75% of that at the center in cases B1 and B2 to
88% in cases C1 and C2. The close agreement between the
ratio predicted by the theoretical simulations and the in vivo
experimental results renders some credibility of the current
study.

It has been well known that the IFPs of most solid tumors
are elevated. The elevation in IFP spreads through the entire
tumor except at the tumor periphery where it drops abruptly.
At the tumor center, it has been reported that IFP can be as
high as 60 mmHg [32]. If one considers that the driving force
for transcapillary flow is the difference between plasma pres-
sure in the capillary and IFP, elevated IFPs in the interstitial
fluid space would greatly decrease or even abolish

transcapillary flow. Thus, it is not a surprise to see that most
cancer cells are exposed to a very low drug concentration,
oftentimes below the minimal drug concentration needed to
achieve treatment efficacy. Previous studies have also shown
that cancer patients having tumors with higher IFPs often had
poorer prognosis and higher recurrence rates [33, 34]. In ad-
dition, tumors at later growth stages typically have a blood
supply smaller than that in normal tissue. Some tumors can
survive in hypoxic conditions with little O2 requirements. In
thermal ablation that causes irreversible thermal damage to
tumor cells, it is actually advantageous to induce higher tem-
perature elevations at the tumor site due to its small blood
perfusion rate [35]. However, this method inhibits delivery
of therapeutic agents. As mentioned earlier, the small blood
perfusion rate in tumors is often associated with a low hydrau-
lic pressure in tumor capillaries. This would further decrease
the driving force for transcapillary flow of drug delivery.
Therefore, in theory, any approach involving reduced IFPs
and/or increased blood supply to tumors would greatly aug-
ment delivery of therapeutic agents to tumors. Shown in our
previous microCT study of nanoparticle distribution in
resected tumors with or without 1-h whole body hyperthermia
in mice, the total mass of gold nanoparticles in PC3 tumors
increased by 48% in tumors with heating from that in the
control without heating [19]. The simulation results of the
deposition of nanoparticles using the experimentally mea-
sured IFP values demonstrated increases of 35–95% from
the control, suggesting a good agreement with the experimen-
tal data. Furthermore, previous microCT data demonstrated a
lower concentration of nanoparticles at the center of PC3 tu-
mors, and our theoretical simulation showed the deposition at
the center is barely 30% of that at the tumor periphery in the
control. Consistent with the experimental results after the mice
were exposed to 1-h whole body hyperthermia, the predicted
nanoparticle distribution inside the tumors is more uniform, as
more nanoparticles are deposited in the central region of
tumors.

In this study, we simulate nanoparticle transport in a porous
tumor to evaluate multiple physical factors that affect the
nanoparticle delivery, such as interstitial fluid flow, decreas-
ing amount of nanoparticles in the systemic blood circulation,
nanoparticle extravasation from the capillaries, nanoparticle
advection in the interstitial medium, and possible nanoparticle
deposition on tumor cells. As such, this model not only pre-
dicts the evolution of nanoparticle accumulation in the tumor
over time, but also provides the radial nanoparticle concentra-
tion distribution in the tumor. The good agreement between
the enhancement in nanoparticle deposition rate in the
modeled tumor and our previous in vivo experimental obser-
vations suggests that an increase in hydraulic conductivity of a
porous tumor is one possible mechanism that results in IFP
reductions, thus, leading to the enhanced nanoparticle deliv-
ery. This may be related to heating-induced structural changes

Fig. 7 The amount of nanoparticle deposition in the tumor verse time.
The top panel provides the transient process of the entire simulation
duration, while the bottom panel shows details in the first 500 s
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in the extracellular matrix (ECM). In general, the network of
collagen fibers in the extracellular matrix of tumors is much
denser and thicker than that in normal tissue [1]. Tumors also
have increased numbers of fibroblasts that bind to collagen
fibers and inflammatory cells as compared to normal tissue
[36]. We speculate that whole body hyperthermia makes the
connective tissue less rigid and/or promotes more release or
removal of some bio-chemicals that originally promoted high
IFPs in tumors. It is also possible that whole body hyperther-
mia decreases tortuosity of interstitial fluid pathways and/or
forms new connections among originally isolated interstitial
fluid pockets. However, more experimental studies are needed
to verify those specific mechanisms, including using experi-
mental techniques to measure hydraulic conductivity in po-
rous tumors before and after whole body hyperthermia.

IFPs in tumors may also decrease back to normal with
approaches to normalize blood vessels. Previous experimental
studies have shown the effectiveness of using anti-VEGF
(vascular endothelial growth factor) therapy to modify the
immature vessels and to improve structures of the ECM
[37]. PDGF (platelet-derived growth factor) antagonists were
used to decrease contraction of stromal fibroblasts and inter-
actions with ECM [38]. Another pro-inflammatory factor
PGE1 (prostaglandin E1) demonstrated its effect on reductions
of contractility of stromal fibroblasts in tumors [39]. However,
it is unlikely that those mechanisms played roles in the current
study since normalization of blood vessels in tumors is likely
to decrease permeability of the leaky capillaries, thus leading
to reduction of transcapillary flow.

Lymphatic vessels are absent or non-functional in tumors
[36], leading to inefficient drainage of fluid and interstitial
proteins from the tumor tissue in early stages of tumor growth.
In the current theoretical simulation, we assume the existence
of lymphatic vessels in PC3 tumors, but high solid stress in
tumors may compress those lymphatic vessels. Whole-body
hyperthermia may modify ECM, and decrease solid stress in
tumors. The originally collapsed lymphatic vessels may sub-
sequently reopen due to the reduction of solid stress. Heating
itself may directly result in opening of lymphatic vessels. In
physical therapy, taking a hot shower has been recommended
to patients in order to remove stagnant lymphatic fluid in
tissues, as lymphatic vessels dilate with elevated temperatures
[40]. As shown in the theoretical simulation, recovered lym-
phatic function in tumors is an effective mechanism to pro-
mote fluid drainage. For the same IFP reduction at the tumor
center, improvement in the lymphatic function would lead to
more uniform nanoparticle concentration elevations across the
tumor region and higher nanoparticle deposition in the tumor
than that caused by increases in hydraulic conductivity of
porous tumors. One thing needs to be pointed out is the con-
nection between increased lymphatic drainage and tumor me-
tastasis suggested by previous studies [41] in late growth stage
of tumors. Using MRI imaging technique, tumor invasiveness

were associated with increased lymphatic drainage area in
human breast cancer models [42]. Similarly, more experimen-
tal studies are warranted to provide experimental evidence of
functional lymphatic systems in PC3 tumors after whole body
hyperthermia, especially with real-time monitoring or visual-
ization of lymphatic vessels with advanced imaging
techniques.

There are several limitations of the developed theoretical
model. The spherical tumor could be replaced by a more re-
alistic model constructed from imaging scans [43]. Our simu-
lation results are based on an assumption of uniform blood
perfusion rate in tumors in terms of the uniform surface area of
capillaries/lymphatic vessels per unit tumor volume. The the-
oretical model does not consider the much lower blood perfu-
sion rate in the tumor’s central region, especially in tumors at
their later growth stages [32]. In addition, the imposed uni-
form increases in hydraulic conductivities and improvement
of lymphatic functions across the entire tumor may not be
realistic due to a lack of experimental data. The transvascular
permeabilities of capillary and lymphatic vessel surfaces are
assumed to be unchanged within the time frame in the current
study. Our previous in vivo experimental results [19] showed
sustained IFP reduction over 24 h post whole body heating;
however, a study by Stapleton et al. [14] reported quick IFP
recovery to its pre-heating level within 2 h after a local heating
of 20 min. All those experimental results suggest complicated
transport dynamics post heating. Further, as shown in the
model, nanoparticle diffusion is at least an order of magnitude
smaller than advection or depositions on cell surfaces; one
would expect a shallow penetration depth from the capillaries
in the interstitial space. We speculate that the accumulation of
nanoparticles near capillaries with time would potentially
block transcapillary flow by reducing capillary membrane per-
meability. If this could be verified by experimental studies, the
model prediction of the nanoparticle accumulation rate in this
study would overestimate the values, but the comparison
among the cases may still be reasonable.

Further, this study can be considered a case study to inves-
tigate whether the proposed mechanisms lead to the observed
nanoparticle deposition increase in PC3 tumors. The size used
in the model was very similar to the PC3 tumors used in our
in vivo experiments. The size of the gold nanoparticles with
FAB attachments was used to determine the deposition rate
coefficient to model particle attachment to the tumor. In addi-
tion, nanoparticle size can substantially affect the deposition
rate coefficient, mainly through particle-surface interactions
and the Brownian motion. Near the solid surface, the smaller
the particle size, the stronger the effect of the adhesive van de
Waals force and Brownian motion that drive the particle to
migrate towards the surface. Both facilitate particle deposition
on the solid surface and increase the deposition coefficient.
Although the effects of the size and geometry selected in this
study can be evaluated, it is not the main objective of the
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current study. Simulation of the transport and deposition of
nanoparticles of various sizes will be conducted in the future
study. Themodel can be adapted easily by other researchers in
the future when tumors/nanoparticles with specific size and
geometry are investigated in animal or clinical settings to fur-
ther understand contributions of possible transport mecha-
nisms in those cancer treatment applications.

Another limitation of the theoretical model is on the pre-
scribed time constant in describing nanoparticle concentration
decay in capillary plasma. In principle, nanoparticle concen-
tration decay in plasma is due to nanoparticles being captured
by tumors and other organs in the body, including the liver,
kidneys, and spleen. In fact, the percentage of nanoparticles
captured by tumors is very small, typically less than 5% of the
injected amount [2]. An ideal approach in simulation is to
access experimental data of nanoparticle deposition rates in
other organs in the body. The deposition rates in all the organs
and tumors can then be implemented into a lumped system
that only models the concentration decay with time while
neglecting the spatial variation of nanoparticle concentrations
in capillary plasma. Therefore, the lumped system analysis of
the concentration decay could be incorporated into the devel-
oped theoretical model of nanoparticle transport in PC3 tu-
mors to accurately predict nanoparticle deposition rate and
amount in tumors. Unfortunately, biodistribution studies of
nanoparticles in the mouse body were not performed in our
experiments using PC3 tumors implanted in mice. We are
expecting future improvements in simulation accuracy of
our theoretical model with access to more experimental
measurements.

5 Conclusions

The current study evaluates the roles played by improvement
of hydraulic conductivity and lymphatic function in porous
tumors on IFP reduction in tumors after whole body hyper-
thermia. The hydraulic conductivity of porous tumors Kt was
first adjusted to match experimentally measured IFPs in PC3
tumors. Then, the enhanced hydraulic conductivity or func-
tional lymphatic drainage in the tumor induced by heating
demonstrated potential to lower tumor IFPs. It is evident that
with higher nanoparticle extravasation due to lower IFPs and/
or higher pblood induced by whole body hyperthermia, nano-
particle concentrations are elevated in the tumor. This results
in a more uniform nanoparticle distribution and larger overall
nanoparticle accumulation rates in the tumor than that without
heating. The resulting enhancement in nanoparticle deposition
in PC3 tumors predicted by our theoretical model demonstrat-
ed an accumulation increase similar to that in our in vivo
experiments. The current model can be further improved by
adapting it to two- or three-dimensional analyses using realis-
tic tumors and heterogeneous properties and by including

realistic time-dependent nanoparticle concentration decay in
blood plasma. We conclude that increases in the hydraulic
conductivity and recovery of lymphatic functions are possible
mechanisms that lead to IFP reductions and enhancement in
nanoparticle deposition in PC3 tumors observed in our in vivo
experimental studies.
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