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A large number of nanoparticles (NPs) have been
raised for diverse biomedical applications and some
of them have shown great potential in treatment
and imaging of diseases. Design of NPs is essential
for delivery efficacy due to a number of biophysical
barriers, which prevents the circulation of NPs in
vascular flow and their accumulation at tumour
sites. The physiochemical properties of NPs, so-called
’4S" parameters, such as size, shape, stiffness and
surface functionalization, play crucial roles in their
life journey to be delivered to tumour sites. NPs
can be modified in various ways to extend their
blood circulation time and avoid their clearance
by phagocytosis, and efficiently diffuse into tumour
cells. However, it is difficult to overcome these
barriers simultaneously by a simple combination of
’4S" parameters for NPs. At this moment, external
triggerings are necessary to guide the movement of
NPs, which include light, ultrasound, magnetic field,
electrical field and chemical interaction. The delivery
system can be constructed to be sensitive to these
external stimuli which can reduce the non-specific
toxicity and improve the efficacy of the drug-delivery
system. From a mechanics point of view, we discuss
how different forces play their roles in the margination
of NPs in blood flow and tumour microvasculature.
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1. Introduction

Recently, a large number of designed nanoparticles (NPs) have been raised for diverse biomedical
applications and some of them have shown great potentials in the treatment and imaging of
diseases [1-4]. Compared to freely administered drug molecules [3,5,6], the encapsulation of
drug molecules and contrast agents into NPs can significantly improve their pharmacokinetics,
biocompatibility and biodistribution. For intravenously administered NPs for cancer therapy,
their journey to tumour sites follows four key steps [7,8] (cf. figure 1a): (i) transport and circulation
in a complex vascular network with red blood cells (RBCs), white blood cells (WBCs) and many
others; (ii) margination from the central stream of the blood flow to the vessel wall region and
firm adhesion to the endothelium near the tumour site; (iii) diffusion into tumour tissues through
leaky vasculatures; (iv) recognition and internalization by tumour cells. During this journey, the
encapsulated drug molecules can be more efficiently delivered to the diseased tissue through
the margination behaviours of NPs, which increase the NP’s interaction with the vascular wall.
This allows the NPs to better ‘sense’ the biophysical and biological abnormalities, such as the
presence of fenestrations or the expression of specific receptors, on the surface of endothelial cells.
Afterwards, the NP can firmly adhere to the vessel wall under shear flow, if the hydrodynamic
forces are balanced out by the interfacial adhesive interactions between the NP and vessel
wall. Margination and the subsequent adhesion of NPs to the endothelium allow the NPs to
transmigrate across the endothelial wall and enter a diseased area of tissue, eventually delivering
the encapsulated drug molecules into tumour sites.

The margination propensity of NPs in blood depends on their size, shape, surface
property and stiffness ("4S’ parameters). Studies about their intrinsic properties, including
experimental [11-13], theoretical [14] and numerical [15-17], have revealed the underlying
physical mechanisms for the margination behaviours of NPs. A large number of studies [8,15,18]
demonstrate that larger NPs readily marginate into the near vessel wall region, while smaller ones
are trapped between RBCs and circulate with them in blood flow. The shape of NPs has also been
identified as a key parameter in determining blood circulation time and vessel wall adhesion.
Non-spherical NPs are found to exhibit efficient resistance to mononuclear phagocyte system
(MPS) sequestration in blood circulation. More importantly, non-spherical NPs with higher aspect
ratios can marginate more quickly than spherical NPs and establish firm adhesion to the vessel
walls [19,20]. The surface of NPs is usually decorated by functional molecules, such as small
targeting moieties (ligands), polymers and biomolecules to reduce their interactions with the
immune system like serum proteins in blood flow, which can reduce the serum protein absorption
and subsequent internalization by macrophages, thereby extending their blood circulation time
[21,22]. Stiffness of NPs attracts relatively less attention compared to other key parameters.
However, it also plays an important role in the blood circulation of NPs. For instance, Kumar
et al. [23] found that stiff particles tend to marginate, while the soft particles accumulate near the
centre of the blood vessel. As the aforementioned transport of NPs in blood flow relies on their
intrinsic properties, we name these behaviours as “passive transport’.

The passive targeting strategies have certain limitations. The local physiological conditions
of diseased sites may be different from patient to patient. Therefore, the efficacy of NP-based
drug-delivery vehicles is difficult to predict a priori [24]. Besides, after intravenous injection, the
transport of NP-based drug carriers within the vascular network cannot be easily controlled. To
overcome these limitations, actively triggered systems are proposed to enhance the therapeutic
efficacy of the drug-delivery platform. Lin et al. [25] presented that the release of anti-cancer drug
molecules can be regulated precisely by manipulating external light such as changing irradiation
wavelength, intensity and time. Additionally, Kagatani ef al. [26] proposed a model for a pulsatile
drug-delivery system, where electroresponsive polymer gels act as the drug carrier with loaded
insulin. The transport of these drug carriers can be stimulated and guided by an externally
applied electrical field, and have demonstrated the feasibility of this kind of delivery system
through in vivo studies. Apart from these aspects, ultrasound [27], chemically triggered [28] and
magnetic systems are largely used to control drug carriers. Among them, magnetic NPs have
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Figure 1. Schematics of NP-mediated drug-delivery systems. (a) Passive targeting strategy depends on ‘4S’ parameters of NPs
and local physiological properties of tumour microvasculature. (b) Magnetic field acts as an external triggering to guide NP-
based drug carriers EPR, enhanced permeability and retention. (Reproduced with permission from (a): Bina et al. [9] (Copyright
2015 Hindawi Publishing Corporation) and (b): Fang et al. [10] (Copyright 2014 Wiley Online Library)). (Online version in colour.)

demonstrated great potential, due to the enhanced deposition at a specific anatomic site guided
by external magnetic fields [29-32] (cf. figure 1b). For instance, Schleich et al. [31] have shown that
intratumoural accumulation of injected poly-based NPs with loaded paclitaxel and iron oxides
could be increased by placing a magnet above a tumour that guides the magnetic NPs to the
diseased location. In particular, because of the excellent tissue penetration, magnetic fields have
already been used in whole-body magnetic resonance imaging (MRI) [33]. Here we name the
transport of these actively triggered systems in blood flow as “active transport’.

This review aims to thoroughly explore the forces and parameters governing NP transport
behaviour and extravasation to tumours. In §2, we introduce the background on the transport
of NPs in blood flow, including the fluid flow and influence of RBCs. Specifically, we emphasize
individual force analysis, which can guide the motion of NPs in blood flow. In §3, the effect of
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physiochemical properties (“4S” parameters) of NPs are discussed. The shape, size, stiffness and
surface functionality are considered to show how these intrinsic properties can influence motion
of NPs in blood flow. In §3, we survey the application of external triggering in targeted drug
delivery, by mainly focusing on magnetic triggering. Both experimental and numerical studies
are discussed to illustrate the underlying physical mechanisms. In §4, concluding remarks are
given. We also discuss the perspectives and key challenges in applying the external triggering
strategies.

2. Background

(a) Blood flow in normal vasculature and tumour microenvironment

In large blood vessels, such as arteries near the heart, with diameters in the range of millimetres to
centimetres, the inertial effects strongly influence the blood flow and the suspensions. Phenomena
like pulsing, flow separation, instability, second flow and even turbulence may be present. While
this situation changes in the microcirculation, such as the vein and capillary network. The
Reynolds numbers (Re) of blood flow are typically much less than 1, so the inertial effects are
negligible. Furthermore, the fluid flow can be approximately described by the Stokes equations as
that of an incompressible fluid [34]. The drug carriers with encapsulated therapeutics are usually
injected into vein, circulate with blood flow and then reach the tumour sites. Therefore, the effects
relevant to inertial of flow are not considered in this review. It is suggested that people interested
in this aspect read previous review articles [34-37].

Blood is a complex fluid and ensures transport of nutrients and oxygen throughout the body
to support cell metabolism [34,38,39]. Blood mainly consists of plasma and formed elements.
Plasma, composed of approximately 90% water, 7% proteins and other solutes, is usually
considered a Newtonian fluid at physiological rates of shear. The formed elements include RBCs,
WBCs and platelets occupying 40-45%, 1% and under 1% volume fraction of blood, respectively.
Owing to the high volume fraction of RBCs, blood should be considered as a non-Newtonian fluid
[40,41]. The rheological properties of blood are mainly determined by RBC properties and their
dynamics [38]. An RBC is highly flexible, biconcave in shape and approximately 8um in diameter
under healthy conditions [42]. Deformation of RBCs serves to ensure the smooth circulation of
RBCs along the whole blood vasculature, especially for capillaries in which the vessel diameter
is smaller than a single RBC. More importantly, deformation of RBCs causes a cross-stream
migration under the effect of the vessel wall. This leads to the formation of two phases in blood
flow: an RBC-rich core region in the centre of the blood vessel and an RBC-depleted layer near the
vessel wall. The RBC-depleted layer, also called cell-free layer (CFL) [38,43], has a lower viscosity
compared to the core region. The CFL behaves like a lubrication layer and reduces the effective
blood viscosity, which lowers the vascular resistance of blood flow [44].

The blood vessels in the vicinity of tumours exhibit irregular form and abnormal function.
These irregularities result in the difference of blood flow and transport of nutrients and oxygen
compared to the normal vessels. The tumour microenvironment comprises surrounding tissue
cells and the extracellular matrix (ECM). Fibroblasts are the most abundant tissue cell in the
tumour microenvironment that secretes the ECM molecules, which compose the tumour stroma.
These structures will be altered by tumour cells and interactions with microenvironment [45],
including growth-induced solid stresses, stiffened ECM, elevated fluid pressure and interstitial
flow. Next to tumour cells, tissue cells are exposed to an elevated stress level, which triggers the
release of growth factors, chemokines and proteases by fibroblasts, which can promote tumour
growth and angiogenesis [46]. Stiffening of the ECM can assist cancer cell migration, which is
known as a risk factor in breast cancer [47,48]. Increase of interstitial pressure inside tumours is
a consequence of the leaky vasculature inside and surrounding the tumour. On the one hand,
high pressure acts as a restriction to prevent the therapeutic agents from entering into tumour
stroma [49]; on the other hand, it is found to stimulate proliferation and regulate the secretion of
angiogenic factors [50]. The recent intra-vital microscopy (IVM) examinations of human tumour
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vasculature reveal that human tumour vessels are disorganized and tortuous, and 50% do not
support blood flow [51]. More importantly, the vessel diameters of human tumour are larger than
that predicted from immunohistochemistry or preclinical IVM, leading to lower wall shear stress.
All these aspects can dramatically affect the efficacy of the drugs and cellular immunotherapies.
The characteristics of blood flow near tumour sites are reviewed in detail by Koumoutsakos
et al. [39].

(b) Essential forces for particle transport in blood flow

Particles (platelets, WBCs, RBCs and NPs) experience different kinds of forces [52,53]. Particle—
particle collision force happens between the same or different kinds of particles when they move
close to each other [23,54-56,56-58]. If particles are soft, they can deform under the shear stress
of blood flow, and a lift force will be induced, which is perpendicular to the flow direction in
the vicinity of the vessel wall [52,59-62]. When the shear flow is not uniform, i.e. shear gradient
exists, particles will be subjected to lift force in the cross-stream direction, which depends on the
Reynolds number of flow and location of particles in the flow field [52,63-71]. At the same time,
other kinds of force, like Brownian force [72], thermal-induced buoyancy [73] and gravity force
[74], will influence their motions under specific circumstances. Moreover, some external forces
should be added on these particles under the external field we apply, such as electrical, chemical
and magnetic fields. We will discuss the magnetic field in detail in the last part of this review.

(i) Particle—particle collision

A large numbers of particles are located in and move along the blood flow. Thus, particle-particle
collision is inevitable when they move close to each other, especially for blood flows with high
haematocrit Ht (volume fraction of RBCs in blood flow). Owing to the complexity of collision
between multiple particles, previous studies mainly focus on the pair collision, which can explain
the collision-relevant phenomena in blood flow [23,54-56,56-58]. Figure 2a shows a simplified
collision model including three processes: pre-collision, collision and post-collision. Owing to the
collision effect and conservation of momentum, two particles will migrate to opposite directions,
but both perpendicular to the flow direction. The migration distances depend on the particle
properties, such as size, shape and stiffness. There is a simple phenomenological model developed
by Phillips et al. [75] to predict the velocity of a particle arising from pair collision. In this model,
the variation of the collision frequency over a distance has been expressed by aV(y ¢), where a is
the radius of the particle and ¢ is the volume fraction of the particle in flow. Then, they assume
that each of the collisions causes a displacement of O(a). This model has been further extended by
Kumar & Graham [23] and used for a suspension of mixtures to obtain

VE = —[YosV(yos) + YseV(yor)]

(2.1)
and VE =—a®[YV(yos) + YV er)],

where V is the velocity; subscript s and f denote stiff and floppy (soft), respectively, and Y is the
dimensionless constant which depends on the properties of particles. Here, we simply introduce
two typical results: stiffness and shape dependence.

Kumar & Graham [23] conducted a series of simulations to isolate the pair collision
contribution for the separation of elastic capsules with identical size but different stiffness
in binary suspensions. In their study, the first consideration was the homogeneous collision
(collision between particles with same stiffness). They found the velocity increased with
increment of the stiffness, i.e. Ygss > Y. For the heterogeneous collision (collision between
particles with different stiffness), simulation results showed stiff particles migrated faster than
floppy particle (Y¢ > Yis), except that stiff particles had larger velocity than that in homogeneous
collision (Y¢ > Yss), and at the same time, floppy particles possessed less migration velocity
compared to that in homogeneous collision (Y¢s < Yi).
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Figure 2. Dominant forces in particle transport within blood flow. (a) Particle—particle collision; (b) deformation of particles

induced migration behaviour; (c) shear gradient of flow-induced migration; (d) force order comparison under given parameters:

density is 1g cm—3 and viscosity is 0.78 Pas. (Reproduced with permission from (a) and (b): Fay et al. [54] (Copyright 2016
National Acad Sciences). (c): Martel et al. [64] (Copyright 2014 Annual Reviews)). (Online version in colour.)

Recently, Sinha & Graham [57] investigated the margination and demargination behaviours
of deformable capsules, which were modelled as blood cells and/or drug carriers in the
microcirculation or in micro-fluidic devices. Again, pair collision was recognized as a critical
factor in the movement of capsules. Simulation results for capsules with the same equatorial
radius but different aspect ratio presented that, in homogeneous collision tests, an oblate particle
had smaller migration velocity than a spherical particle (Yoo > Yss), where o and s represent oblate
and spherical, respectively; while for heterogeneous collision, an oblate particle outperformed a
spherical particle. In general, the velocity order is: Yso < Yoo < Yss < Yos. In addition, this trend
continues also for the pair collision between spherical and prolate particles, where they found the
order: Yps < Yss < Ypp < Ysp, where p denotes prolate. The details about the dependence of the
aspect ratio on displacement in pair collision were described in [57].

(i) Deformation-induced lift force

In the regime of Stokes flow, in which blood flow locates, reversibility precludes the lateral
migration of rigid spheres without the help of inertia [76]. However, the deformation of particles
breaks the reversibility and then particles can migrate away from the wall. This phenomenon has
been investigated extensively for the case of a viscous drop [77,78], which is a kind of simple
particle compared to complex particles such as RBCs, capsules and vesicles. Figure 2b provides a
simplified model for migration of particles, including soft and stiff particles, in the presence of a
wall under simple shear flow. The stiffness of a deformable particle is characterized by capillary
number: Ca = uya/Gs, where p is the viscosity of fluid, y is the shear rate of flow and Gs is the
shear modulus of the particle. A significant and detailed numerical discussion was carried out by
Singh et al. [61]. They studied the lateral migration velocity of the deformable capsule, which was
described by different membrane constitutive laws as a function of the stiffness of the capsule (Ca)
and the distance away from the wall (/). A phenomenological formula for migration velocity is
given by

Vi

2
(0.65Ca + 0.021) (hi) ) Ca < Caer
W
a

+0.02(Ca — Cagr)2® ( .

ya~ | Va
ya

1.35 (2.2)
) , Ca> Cagy.

Ca=Ca, w
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Simulation results pointed out a power law relation for the capsule velocity. There exists
a critical stiffness, Cacr of the capsule. When Ca < Ca., the migration velocity is linearly
proportional to Ca and related to /2, while when Ca > Cag,, the velocity has 0.6 and 1.35 power
scalings with Ca and h,y, respectively.

Almost at the same time, Nix et al. [62] conducted the study of lateral migration of a particle
in the presence of a rigid wall. They compared the numerical results for the capsule lift velocity
with the far-field analytical solution for the lift velocity derived by Smart & Leighton [79]. The
analytical solution was found invalid in the regime close to the wall. Besides, asymmetrical
deformation of the capsule induced by the wall was correlated to a reduction in the lift velocity
with respect to the lift velocity predicted by the analytical far-field solution. An increase in
symmetrical deformation leads to an increase in lift velocity. Lastly, they found that, for large
deformation, lift velocity was almost independent of Ca.

(iiii) Shear gradient-induced lift force

A particle will experience a force due to the curvature of the velocity profile, i.e. shear gradient
of the flow is non-zero. Poiseuille flow is the most common and typical flow owing to the curved
velocity profile. Figure 2¢ [63-65] presents the velocity profile around a sphere in Poiseuille flow.
Note that the velocities are relative to the velocity of the particle. It is obvious that the velocities
on either side of the sphere have different magnitudes, and this difference should be compensated
by the fluid flow, which will induce a force on the particle, directed towards the side of the
particle with a higher relative velocity, in order to minimize the velocity difference. This shear
gradient-induced lift force is independent of the rotation of the particle but highly dependent on
the Reynolds number and particle position [64] as follows:

B Csp Urznaan

Fs= 2.3)

Dhydra
where p is the fluid density, Umax is the maximum velocity of the shear flow and Dhydra is the
hydraulic diameter of the channel which is defined as: Dhydra = 2bw/(b + w). Here b and w are
the height and width of the channel, respectively; Cs is the lift coefficient which depends on
the Reynolds number and position of the particle in the flow channel. Here, as the blood flow
belongs to the Stokes regime, we focus on the dependence of particle stiffness in Poiseuille flow
[66]. Farutin & Misbah [52] adopted analytical and numerical methods to show a cross-streamline
migration phenomenon in blood circulation. As particles are deformable and can adapt their
shapes rapidly to the imposed flow profile, the migration behaviour largely depends on their
location. For a high enough Ca number, particles initially placed away from the centre line of
flow migrate towards the centre with an axisymmetric parachute shape. Lowering the Ca number
leads to the same migration trend, but results in a lower symmetry shape. Further reducing the
Ca number also makes the particle migrate towards the centre of the flow, but it never reaches it.
For an extremely small Ca number, the particle would stop far away from the centre.

(iv) Evaluation of force orders

Owing to the complexity of blood flow and its intrinsic properties, particles can also experience
some other kinds of forces, including Brownian, gravity, thermal buoyancy-induced and external
forces. Brownian motion describes the random motion of small particles about or under 1 pm
in diameter [72]. The force due to Brownian motion is dominated by a friction force f, = I'v(t),
where I is given by Stokes law I" = 6mna. Gravitational force has the form f; = %npsaSg [74];
here ps is the density of particle and g is the gravitational acceleration. Thermal buoyancy is
caused by the pressure difference in thermal flow systems, and is independent of particle size
[73]. Other forces induced by external fields such as the magnetic field [80] is crucial for guiding
the motion of particles. Figure 2d presents the particle displacement in 1s under various forces for
different particle sizes. We find that the Brownian force decreases with increase in particle size,
while gravitational force increases with increase in particle size; however, thermal buoyancy is
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independent of the particle size. For the magnetic force magnitude, Dg in this figure represents
the space gradient of magnetic field B, and we will introduce this in detail in the last part of this
review. For an NP-mediated drug-delivery system, the diameters of particles range from tens of
nanometres to a few micrometres. From the figure 2d, we can see that when particle diameters
are in tens to hundreds of nanometres, Brownian force plays an important role in the movement
of particles, but an increase in particle size, the magnetic force becomes dominant. With further
increase in particle size, gravitational force starts to play an important role [81].

3. Passive transport: physiochemical properties ('4S" parameters) of particles

As mentioned in the introduction, the initial concept of NP-mediated drug delivery is to use NPs
as vehicles to protect drug molecules and deliver them into targeted diseased sites. To realize
this kind of ultimate goal, NPs have to experience a tough ‘journey” inside the human body.
Firstly, the intravenously administrated NPs with loaded drug molecules need to circulate within
the bloodstream. Under shear flow, RBCs tend to migrate away from vessel walls, creating a
‘CFL’ near the wall. By contrast, NPs which are much smaller than the RBCs, prefer to migrate
into the ‘CFL’. Endothelial cells line together to form a monolayer, which forms the inner
surface of vessel walls. By entering the ‘CFL’, NPs have a great probability of interacting with
these endothelial cells. Endothelial cells near tumours are discontinuous, forming gaps of a few
hundred nanometers between cells. It is unclear by which pathway the NPs extravasate and enter
the tumour cellular matrix. The current view is that NPs are able to penetrate through these gaps
and be retained in tumours because of the pressure created by poor lymphatic drainage, which is
well known as the enhanced permeability and retention (EPR) effect [82-84], as shown in figure 1a.
However, different arguments suggest that NPs could also extravasate via a transendothelial cell
pathway [85]. Therefore, the margination of particles in blood flow plays a crucial role in enabling
them to go through the leaky vessel wall under the EPR effect at the tumour site. As we have
discussed in §2, the different forces related to margination behaviours of particles depend on their
’4S’" parameters, as well as local physiological conditions, such as the shear rate of blood flow,
vessel size and haematocrit, etc. In the following parts, we will discuss how the “4S’ parameters
affect margination behaviours in blood flow.

(a) Size effect

The size of particles (diameter Dp) plays a complex role in the drug-delivery system considering
their intrinsic properties and surrounding physiological environment. In view of blood circulation
time, experiments [18] demonstrated that liposomes with D, < 70nm and Dy, > 300 nm showed a
shorter circulation time than those with an intermediate size Dy ~ 150 — 200 nm. In consideration
of the adhesion density to the vessel wall, spheres with a size of Dp =2 pm outperformed the
particles with size Dp = 200 and 500 nm [86]. With regard to physiological restriction, NPs with a
size below 20-30nm can be rapidly excreted through the kidneys [11], particles with Dp > 3 jum
are subjected to enhanced phagocytosis [87] and particles with Dy ~4um would be trapped
in the smallest capillaries of the body [88]. Regarding the margination of particles, Lee et al.
[16] and Li et al. [7] conducted in vivo experiments and immersed finite-element simulations
which are shown in figure 3a. It was observed both in experiments and simulations that small
NPs (Dp < 100nm) moved with RBCs in blood flow with limited accumulation in the near-wall
region, while large NPs (D, ~ 100nm) tended to accumulate next to the vessel walls. Following
works done by Miiller [15] provided systematic studies about the size effect on the margination
behaviour. Figure 3b presents a typical distribution of particles with different sizes in the blood
vessel. Here D; refers to the corresponding RBC diameter defined as D; = /A/m, where A is
the area of the RBC, W is the diameter of the vessel and y =0 denotes the location of the vessel
wall. It shows that the larger particles are more favourable to accumulate in the near-wall region.
Furthermore, they calculated the margination probability for particles with different sizes under

SHR0LL0T “wLp ¥ 705y 201 BioBusiqndiraposieforredss



(@) (b)
mouse ear, 30-40% [ invivo experiment =] p— INFEM simulaion ] g 0.014 D =00t Di——
HCT in vivo image 030 ) o £ 0012 D, =0.15 D, ——
. /. 100 nm NP - 100 nm NP 2 _
100 nm NP 025 VN 025 7 £ 0010 Dy=030D; ——|
s / NS n 11 1 3 Z [T p—
i £ 020 o B I P Y s
: - | 5 020 ARk > 0.008
. 2 o1s < ! ) ]
. -1 5 015 - £ 0.006
- Z 010 2 010 3 0.004
—_> 0.05 E 2
{* normalized ) 005 £ 0002
% distance (x) 2 X 00 gb (O 0 © 0
0%, 0% 20 gF 1§ 3 ok o6 N
NaVaVL et s 9% .9 NI 0 0.1 0.2 03 0.4
N BV‘%?«‘“?/ o
normalized distance (x) normalized distance (x) ’
0. 1.0
3 \ 1000 nm NP 025 1000 nm NP = D,=004D,
1000 nm NP L 030 | 7 _ / Z 08 D,=0.15D,
. =1 / =1 = g !
g 02 \ / £ 02 Z =022,
5 020 N / 5015 2 06 D,=030D,
E 015 \ e £ = : P i
g 013 M Z o010 g D,=0.63 D, =
0.10 - s 04
005 0.05 g
. normalized o A | B 02
distance (x) 2 ok 00 ¢® \© 0%, 0% 00 b (O £
O e e O Q!Y‘Q« & 0
2
normalized distance (x) normalized distance (x) 01 02 03 04 05 06
H,

Figure 3. Size effect of particles on their margination behaviour in blood flow. (a) Particle size with 100 nm and 1000 nm are
compared. The first and second columns show the in vivo image and quantitative results, respectively. The third column gives
the in silico result. (b) Systematic numerical study on the margination behaviour of particles with different sizes. (Reproduced
with permission from (a): Li et al. [7] (Copyright 2014 Springer). (b): Miller et al. (Copyright 2014 Nature Publishing Group)).
(Online version in colour.)

different haematocrits, in which we can see that larger particles tend to marginate to the near-
wall region to enable further near-wall adhesion. Therefore, if only considering the margination
probability, large particles are better than smaller ones due to their collisions with RBCs in
blood flow.

(b) Shape effect

The shape of NPs has also been identified as a key parameter in determining blood circulation
time and vessel wall adhesion [89-92]. Non-spherical NPs demonstrate more efficient resistance
to MPS sequestration in the blood flow [93-95]. More importantly, non-spherical NPs with higher
aspect ratios can marginate more readily than spherical NPs and establish firm adhesion to the
vessel walls [96,97]. For instance, Gentile et al. [97] found that disc-shaped and hemispherical
NPs outperformed their spherical counterparts in near-wall margination. Toy ef al. [19] offered
the experimental evidence that gold nanorods exhibited higher margination propensity than
nanospheres. The effect of shape on drug carriers had been computationally investigated at
different stages in the margination-adhesion cascade by Vahidkhah & Bagchi [20]. The motions,
including transport, margination and adhesion for particles with different shapes (sphere,
oblate and prolate) in blood flow represented by RBC suspension were studied, which is
shown in figure 4a. Figure 4b is a typical distribution of particles with different shapes in
the blood flow channel, where @, is the volume fraction of particles at a specific position
along height direction. A specific shape performing better in one sub-process over other shapes
may not demonstrate a superior performance in another process. In near-wall accumulation,
an oblate particle with a moderate aspect ratio stands out, followed by an oblate particle
with small AR(AR=0.3), prolate particle with moderate AR(AR =0.5), spherical particle and
the lowest for the elongated prolate particle (AR =0.3). This phenomenon is relevant to two
mechanisms: the waterfall effect (figure 4c) and the collision with RBCs (figure 4d). In the particle—
wall contact process, prolate particles are more likely to contact the wall than spherical and
oblate particles due to their alignment along the vorticity axis and large angular fluctuations
in blood flow. During the adhesion process, disc-like (oblate) particles perform the best,
followed by prolate particles and spherical particles. Thus, the optimal shape of NP-based drug
carriers should balance their performance in all the sub-processes of the margination-adhesion
cascade.
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Figure 4. Numerical studies of shape effect on margination behaviour of particles. (a) Computational model. (b) Typical
distribution of particles in blood flow channel. (c) Waterfall effect fraction for particles with different shapes. (d) Collision
frequency between RBCs and particles with different shapes. (Reproduced with permission from Vahidkhah et al. [20] (Copyright
2015 Royal Society of Chemistry)). (Online version in colour.)

(c) Stiffness effect

Compared to rigid particles such as WBCs and platelets, deformable particles demonstrate more
complex behaviours in blood flow due to deformation-induced hydrodynamic lift force, which
results in their transverse motion. Many theraputic particles are considered to be designed as
deformable particles, such as polymer particles and liposomes [98]. As deformable particles may
drift away from the wall to the centre of the vessel, this behaviour can extend their circulation time
in blood flow. However, compared to size, shape and surface functionalization, the stiffness of
NPs receives relatively less attention [12,23,55,56,99-102]. The initial motivation to investigate NP
stiffness originates from previous studies about the effect of elasticity on biological systems, such
as varying a cell culture substrate’s elasticity to control cell fates and optimize cell growth [103,
104]. On the nanoscale, Anselmo et al. [102] demonstrated that softer NPs (10 kPa) were better than
stiffer NPs (3000 kPa) in blood circulation time and targeting specific sites both in vivo and in vitro,
which also confirms that tuning NP stiffness can extend circulation time, reduce macrophage
uptake and improve targeting. On the sub- and micro-scale, Merkel et al. [101] studied the effect of
stiffness on circulation and biodistribution of RBC-like microparticles ranging 10-63.8 kPa. They
found that an eight-fold decrease in modulus leads to an approximately 30-fold increase in the
elimination half-life of NPs in vivo.

Figure 5a presents margination diagrams for rigid and deformable drug carriers with size
(Dp =0.3Dr) [105] obtained from two-dimensional simulations. In this figure, non-dimensional
shear rate is defined as: y* = )}(uDg /k), where y is the shear rate of blood flow and « is the
bending rigidity of particle. In general, the rigid particles marginate better than the corresponding
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Figure5. Stiffness effect on margination behaviour of particles. (a) Comparison of margination probabilities between rigid and
deformable particles at different shear rates and haematocrits. (b) Numerical study of margination behaviour of particles in a
rectangular channel with different stiffness. (Reproduced with permission from (a): Miiller et al. [105] (Copyrigh 2016 Elsevier)).
(Online version in colour.)

soft particles, and this is most significant at high shear rates, whereas, in a regime of low shear
rate, the marginations for both rigid and deformable particles are comparable. This is because, at
a low shear rate, the shear stresses are not strong enough to remarkably deform the soft particles.
Additionally, we conducted two-dimensional simulations for studying margination behaviours
of soft particles in a rectangular channel under simple shear flow. We found that, indeed, the
margination probability decreases with increase in Ca (inverse proportional to stiffness), which
confirms that rigid particles are more readily marginate than their soft counterparts.

(d) Surface functionalization effect

Surface functionalization has been considered as one of the most important factors. To some
extent, it can also be classified as an active targeting strategy. A large number of surface
coatings are employed to promote the ligand-receptor binding process [22], which is a kind of
active targeting probe as shown in figure 1a. However, another important application of surface
functionalization is to avoid phagocytosis [106]. For instance, the biocompatible and hydrophilic
polyethylene glycol (PEG) polymers have been widely used to decorate the surfaces of inorganic
NPs. With a high grafting density, tethered PEG polymers form a brush on the surface of these
NPs [107-109], and thus, they can be well dispersed in water. Also, due to the grafted PEG chains,
the absorption of serum proteins has been dramatically reduced [110]. Therefore, PEGylated NPs
demonstrate prolonged circulation time and high accumulation in tumour sites in vivo due to the
EPR effect [106,111,112]. The readers interested in surface functionalization are suggested to read
relevant review articles, such as [22,113-116].

Table 1 summarizes the influence of NPs’ 4S parameters on their margination behaviours. It
should be noted that they may play different roles in the following adhesion process, which is not
considered in this work. The table may provide the design principle to obtain high margination
in the vicinity of a tumour site or long circulation time in normal blood flow.
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Table 1. Summary of influence of NPs’ 4S parameters on their margination behaviours.

parameter key observations key references

size 500 nm and larger diameter spherical NPs exhibit margination behaviour, [16,19,86,97,117,118]
while 200 nm and smaller ones do not significantly marginate

shape non-spherical NPs with a higher aspect ratio marginate more readily than
spherical ones

4. External triggering: magnetic system

Despite extensive efforts made by a large cadre of scientists and clinicians looking for effective
cancer treatments, cancer still accounts for approximately 25% of annual deaths in the USA
[123]. Nanomedicines are designed to alter the biodistribution and pharmacokinetic profile of
small molecules and enable their selective delivery to diseased tissue. The most important
pharmacokinetic principle for the delivery of macromolecules and NPs to solid tumours is
the EPR effect resulting from the leaky vasculature of tumours, with a gap size of 400nm to
4 um between the blood vessel endothelial cells [124]. There are no functional lymphatic vessels
inside solid tumours, and those in the tumour margin often display retrograde flow. As a result,
macromolecules and NPs are retained in tumours longer than small molecules that can pass
in and out easily [125]. A long residence of the NPs’ time in blood facilitates passive tumour
accumulation through the EPR effect. However, the tumour accumulation of injected NPs is still
relatively low. According to a recent review article [85], an average of only 0.7% of the injected
dose through the nanocarriers is delivered to tumours. Improving the delivery efficiency may
greatly enhance the impact of nanocarriers, and thereby shorten the timeline for developing
nanomedicines for treating life-threatening diseases like cancer.

The therapeutic efficacy of NP-based drug carriers is determined by the proper concentration
of drug molecules at the lesion site. NPs need to be delivered directly to the diseased tissues
while minimizing their deposition/uptake by other tissues, thereby reducing the potential harm
to healthy tissue. Considering the fact that NP concentration at the tumour site is relatively
low under the passive targeting strategy, the nanocarriers that can be externally triggered
to release encapsulated drug molecules at target tissues hold considerable promise for many
diseases, by minimizing non-specific toxicity and enhancing the efficacy of therapy. To achieve
the above goal, these drug carriers should be designed to be sensitive to a wide range of external
stimuli, including light [25,126,127], ultrasound [27,128,129], electrical [26,130,131] and magnetic
[10,24,33,132,133] fields. Then, the release of therapeutics by these nanocarriers can be triggered
on-demand and remotely by a physician or patient. In this part, we will mainly focus on the
magnetic field-guided NPs for drug delivery. Other external triggerings are described in detail in
recent review papers by Wang et al. [24], and Gu and co-workers [134].

(a) Experimental observations

The magnetic field stands out among other external triggering factors due to its excellent tissue
penetration [24]. It has been used in whole-body MRI [33]. Magnetic field triggers the release of
drug molecules through either thermal or non-thermal ways. When an alternating magnetic field
with high frequency is applied, the magnetic moments of magnetic particles (MPs) rotate and
return to equilibrium by dissipating thermal energy through Néel (dipole rotation) and Brownian
relaxation [135]. Thus, MPs can produce heat under an alternating magnetic field. This mechanism
has been used to ablate tumours which is called hyperthermia treatment [132]. A magnetic
field with low frequency can cause the mechanical deformation of the drug-delivery system,
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Table 2. Application of an external magnetic field in drug-delivery systems with different mechanisms.

mechanism

frequency

drug-delivery system

(magnetic particle)

key observations

heating [139] 220-260 kHz  poly(N-isopropylacrylamide)-based on-demand drug release through
nanogels on—off mechanism
heating [140] 200 kHz hydrogels composed of magnetic pulsatile release properties over
particles multiple cycles and multiple days
mechanical 10 kHz liposomes attached to chains of defects on the liposomal walls trigger
deformation [30] magnetic particles the release of encapsulated drugs
mechanical 0Hz(static)  core—shell particle with grafted shielded polymer brush barrier is
deformation [141] PAA-b-PPEGMA and encapsulated overcome under a weak magnetic
enzymes and therapeutic chemicals field, leading to the merge of
enzyme and substrate, namely
‘magnetic field remotely controlled
selective biocatalysis’
magnetic 0Hz poly(lactic-co-glycolic acid)-based eight-fold increase in tumour
guidance [31] nanoparticles loaded with accumulation and about twofold
paclitaxel longer survival time
magnetic 0 Hz iron oxide-coated disrupting endothelial adherens
guidance [133] phosphollipid-polyethylene glycol junctions
magnetic 0Hz lactoferrin-tethered magnetic double high tumour accumulation and
guidance [10] emulsion nanocapsules efficient suppressing of cancer

which induces the drug release. For instance, a low-frequency alternating magnetic field leads to
mechanical disruption of liposomal membranes by the motion of MPs, and then the drug loaded
in MP can be released [30,136]. Magnetic guidance is a process of enhancement on the deposition
of injected magnetically responsive drug carriers at a specific site by applying a static magnetic
field [31,32,137,138]. Under the external static magnetic field, drug molecules attached to magnetic
materials can be directed to reach the disease location. The delivery systems using a magnetic
field with different mechanisms are summarized in table 2. In the following, we will discuss two
examples of magnetic field-guided drug delivery by using an external static magnetic field.

Fang et al. [10] studied the magnetic guidance on the accumulation of magnetic double
emulsion nanocapsules (MDCs) and lactoferin (Lf)-tethered MDCs in brain tumour of mice and
therapy on tumour volume, which is given in figure 6. After implanting cells to create tumours
with specific volumes in each mouse, Lf-doxorubicin (Dox)/curcumin(Cur)-MDCs are injected
via the tail vein, and an external magnetic field is placed on the right side, as shown in figure 6a.
They found that the tumour cells treated under an external magnet were much smaller than
those of the control group (cf. figure 6b). Simultaneously, the accumulation of MDCs/L{-MDCs
in brain tumour is examined. Each of them is loaded with red fluorescent quantum dots for
tracking and imaging. The results, presented in figure 6c,d, demonstrated that magnetic guidance
offered a higher accumulation in tumour cells, indicating that a magnetic field can improve the
internalization efficiency and cellular uptake of MPs.

The vascular endothelium plays a selective role in the transport of drug carriers by only
allowing specific solutes and molecules to permeate. Qiu et al. [133] demonstrated that the
permeability of vascular endothelium can be increased by using an external magnetic field.
The iron oxide NPs can temporarily disrupt endothelial adherens junctions under an external
magnetic field. Thus, the enhancement of drug transport can rely on an external magnetic field
rather than leaky vessels arising from disease states, which is uncertain and not easily controlled.
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Figure 6. Experimental results for magnetic guidance on accumulation of magnetic double emulsion nanocapsules (MDCs) and
lactoferrin (Lf)-tethered MDCs (LF-MDCs) in brain tumour of mice and therapy on tumour volume. (a) Variation in fluorescence
intensity of nude mice bearing two intravenously injected tumours after 1and 5 d, with no magnetic treatment on the left
tumour. (b) Effect of the treatment on tumour size. (c) Fluorescence microscopicimages on cellular uptake of RG2 cells incubated
with MDCs, Lf-MDCs and Lf-MDCs under a magnetic field. (d) Comparison of cellular uptake efficiency for difference casesin (c).
(Reproduced with permission from Fang et al. [10] (Copyright 2014 Wiley Online Library)). (Online version in colour.)

In their study, MPs are water-dispersible and synthesized by coating the nanocrystals with
phospholipid-poly(ethylene glycol), as shown in figure 7a. Magnetic force regulated MP uptake
and actin dynamics were examined in static cell culture by applying a magnetic field, which
was created using NdFeB magnets. The endothelial cells with MPs were incubated without
(cf. figure 7b(i)) and with (cf. figure 7b(ii)) magnetic force. The fluorescent images showed that
randomly distributed F-actin fibres in endothelial cells became aligned in the direction of the
magnetic field, which suggests that magnetic force can regulate the motion of MPs in endothelial
cells. Furthermore, they tested the control of vascular permeability using magnetic field in vivo in
a mouse lateral tail vein (cf. figure 7c). MPs were injected into the distal end of a mouse lateral
tail vein, and the opposite side of lateral tail vein was placed under the external magnetic field.
Figure 7d indicates that the MPs in the tail subjected to an applied magnetic field accumulated
significantly more than those without a magnetic field. These two results further confirm that, by
using an external magnetic field, the permeability of the vascular endothelium can be effectively
controlled without damaging its functions.

(b) Computational study

To understand the magnetic field-guided transport of NPs at a tumour site, we set up a
computational model, as shown in figure 8a. As the blood flow has non-Newtonian effects,
RBCs are explicitly considered in our computational model. The blood vessel is represented by a
rectangular channel with width W =27 pm, length L = 36 pm and height H =27 pm. The bottom
plate of the channel is fixed, and the blood flow is driven by moving the upper plate with constant
velocity. There is a static wall with a hole in the centre with diameter Dy, =3 pm placed between
two plates, and its position is z = 3 pm. The wall with a hole is used to mimic the leaky vessel near
the tumour site, considering the EPR effect. Simple linear shear flow of u = {0, yz, 0} is considered

R TER Y S |



(a) () (1) (ii)

iron oxide

fluorophores

/"~ phospholipid-PEG

(d)
3 Z 150~
= el
g =@ .
o X 2 100 1
28+ T
g% 23z
g"ﬁa £Z 50+
1 S =
Lok
~ § 0_
- S
S QXQ
&

Figure 7. Experimental results for enhanced permeability of vascular endothelium by an external magnetic field. (a) Schematic
diagram of magnetic particle containing a magnetite nanocrystal and a phospholipid-polyethylene glycol (PEG) coating.
(b) Endothelial cells containing magnetic particles incubated without and with magnetic field. (c) Particles with magnetism
were injected into a mouse lateral tail vein, and the opposite lateral tail vein was placed under the external magnetic field.
(d) Magnetic particles in the mouse tails quantified by a superconducting quantum interference device. (Reproduced with
permission from Qiu et al. [133] (Copyright 2017 Nature Publishing Group)). (Online version in colour.)

and bounded by the upper plate and wall along the z-direction, thus the fluid between the wall
and bottom plate is static. Here, y is the shear rate and it remains constant at 200 s~! in our
simulations. The flow direction is along the y-direction and x- and y-directions are applied with
periodic boundary conditions. The haematocrit of blood flow is Ht =30% with 40 RBCs inside
the channel. We investigate the margination and translocation of magnetic nanoworms under an
external magnetic field within blood flow. There are 40 nanoworms inside the channel of 8 um
length. Each nanoworm consists of 32 consecutive MPs, which are connected by harmonic bonds.
For the detailed computational methods the readers are referred to our recent studies [80,120].

The margination of nanoworms are examined by calculating the probability of their
transferring into the static fluid layer (SFL) through the ‘leaky vessel” (hole) in the wall, which is
defined as: P = n¢(t)/N, where n¢(t) represents the number of nanoworms inside the SFL at time ¢
and N is the total number of nanoworms in the channel. The external magnetic field B = Dg(0, 0, z)
is applied along the z-direction. Then only the z-directional magnetic force FZ is left non-zero due
to its gradient Dp in space, F? =my(dB;/9z) = (ch/u*)Dsz. We set the channel in the space z <0,
which makes MPs experience negative magnetic force and marginate to the lower wall of the
channel. The strength of the magnetic field By ranges 0-55mT, which ensures that the maximum
value of magnetic strength in the flow field settles within the FDA-suggested range [142].

Figure 8b shows the snapshots of the magnetic nanoworms with and without an external
magnetic field. Without the external magnetic field, we found that almost no nanoworms can
move into the SFL from the blood flow through the ‘leaky wall’. Whereas under an external
magnetic field with strength Dg =2.1mT um™", there are more and more nanoworms moving
into the SFL as simulation processes. In addition, we plot the relationship of translocation
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Figure 8. Computational study on translocation of nanoworms through ‘leaky’ vessel wall under an external magnetic field.
(a) Schematic of the computation model. (b) Snapshots showing translocation of nanoworms without and with magnetic field
guidance. (c) Translocation probability of nanoworms against an external magnetic field strength. (Online version in colour.)

probability of nanoworms against external magnetic strength in figure 8c. When the external
magnetic field is relatively weak (D <1.0mT pm~1), there is no nanoworms migrating into
the SFL. Further increasing the magnetic field strength, the translocation probability drastically
increases. Moreover, after the magnetic field strength exceeds approximately 1.71 mT pm™!, the
enhancement of the translocation probability of nanoworms is marginal. We can explain the
phenomenon in the following way. As the fluid in the SFL is static, a large dragging force should
be applied on the nanoworm:s if they have to move into the SFL to fight against the hydrodynamic
static pressure. This is the reason why no nanoworms locate in the SFL when Dg <1.0mT pm~1,
However, stronger magnetic strength is not always better. Because when the magnetic field is very
strong, the nanoworms can quickly marginate to the wall and probably adhere to the wall. Owing
to the nearly zero velocity of fluid along the flow direction near the wall, the nanoworms can no
longer move and stay there, as in the snapshots given in figure 8b. These adhered nanoworms
could not translocate into the SFL any more. In conclusion, a moderate external magnetic field can
maximize the probability for translocation of nanoworms into the SFL, considering the balance
between the hydrodynamic force and external magnetic force.

5. Conclusion and perspective

In cancer treatment and imaging, the standard strategy for maximizing NP accumulation at a
tumour site relies on the EPR effect. Tumour vessels tend to be discontinuous with fenestrations
whose size depends on tumour type, stage and location. Sufficiently small NPs, sterically
stabilized to have long circulation times (hours to days), passively exit tumour vessels at the
fenestrations and generally reach peak accumulation 12-24h after injection. However, it is
currently unknown how the NPs enter the tumour tissue through the leaky vessel wall under
the EPR effect. Therefore, in this work, we first discuss the relevant essential forces, which govern
the vascular dynamics of drug carriers. Pair collision force, deformation-induced lift force and
shear gradient force are three essential forces, determined by their intrinsic ‘4S” properties and
local physiological environment. These forces play different roles in different circumstances. For
instance, in the blood flow with a high haematocrit, the pair collision forces due to frequent
collisions between RBCs and drug carriers should be the dominant force. However, in the
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near-wall region without the appearance of RBCs, deformation of drug carriers induced lift
force stands out. In addition, some external forces, such as magnetic force is introduced and
compared with other NP size-relevant forces like Brownian force. After understanding these
physical mechanisms, the effects of size, shape, stiffness and surface functionality of nanocarriers
are discussed in detail, which serves as the ‘passive targeting’ strategy. Then, we use the
magnetic field as an example to highlight the important role played by the external triggerings
in nanomedicine. We name these external triggerings as ‘active targeting” strategy in this study.
Although extensive works have been done to understand the ‘passive targeting’ and ‘active
targeting” of nanocarriers as therapeutic or imaging agents, there are still many questions that
remain to be answered.

(i) Interplay between '4S’ parameters of NPs. The effects of size and surface (charge/ligand
density) properties of spherical NPs on therapeutic and imaging efficacy have been
extensively documented over the past two decades [106,143-145]. Owing to advances
in nanofabrication strategies, different shaped NPs can be synthesized with precisely
controlled size. This has fostered new theoretical and computational [8,95], as well as
experimental (both in vitro and in vivo) studies that have confirmed the importance of
shape in controlling the microcirculation, cellular uptake and organ accumulation of NPs.
However, due to the interplay between 4S parameters of NPs, especially for the design
of NPs with surface-tethered polymers, most experimental studies lead to ambiguous
descriptions of NP shape effect. There are two reasons for this: (i) different-shaped
NPs have different surface area-to-volume ratios, which makes distinguishing size effect
from shape and surface effect difficult, especially when only a few different shapes are
considered; and (ii) different-shaped NPs have different numbers of ligands per grafted
chain due to their different surface curvatures [146]. These ‘4S’ parameters should be
systematically addressed for rationally designing a novel class of NPs with preferential
vascular accumulation.

(i) Tumour extravasation and accumulation of NPs. Although many computational studies have
been done to understand the margination and adhesion of NPs in blood flow, we should
emphasize that these computational works do not consider abnormal blood flow, such
as seen in the tumour microvasculature. Only a few recent studies have considered the
mathematical modelling of transport and extravasation of nanospheres at tumour sites
[147,148]. An outlet pore on the vessel wall has been used to mimic the leaky vasculature,
while the influence of RBCs has been ignored. Once the nanosphere enters the outlet pore,
itis considered to be delivered into the tumour. Under the influence of blood pressure and
Brownian motion, the extravasation and tumour accumulation of nanospheres is found to
gradually increase with pore size of leaky vessel walls and decrease with particle size for
tumours with high interstitial fluid pressure (IFP) [147,148]. These mathematical models
provide initial guidance on how to utilize the EPR effect to improve tumour accumulation
of nanocarriers during their blood circulation. However, the effects of RBCs and their
molecular interactions with nanocarriers (such as particle-particle collision), which could
play a predominate role as the RBCs occupy an approximately 20-50% volume fraction
within the blood stream, have been ignored. Also, the extravasation of nanomaterials can
be dramatically affected by their size, shape, stiffness, high tumour IFP as well as external
magnetic dragging force. For instance, at what point will a magnetic dragging force be
strong enough to enable nanocarriers to penetrate into the tumour site by overcoming
the high tumour IFP? Considering the limitations of the previously mentioned studies a
mathematical model taking into account the different physiological conditions between
the normal blood flow and abnormal tumour microvasculature will be desired, which
can provide a unique and accurate way to study the vascular dynamics and tumour
extravasation of nanocarriers under realistic physiological conditions.

(iii) External triggerings to overcome imbalance design of NPs. An optimal design of a drug carrier
is always desired in nanomedicine. It requires the balance of different physiological
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properties. However, the optimal design of nanocarriers in one sub-process of the whole
drug-delivery process may be the worst in another sub-process. For example, stiff
particles demonstrate high margination probability in blood flow, while their adhesion
probability is worse than soft particles. Thus, design only depending on intrinsic ‘4S’
parameters of particles needs to balance them according to specific processes and specific
site/states. For example, some NPs used to treat cancer involving a single tumour grown
in a small rodent may not reflect the clinical reality of the disease or its treatment.
Moreover, the commonly used approaches in laboratory which works in small animals
may not work in large animals, due to the different physiological conditions. With the
help of external triggerings factor, some imbalance of NPs could be compensated to
offer better efficacy in the drug-delivery system. For instance, the small NPs with long
blood circulation time in normal vasculature cannot quickly marginate to the vessel wall
and penetrate into tumour site through a leaky wall in the tumour microvasculature.
With the help of an external magnetic field, the magnetic force can dramatically increase
the probability of near-wall margination of these small NPs and enhance their tumour
accumulation under the EPR effect. However, better efficacy, which usually means high
loading, may not be the best. Within many trigger systems, the stimulus itself may be
harmful to healthy cells. Higher external energy could help NPs to reach larger depths
and high delivery efficacy or trigger less-sensitive systems, while it can introduce damage
to ambient normal cells near the tumour site. Sometimes the damage is even permanent.
We believe the next-generation nanomedicine should be the outcome of combining the
intrinsic with external triggering together.

(iv) Simulation-guided experimental design of NPs. The design of NP-based drug carriers
traditionally relies on trial-and-error ‘Edisonian’ approaches, which is very slow and
inefficient. Advances in multiscale and multiphysics modelling can foundationally
accelerate the design process of novel nanocarriers. With the recently developed
multiscale computational models at hand [7,8,80,120], the design process for NP
carriers can be dramatically accelerated. The flexibility of the method allows for rapid
computational prototyping and testing of drug-delivery complexes under realistic
physiological conditions. This provides new insights into the interplay between
molecular-scale interactions of intricate delivery vehicles and their transport through
the microvasculature. By elucidating the different roles played by the ‘4S" parameters
of NPs, design paradigms for nanocarriers will be immediately available to guide the
experimental design of next-generation NPs.

Data accessibility. This article has no additional data.

Authors” contributions. Y.L. and M.W. supervised and conceived this project. H.Y. conducted the simulations,
collected and analysed the data, and wrote the manuscript. H.Y. and Z.S. collected and analysed the data
for NP transport in blood flow. L.Y. collected experimental studies on magnetic drug-delivery systems. All of
the authors commented on the manuscript.

Competing interests. We declare we have no competing interests.

Funding. Z.S., H.Y. and L.Y. acknowledge the partial financial support from the GE Fellowship for innovation.
Acknowledgements. The authors thank Alessandro Fisher for proofreading of this work. Z.S., H.Y. and Y.L. are
grateful for the support from the Department of Mechanical Engineering at University of Connecticut. This
research benefited in part from the computational resources and staff contributions provided for the Booth
Engineering Center for Advanced Technology (BECAT) at University of Connecticut. Part of this work used
the Extreme Science and Engineering Discovery Environment (XSEDE), which is supported by National
Science Foundation grant no. ACI-1053575.

References

1. Ruenraroengsak P, Cook JM, Florence AT. 2010 Nanosystem drug targeting: facing up to
complex realities. |. Control. Release 141, 265-276. (doi:10.1016/j.jconrel.2009.10.032)

SHR0LL0T “wLp ¥ 705y 201 BioBusiqndiraposieforredss


http://dx.doi.org/doi:10.1016/j.jconrel.2009.10.032

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Bae YH, Park K. 2011 Targeted drug delivery to tumors: myths, reality and possibility.

J. Control. Release 153, 198-205. (d0i:10.1016/j.jconrel.2011.06.001)

. Allen TM, Cullis PR. 2004 Drug delivery systems: entering the mainstream. Science 303, 1818-

1822. (d0i:10.1126/science.1095833)

. Peer D, Karp JM, Hong S, Farokhzad OC, Margalit R, Langer R. 2007 Nanocarriers as an

emerging platform for cancer therapy. Nat. Nanotechnol. 2, 751-760. (d0i:10.1038/nnano.
2007.387)

. Ghosh P, Han G, De M, Kim CK, Rotello VM. 2008 Gold nanoparticles in delivery

applications. Adv. Drug Deliv. Rev. 60, 1307-1315. (d0i:10.1016/j.addr.2008.03.016)

.Sun D et al. 2010 A novel nanoparticle drug delivery system: the anti-inflammatory

activity of curcumin is enhanced when encapsulated in exosomes. Mol. Ther. 18, 1606-1614.
(doi:10.1038/mt.2010.105)

. Li 'Y, Stroberg W, Lee TR, Kim HS, Man H, Ho D, Decuzzi P, Liu WK. 2014 Multiscale

modeling and uncertainty quantification in nanoparticle-mediated drug/gene delivery.
Comput. Mech. 53, 511-537. (d0i:10.1007 /s00466-013-0953-5)

. Li Y, Lian Y, Zhang LT, Aldousari SM, Hedia HS, Asiri SA, Liu WK. 2016 Cell and

nanoparticle transport in tumour microvasculature: the role of size, shape and surface
functionality of nanoparticles. Interface Focus 6, 20150086. (doi:10.1098 /rsfs.2015.0086)

. Gidwani B, Vyas A. 2015 A comprehensive review on cyclodextrin-based carriers for

delivery of chemotherapeutic cytotoxic anticancer drugs. Biomed. Res. Int. 2015. 115.
(doi:10.1155/2015/198268)

Fang JH, Lai YH, Chiu TL, Chen YY, Hu SH, Chen SY. 2014 Magnetic core-shell
nanocapsules with dual-targeting capabilities and co-delivery of multiple drugs to treat
brain gliomas. Adv. Healthc. Mater. 3, 1250-1260. (d0i:10.1002 /adhm.201300598)

De Jong WH, Hagens WI, Krystek P, Burger MC, Sips AJ, Geertsma RE. 2008 Particle
size-dependent organ distribution of gold nanoparticles after intravenous administration.
Biomaterials 29, 1912-1919. (d0i:10.1016/j.biomaterials.2007.12.037)

Anselmo AC et al. 2014 Platelet-like nanoparticles: mimicking shape, flexibility, and
surface biology of platelets to target vascular injuries. ACS Nano 8, 11243-11253.
(doi:10.1021/nn503732m)

Fish MB, Fromen CA, Lopez-Cazares G, Golinski AW, Scott TF, Adili R, Holinstat M, Eniola-
Adefeso O. 2017 Exploring deformable particles in vascular-targeted drug delivery: Softer is
only sometimes better. Biomaterials 124, 169-179. (doi:10.1016/j.biomaterials.2017.02.002)
Decuzzi P, Lee S, Bhushan B, Ferrari M. 2005 A theoretical model for the margination
of particles within blood vessels. Ann. Biomed. Eng. 33, 179-190. (d0i:10.1007/s10439-
005-8976-5)

Miiller K, Fedosov DA, Gompper G. 2014 Margination of micro-and nano-particles in blood
flow and its effect on drug delivery. Sci. Rep. 4, 4871. (doi:10.1038 /srep04871)

Lee TR, Choi M, Kopacz AM, Yun SH, Liu WK, Decuzzi P. 2013 On the near-wall
accumulation of injectable particles in the microcirculation: smaller is not better. Sci. Rep.
3,2079. (doi:10.1038/srep02079)

Kriiger T, Kaoui B, Harting J. 2014 Interplay of inertia and deformability on rheological
properties of a suspension of capsules. J. Fluid Mech. 751, 725-745. (d0i:10.1017 /jfm.2014.315)
Litzinger DC, Buiting AM, van Rooijen N, Huang L. 1994 Effect of liposome size
on the circulation time and intraorgan distribution of amphipathic poly (ethylene
glycol)-containing liposomes. Biochim. Biophys. Acta. 1190, 99-107. (doi:10.1016/0005-
2736(94)90038-8)

Toy R, Hayden E, Shoup C, Baskaran H, Karathanasis E. 2011 The effects of particle size,
density and shape on margination of nanoparticles in microcirculation. Nanotechnology 22,
115101. (doi:10.1088/0957-4484 /22 /11/115101)

Vahidkhah K, Bagchi P. 2015 Microparticle shape effects on margination, near-wall dynamics
and adhesion in a three-dimensional simulation of red blood cell suspension. Soft Matter 11,
2097-2109. (d0i:10.1039 /C4SM02686A)

Lasic DD, Needham D. 1995 The ‘stealth’ liposome: a prototypical biomaterial. Chem. Rev. 95,
2601-2628. (d0i:10.1021/cr00040a001)

Shen Z, Nieh MP, Li Y. 2016 Decorating nanoparticle surface for targeted drug delivery:
opportunities and challenges. Polymers 8, 83. (d0i:10.3390/polym8030083)

Kumar A, Graham MD. 2011 Segregation by membrane rigidity in flowing binary
suspensions of elastic capsules. Phys. Rev. E 84, 066316. (d0i:10.1103 /PhysRevE.84.066316)

SHR0LL0T “wLp ¥ 705y 201 BioBusiqndiraposieforredss


http://dx.doi.org/doi:10.1016/j.jconrel.2011.06.001
http://dx.doi.org/doi:10.1126/science.1095833
http://dx.doi.org/doi:10.1038/nnano.2007.387
http://dx.doi.org/doi:10.1038/nnano.2007.387
http://dx.doi.org/doi:10.1016/j.addr.2008.03.016
http://dx.doi.org/doi:10.1038/mt.2010.105
http://dx.doi.org/doi:10.1007/s00466-013-0953-5
http://dx.doi.org/doi:10.1098/rsfs.2015.0086
http://dx.doi.org/doi:10.1155/2015/198268
http://dx.doi.org/doi:10.1002/adhm.201300598
http://dx.doi.org/doi:10.1016/j.biomaterials.2007.12.037
http://dx.doi.org/doi:10.1021/nn503732m
http://dx.doi.org/doi:10.1016/j.biomaterials.2017.02.002
http://dx.doi.org/doi:10.1007/s10439-005-8976-5
http://dx.doi.org/doi:10.1007/s10439-005-8976-5
http://dx.doi.org/doi:10.1038/srep04871
http://dx.doi.org/doi:10.1038/srep02079
http://dx.doi.org/doi:10.1017/jfm.2014.315
http://dx.doi.org/doi:10.1016/0005-2736(94)90038-8
http://dx.doi.org/doi:10.1016/0005-2736(94)90038-8
http://dx.doi.org/doi:10.1088/0957-4484/22/11/115101
http://dx.doi.org/doi:10.1039/C4SM02686A
http://dx.doi.org/doi:10.1021/cr00040a001
http://dx.doi.org/doi:10.3390/polym8030083
http://dx.doi.org/doi:10.1103/PhysRevE.84.066316

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Wang Y, Kohane DS. 2017 External triggering and triggered targeting strategies for drug
delivery. Nat. Rev. Mater. 2, 17020. (doi:10.1038 /natrevmats.2017.20)

Lin Q, Huang Q, Li C, Bao C, Liu Z, Li F, Zhu L. 2010 Anticancer drug release from a
mesoporous silica based nanophotocage regulated by either a one- or two-photon process. J.
Am. Chem. Soc. 132, 10 645-10 647. (d0i:10.1021/ja103415t)

Kagatani S, Shinoda T, Konno Y, Fukui M, Ohmura T, Osada Y. 1997 Electroresponsive
pulsatile depot delivery of insulin from poly (dimethylaminopropylacrylamide) gel in rats.
J. Pharm. Sci. 86, 1273-1277. (doi:10.1021/js9700762)

Krasovitski B, Frenkel V, Shoham S, Kimmel E. 2011 Intramembrane cavitation as a unifying
mechanism for ultrasound-induced bioeffects. Proc. Natl Acad. Sci. USA 108, 3258-3263.
(d0i:10.1073 /pnas.1015771108)

Murakami Y, Maeda M. 2005 DNA-responsive hydrogels that can shrink or swell.
Biomacromolecules 6, 2927-2929. (d0i:10.1021 /bm0504330)

Pankhurst QA, Connolly J, Jones S, Dobson ]J. 2003 Applications of magnetic nanoparticles
in biomedicine. J. Phys. D Appl. Phys. 36, R167-R181. (d0i:10.1088 /0022-3727 /36 /13 /201)
Peiris PM et al. 2012 Enhanced delivery of chemotherapy to tumors using a
multicomponent nanochain with radio-frequency-tunable drug release. ACS. Nano. 6, 4157—
4168. (doi:10.1021/nn300652p)

Schleich N, Po C, Jacobs D, Ucakar B, Gallez B, Danhier F, Préat V. 2014 Comparison of
active, passive and magnetic targeting to tumors of multifunctional paclitaxel /SPIO-loaded
nanoparticles for tumor imaging and therapy. J. Control. Release 194, 82-91. (d0i:10.1016/j.
jeconrel.2014.07.059)

Shapiro B, Kulkarni S, Nacev A, Muro S, Stepanov PY, Weinberg IN. 2015 Open challenges
in magnetic drug targeting. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 7, 446-457.
(d0i:10.1002/wnan.1311)

Hossain SS, Zhang Y, Fu X, Brunner G, Singh J, Hughes TJ, Shah D, Decuzzi P. 2015 Magnetic
resonance imaging-based computational modelling of blood flow and nanomedicine
deposition in patients with peripheral arterial disease. J. R. Soc. Interface 12, 20150001.
(d0i:10.1098 /rsif.2015.0001)

Secomb TW. 2017 Blood flow in the microcirculation. Annu. Rev. Fluid Mech. 49, 443-461.
(doi:10.1146 /annurev-fluid-010816-060302)

Duraiswamy N, Schoephoerster RT, Moreno MR, Moore Jr JE. 2007 Stented artery
flow patterns and their effects on the artery wall. Annu. Rev. Fluid Mech. 39, 357-382.
(d0i:10.1146 / annurev.fluid.39.050905.110300)

Ku DN. 1997 Blood flow in arteries. Annu. Rev. Fluid. Mech. 29, 399-434. (doi:10.1146/
annurev.fluid.29.1.399)

Van de Vosse FN, Stergiopulos N. 2011 Pulse wave propagation in the arterial tree. Annu.
Rev. Fluid. Mech. 43, 467-499. (d0i:10.1146 /annurev-fluid-122109-160730)

Fedosov DA, Caswell B, Popel AS, Karniadakis GE. 2010 Blood flow and cell-free layer in
microvessels. Microcirculation 17, 615-628. (d0i:10.1111/j.1549-8719.2010.00056.x)
Koumoutsakos P, Pivkin I, Milde F. 2013 The fluid mechanics of cancer and its therapy.
Annu. Rev. Fluid Mech. 45. 325-355. (d0i:10.1146 /annurev-fluid-120710-101102)

Gijsen FJ, van de Vosse FN, Janssen J. 1999 The influence of the non-Newtonian properties of
blood on the flow in large arteries: steady flow in a carotid bifurcation model. J. Biomech. 32,
601-608. (doi:10.1016/50021-9290(99)00015-9)

Cho YI, Kensey KR. 1991 Effects of the non-Newtonian viscosity of blood on flows in
a diseased arterial vessel. Part 1: Steady flows. Biorheology 28, 241-262. (doi:10.3233/
BIR-1991-283-415)

Kuhn V ef al. 2017 Red blood cell function and dysfunction: redox regulation, nitric oxide
metabolism, anemia. Antioxid. Redox. Signal 26, 718-742. (d0i:10.1089/ars.2016.6954)

Bento D, Fernandes C, Pereira A, Miranda J, Lima R. 2017 Visualization and measurement of
the Cell-Free Layer (CFL) in a microchannel network. In European congress on computational
methods in applied sciences and engineering (eds JMRS Tavares, RM Natal Jorge), pp. 930-936.
Berlin, Germany: Springer.

Katanov D, Gompper G, Fedosov DA. 2015 Microvascular blood flow resistance: role of
red blood cell migration and dispersion. Microvasc. Res. 99, 57-66. (doi:10.1016/j.mvr.2015.
02.006)

Shieh AC. 2011 Biomechanical forces shape the tumor microenvironment. Ann. Biomed. Eng.
39, 1379-1389. (d0i:10.1007 /s10439-011-0252-2)

SHR0LL0T “wLp ¥ 705y 201 BioBusiqndiraposieforredss


http://dx.doi.org/doi:10.1038/natrevmats.2017.20
http://dx.doi.org/doi:10.1021/ja103415t
http://dx.doi.org/doi:10.1021/js9700762
http://dx.doi.org/doi:10.1073/pnas.1015771108
http://dx.doi.org/doi:10.1021/bm0504330
http://dx.doi.org/doi:10.1088/0022-3727/36/13/201
http://dx.doi.org/doi:10.1021/nn300652p
http://dx.doi.org/doi:10.1016/j.jconrel.2014.07.059
http://dx.doi.org/doi:10.1016/j.jconrel.2014.07.059
http://dx.doi.org/doi:10.1002/wnan.1311
http://dx.doi.org/doi:10.1098/rsif.2015.0001
http://dx.doi.org/doi:10.1146/annurev-fluid-010816-060302
http://dx.doi.org/doi:10.1146/annurev.fluid.39.050905.110300
http://dx.doi.org/doi:10.1146/annurev.fluid.29.1.399
http://dx.doi.org/doi:10.1146/annurev.fluid.29.1.399
http://dx.doi.org/doi:10.1146/annurev-fluid-122109-160730
http://dx.doi.org/doi:10.1111/j.1549-8719.2010.00056.x
http://dx.doi.org/doi:10.1146/annurev-fluid-120710-101102
http://dx.doi.org/doi:10.1016/S0021-9290(99)00015-9
http://dx.doi.org/doi:10.3233/BIR-1991-283-415
http://dx.doi.org/doi:10.3233/BIR-1991-283-415
http://dx.doi.org/doi:10.1089/ars.2016.6954
http://dx.doi.org/doi:10.1016/j.mvr.2015.02.006
http://dx.doi.org/doi:10.1016/j.mvr.2015.02.006
http://dx.doi.org/doi:10.1007/s10439-011-0252-2

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

De Wever O, Nguyen QD, Van Hoorde L, Bracke M, Bruyneel E, Gespach C, Mareel M.
2004 Tenascin-C and SF/HGF produced by myofibroblasts in vitro provide convergent pro-
invasive signals to human colon cancer cells through RhoA and Rac. FASEB J. 18, 1016-1018.
(doi:10.1096/£j.03-1110fje)

Kilarski WW, Samolov B, Petersson L, Kvanta A, Gerwins P. 2009 Biomechanical
regulation of blood vessel growth during tissue vascularization. Nat. Med. 15, 657-664.
(doi:10.1038 /nm.1985)

Provenzano PP, Inman DR, Eliceiri KW, Keely PJ. 2009 Matrix density-induced
mechanoregulation of breast cell phenotype, signaling and gene expression through a
FAK-ERK linkage. Oncogene 28, 4326-4343. (d0i:10.1038/ onc.2009.299)

DiResta GR et al. 2005 Cell proliferation of cultured human cancer cells are affected
by the elevated tumor pressures that exist in vivo. Ann. Biomed. Eng. 33, 1270-1280.
(doi:10.1007 /s10439-005-5732-9)

Nathan SS, Huvos AG, Casas-Ganem JE, Yang R, Linkov I, Sowers R, DiResta GR, Gorlick
R, Healey JH. 2008 Tumor interstitial fluid pressure may regulate angiogenic factors in
osteosarcoma. J. Orthop. Res. 26, 1520-1525. (doi:10.1002/jor.20633)

Fisher DT, Muhitch JB, Kim M, Doyen KC, Bogner PN, Evans SS, Skitzki JJ. 2016
Intraoperative intravital microscopy permits the study of human tumour vessels. Nat.
Commun. 7,10684. (doi:10.1038 /ncomms10684)

Farutin A, Misbah C. 2013 Analytical and numerical study of three main migration laws for
vesicles under flow. Phys. Rev. Lett. 110, 108104. (doi:10.1103 /PhysRevLett.110.108104)

Qi QM, Shagfeh ES. 2017 Theory to predict particle migration and margination in the
pressure-driven channel flow of blood. Phys. Rev. Fluids 2, 093102. (d0i:10.1103/PhysRev
Fluids.2.093102)

Fay ME et al. 2016 Cellular softening mediates leukocyte demargination and trafficking,
thereby increasing clinical blood counts. Proc. Natl Acad. Sci. USA 113, 1987-1992.
(doi:10.1073 /pnas.1508920113)

Kumar A, Graham MD. 2012a Margination and segregation in confined flows of blood and
other multicomponent suspensions. Soft Matter 8, 10 536-10 548. (doi:10.1039/C2SM25943E)
Kumar A, Graham MD. 2012b Mechanism of margination in confined flows of blood and
other multicomponent suspensions. Phys. Rev. Lett. 109, 108102. (doi:10.1103/PhysRevLett.
109.108102)

Sinha K, Graham MD. 2016 Shape-mediated margination and demargination in
flowing multicomponent suspensions of deformable capsules. Soft Matter 12, 1683-1700.
(doi:10.1039/c5sm02196k)

Kumar A, Rivera RGH, Graham MD. 2014 Flow-induced segregation in confined
multicomponent suspensions: effects of particle size and rigidity. J. Fluid Mech. 738, 423—-462.
(doi:10.1017 /jfm.2013.592)

Olla P. 1997 The lift on a tank-treading ellipsoidal cell in a shear flow. J. Phys. II 7, 1533-1540.
(doi:10.1051/jp2:1997201)

Callens N, Minetti C, Coupier G, Mader MA, Dubois F, Misbah C, Podgorski T. 2008
Hydrodynamic lift of vesicles under shear flow in microgravity. Europhys. Lett. 83, 24002.
(doi:10.1209/0295-5075/83/24002)

Singh RK, Li X, Sarkar K. 2014 Lateral migration of a capsule in plane shear near a wall.
J. Fluid Mech. 739, 421-443. (d0i:10.1017 /jfm.2013.624)

Nix S, Imai Y, Matsunaga D, Yamaguchi T, Ishikawa T. 2014 Lateral migration
of a spherical capsule near a plane wall in Stokes flow. Phys. Rev. E 90, 043009.
(doi:10.1103/PhysRevE.90.043009)

Liu C, Hu G. 2017 High-throughput particle manipulation based on hydrodynamic effects in
microchannels. Micromachines 8,73. (d0i:10.3390/mi8030073)

Martel JM, Toner M. 2014 Inertial focusing in microfluidics. Annu. Rev. Biomed. Eng. 16, 371-
396. (doi:10.1146/annurev-bioeng-121813-120704)

Amini H, Lee W, Di Carlo D. 2014 Inertial microfluidic physics. Lab. Chip 14, 2739-2761.
(doi:10.1039/c41c00128a)

Doddi SK, Bagchi P. 2008 Lateral migration of a capsule in a plane Poiseuille flow in a
channel. Int. J. Multiph. Flow 34, 966-986. (d0i:10.1016/j.ijmultiphaseflow.2008.03.002)

Doddi SK, Bagchi P. 2009 Three-dimensional computational modeling of multiple
deformable cells flowing in microvessels. Phys. Rev. E 79, 046318. (doi:10.1103/PhysReVE.
79.046318)

SHR0L0T “bLb ¥ 205 201 BioBuiysiqndiraposiefor-edss


http://dx.doi.org/doi:10.1096/fj.03-1110fje
http://dx.doi.org/doi:10.1038/nm.1985
http://dx.doi.org/doi:10.1038/onc.2009.299
http://dx.doi.org/doi:10.1007/s10439-005-5732-9
http://dx.doi.org/doi:10.1002/jor.20633
http://dx.doi.org/doi:10.1038/ncomms10684
http://dx.doi.org/doi:10.1103/PhysRevLett.110.108104
http://dx.doi.org/doi:10.1103/PhysRevFluids.2.093102
http://dx.doi.org/doi:10.1103/PhysRevFluids.2.093102
http://dx.doi.org/doi:10.1073/pnas.1508920113
http://dx.doi.org/doi:10.1039/C2SM25943E
http://dx.doi.org/doi:10.1103/PhysRevLett.109.108102
http://dx.doi.org/doi:10.1103/PhysRevLett.109.108102
http://dx.doi.org/doi:10.1039/c5sm02196k
http://dx.doi.org/doi:10.1017/jfm.2013.592
http://dx.doi.org/doi:10.1051/jp2:1997201
http://dx.doi.org/doi:10.1209/0295-5075/83/24002
http://dx.doi.org/doi:10.1017/jfm.2013.624
http://dx.doi.org/doi:10.1103/PhysRevE.90.043009
http://dx.doi.org/doi:10.3390/mi8030073
http://dx.doi.org/doi:10.1146/annurev-bioeng-121813-120704
http://dx.doi.org/doi:10.1039/c4lc00128a
http://dx.doi.org/doi:10.1016/j.ijmultiphaseflow.2008.03.002
http://dx.doi.org/doi:10.1103/PhysRevE.79.046318
http://dx.doi.org/doi:10.1103/PhysRevE.79.046318

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Bagchi P, Kalluri RM. 2009 Dynamics of nonspherical capsules in shear flow. Phys. Rev. E 80,
016307. (doi:10.1103 /PhysRevE.80.016307)

Coupier G, Kaoui B, Podgorski T, Misbah C. 2008 Noninertial lateral migration of vesicles in
bounded Poiseuille flow. Phys. Fluids 20, 111702. (doi:10.1063/1.3023159)

Kaoui B, Ristow G, Cantat I, Misbah C, Zimmermann W. 2008 Lateral migration of a two-
dimensional vesicle in unbounded Poiseuille flow. Phys. Rev. E 77, 021903. (doi:10.1103/
PhysRevE.77.021903)

Li H, Ma G. 2010 Modeling performance of a two-dimensional capsule in a microchannel
flow: long-term lateral migration. Phys. Rev. E 82, 026304. (d0i:10.1103 /PhysRevE.82.026304)
Wang S, Zhou Y, Tan J, Xu ], Yang ], Liu Y. 2014 Computational modeling of magnetic
nanoparticle targeting to stent surface under high gradient field. Comput. Mech. 53, 403-412.
(d0i:10.1007 /s00466-013-0968-y)

Liu Y, Liu WK, Belytschko T, Patankar N, To AC, Kopacz A, Chung JH. 2007
Immersed electrokinetic finite element method. Int. |. Numer. Methods Eng. 71, 379-405.
(d0i:10.1002 /nme.1941)

Teeguarden ]G, Hinderliter PM, Orr G, Thrall BD, Pounds JG. 2006 Particokinetics in vitro:
dosimetry considerations for in vitro nanoparticle toxicity assessments. Toxicol. Sci. 95, 300—
312. (d0i:10.1093/ toxsci/ kfl165)

Phillips RJ, Armstrong RC, Brown RA, Graham AL, Abbott JR. 1992 A constitutive equation
for concentrated suspensions that accounts for shear-induced particle migration. Phys. Fluids
A: Fluid Dyn. 4, 30-40. (doi:10.1063/1.858498)

Leal L. 1980 Particle motions in a viscous fluid. Annu. Rev. Fluid Mech. 12, 435-476.
(d0i:10.1146 /annurev.f1.12.010180.002251)

Chaffey C, Brenner H, Mason S. 1965 Particle motions in sheared suspensions. Rheol. Acta 4,
64-72. (doi:10.1007 /BF01968738)

Uijttewaal W, Nijhof E. 1995 The motion of a droplet subjected to linear shear flow including
the presence of a plane wall. J. Fluid Mech. 302, 45-63. (doi:10.1017/50022112095004009)
Smart JR, Leighton Jr DT. 1991 Measurement of the drift of a droplet due to the presence of
a plane. Phys. Fluids A: Fluid Dyn. 3, 21-28. (d0i:10.1063/1.857856)

Ye H, Shen Z, Li Y. 2017 Computational modeling of magnetic particle margination within
blood flow through LAMMPS. Comput. Mech. 1-20. (doi:10.1007 /s00466-017-1508-y)

Cho EC, Zhang Q, Xia Y. 2011 The effect of sedimentation and diffusion on cellular uptake
of gold nanoparticles. Nat. Nanotechnol. 6, 385-391. (doi:10.1038 /nnano.2011.58)

Maeda H. 2001 The enhanced permeability and retention (EPR) effect in tumor vasculature:
the key role of tumor-selective macromolecular drug targeting. Adv. Enzyme Regul. 41,
189-207. (d0i:10.1016/S0065-2571(00)00013-3)

Iyer AK, Khaled G, Fang J, Maeda H. 2006 Exploiting the enhanced permeability and
retention effect for tumor targeting. Drug Discov. Today 11, 812-818. (d0i:10.1016/j.drudis.
2006.07.005)

Greish K. 2007 Enhanced permeability and retention of macromolecular drugs in solid
tumors: a royal gate for targeted anticancer nanomedicines. J. Drug Target. 15, 457-464.
(d0i:10.1080/10611860701539584)

Wilhelm S, Tavares AJ, Dai Q, Ohta S, Audet J, Dvorak HF, Chan WC. 2016 Analysis
of nanoparticle delivery to tumours. Nat. Rev. Mater. 1, 16014. (d0i:10.1038/natrevmats.
2016.14)

Namdee K, Thompson AJ, Charoenphol P, Eniola-Adefeso O. 2013 Margination propensity
of vascular-targeted spheres from blood flow in a microfluidic model of human microvessels.
Langmuir 29, 2530-2535. (doi:10.1021/1a304746p)

Herant M, Heinrich V, Dembo M. 2006 Mechanics of neutrophil phagocytosis: experiments
and quantitative models. J. Cell Sci. 119, 1903-1913. (doi:10.1242 /jcs.02876)

Slack JD, Kanke M, Simmons GH, Deluca PP. 1981 Acute hemodynamic effects and blood
pool kinetics of polystyrene microspheres following intravenous administration. J. Pharm.
Sci. 70, 660—-664. (doi:10.1002/jps.2600700621)

Xiao L, Lu G, Lu Q, Kaplan DL. 2016 Direct Formation of Silk Nanoparticles for Drug
Delivery. ACS Biomater. Sci. Eng. 2, 2050-2057. (d0i:10.1021/acsbiomaterials.6b00457)

Tao L, Hu W, Liu Y, Huang G, Sumer BD, Gao J. 2011 Shape-specific polymeric
nanomedicine: emerging opportunities and challenges. Exp. Biol. Med. 236, 20-29.
(doi:10.1258/ebm.2010.010243)

SHR0L0T “bLb ¥ 205 201 BioBuiysiqndiraposiefor-edss


http://dx.doi.org/doi:10.1103/PhysRevE.80.016307
http://dx.doi.org/doi:10.1063/1.3023159
http://dx.doi.org/doi:10.1103/PhysRevE.77.021903
http://dx.doi.org/doi:10.1103/PhysRevE.77.021903
http://dx.doi.org/doi:10.1103/PhysRevE.82.026304
http://dx.doi.org/doi:10.1007/s00466-013-0968-y
http://dx.doi.org/doi:10.1002/nme.1941
http://dx.doi.org/doi:10.1093/toxsci/kfl165
http://dx.doi.org/doi:10.1063/1.858498
http://dx.doi.org/doi:10.1146/annurev.fl.12.010180.002251
http://dx.doi.org/doi:10.1007/BF01968738
http://dx.doi.org/doi:10.1017/S0022112095004009
http://dx.doi.org/doi:10.1063/1.857856
http://dx.doi.org/doi:10.1007/s00466-017-1508-y
http://dx.doi.org/doi:10.1038/nnano.2011.58
http://dx.doi.org/doi:10.1016/S0065-2571(00)00013-3
http://dx.doi.org/doi:10.1016/j.drudis.2006.07.005
http://dx.doi.org/doi:10.1016/j.drudis.2006.07.005
http://dx.doi.org/doi:10.1080/10611860701539584
http://dx.doi.org/doi:10.1038/natrevmats.2016.14
http://dx.doi.org/doi:10.1038/natrevmats.2016.14
http://dx.doi.org/doi:10.1021/la304746p
http://dx.doi.org/doi:10.1242/jcs.02876
http://dx.doi.org/doi:10.1002/jps.2600700621
http://dx.doi.org/doi:10.1021/acsbiomaterials.6b00457
http://dx.doi.org/doi:10.1258/ebm.2010.010243

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Liu Y, Tan J, Thomas A, Ou-Yang D, Muzykantov VR. 2012 The shape of things to
come: importance of design in nanotechnology for drug delivery. Ther. Deliv. 3, 181-194.
(doi:10.4155/tde.11.156)

Champion JA, Katare YK, Mitragotri S. 2007 Particle shape: a new design
parameter for micro-and nanoscale drug delivery carriers. J. Control. Release 121, 3-9.
(doi:10.1016 /j.jconrel.2007.03.022)

Champion JA, Mitragotri S. 2006 Role of target geometry in phagocytosis. Proc. Natl Acad.
Sci. USA 103, 4930-4934. (doi:10.1073/pnas.0600997103)

Champion JA, Mitragotri S. 2009 Shape induced inhibition of phagocytosis of polymer
particles. Pharm. Res. 26, 244-249. (d0i:10.1007 /511095-008-9626-z)

Decuzzi P, Pasqualini R, Arap W, Ferrari M. 2009 Intravascular delivery of particulate
systems: does geometry really matter? Pharm. Res. 26, 235-243. (do0i:10.1007/s11095-
008-9697-x)

Tan J, Shah S, Thomas A, Ou-Yang HD, Liu Y. 2013 The influence of size, shape and
vessel geometry on nanoparticle distribution. Microfluid Nanofluidics 14, 77-87. (d0i:10.1007 /
510404-012-1024-5)

Gentile F, Chiappini C, Fine D, Bhavane R, Peluccio M, Cheng MMC, Liu X, Ferrari M,
Decuzzi P. 2008 The effect of shape on the margination dynamics of non-neutrally buoyant
particles in two-dimensional shear flows. |. Biomech. 41, 2312-2318. (doi:10.1016/j.jbiomech.
2008.03.021)

Ding BS, Dziubla T, Shuvaev VV, Muro S, Muzykantov VR. 2006 Advanced drug delivery
systems that target the vascular endothelium. Mol. Interv. 6, 98-112. (d0i:10.1124/mi.6.2.7)
Anselmo AC, Mitragotri S. 2017 Impact of particle elasticity on particle-based drug delivery
systems. Adv. Drug Deliv. Rev. 108, 51-67. (d0i:10.1016/j.addr.2016.01.007)

Merkel TJ, Chen K, Jones SW, Pandya AA, Tian S, Napier ME, Zamboni WE, DeSimone
JM. 2012 The effect of particle size on the biodistribution of low-modulus hydrogel PRINT
particles. J. Control. Release 162, 37—44. (doi:10.1016/j.jconrel.2012.06.009)

Merkel TJ et al. 2011 Using mechanobiological mimicry of red blood cells to extend
circulation times of hydrogel microparticles. Proc. Natl Acad. Sci. USA 108, 586-591.
(doi:10.1073/pnas.1010013108)

Anselmo AC, Zhang M, Kumar S, Vogus DR, Menegatti S, Helgeson ME, Mitragotri S. 2015
Elasticity of nanoparticles influences their blood circulation, phagocytosis, endocytosis, and
targeting. ACS Nano 9, 3169-3177. (d0i:10.1021 /acsnano.5b00147)

Engler AJ, Sen S, Sweeney HL, Discher DE. 2006 Matrix elasticity directs stem cell lineage
specification. Cell 126, 677-689. (d0i:10.1016/j.cell.2006.06.044)

Discher DE, Janmey P, Wang Y1. 2005 Tissue cells feel and respond to the stiffness of their
substrate. Science 310, 1139-1143. (d0i:10.1126/science.1116995)

Miiller K, Fedosov DA, Gompper G. 2016 Understanding particle margination in blood
flow—A step toward optimized drug delivery systems. Med. Eng. Phys. 38, 2-10.
(d0i:10.1016/j.medengphy.2015.08.009)

Perrault SD, Walkey C, Jennings T, Fischer HC, Chan WC. 2009 Mediating tumor targeting
efficiency of nanoparticles through design. Nano Lett. 9, 1909-1915. (d0i:10.1021/n1900031y)
Immordino ML, Dosio F, Cattel L. 2006 Stealth liposomes: review of the basic science,
rationale, and clinical applications, existing and potential. Int. ]. Nanomed. 1, 297-309.
(doi:10.2217/17435889.1.3.297)

Li Y, Kroger M, Liu WK. 2014 Endocytosis of PEGylated nanoparticles accompanied by
structural and free energy changes of the grafted polyethylene glycol. Biomaterials 35,
8467-8478. (d0i:10.1016/j.biomaterials.2014.06.032)

Li Y, Kroger M, Liu WK. 2015 Shape effect in cellular uptake of PEGylated
nanoparticles: comparison between sphere, rod, cube and disk. Nanoscale 7, 16 631-16 646.
(doi:10.1039/C5NR02970H)

Walkey CD, Olsen JB, Guo H, Emili A, Chan WC. 2012 Nanoparticle size and surface
chemistry determine serum protein adsorption and macrophage uptake. J. Am. Chem. Soc.
134, 2139-2147. (doi:10.1021/ja2084338)

Otsuka H, Nagasaki Y, Kataoka K. 2012 PEGylated nanoparticles for biological and
pharmaceutical applications. Adv. Drug Deliv. Rev. 64, 246-255. (doi:10.1016/j.addr.
2012.09.022)

Lipka ], Semmler-Behnke M, Sperling RA, Wenk A, Takenaka S, Schleh C, Kissel
T, Parak W], Kreyling WG. 2010 Biodistribution of PEG-modified gold nanoparticles

SHR0LL0T “wLp ¥ 705y 201 BioBusiqndiraposieforredss


http://dx.doi.org/doi:10.4155/tde.11.156
http://dx.doi.org/doi:10.1016/j.jconrel.2007.03.022
http://dx.doi.org/doi:10.1073/pnas.0600997103
http://dx.doi.org/doi:10.1007/s11095-008-9626-z
http://dx.doi.org/doi:10.1007/s11095-008-9697-x
http://dx.doi.org/doi:10.1007/s11095-008-9697-x
http://dx.doi.org/doi:10.1007/s10404-012-1024-5
http://dx.doi.org/doi:10.1007/s10404-012-1024-5
http://dx.doi.org/doi:10.1016/j.jbiomech.2008.03.021
http://dx.doi.org/doi:10.1016/j.jbiomech.2008.03.021
http://dx.doi.org/doi:10.1124/mi.6.2.7
http://dx.doi.org/doi:10.1016/j.addr.2016.01.007
http://dx.doi.org/doi:10.1016/j.jconrel.2012.06.009
http://dx.doi.org/doi:10.1073/pnas.1010013108
http://dx.doi.org/doi:10.1021/acsnano.5b00147
http://dx.doi.org/doi:10.1016/j.cell.2006.06.044
http://dx.doi.org/doi:10.1126/science.1116995
http://dx.doi.org/doi:10.1016/j.medengphy.2015.08.009
http://dx.doi.org/doi:10.1021/nl900031y
http://dx.doi.org/doi:10.2217/17435889.1.3.297
http://dx.doi.org/doi:10.1016/j.biomaterials.2014.06.032
http://dx.doi.org/doi:10.1039/C5NR02970H
http://dx.doi.org/doi:10.1021/ja2084338
http://dx.doi.org/doi:10.1016/j.addr.2012.09.022
http://dx.doi.org/doi:10.1016/j.addr.2012.09.022

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.
124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

following intratracheal instillation and intravenous injection. Biomaterials 31, 6574—-6581.
(d0i:10.1016 /j.biomaterials.2010.05.009)

Albanese A, Tang PS, Chan WC. 2012 The effect of nanoparticle size, shape, and
surface chemistry on biological systems. Annu. Rev. Biomed. Eng. 14, 1-16. (doi:10.1146/
annurev-bioeng-071811-150124)

Chou LY, Ming K, Chan WC. 2011 Strategies for the intracellular delivery of nanoparticles.
Chem. Soc. Rev. 40, 233-245. (d0i:10.1039 /COCS00003E)

Chen H, Zhang W, Zhu G, Xie ], Chen X. 2017 Rethinking cancer nanotheranostics. Nat. Rev.
Mater. 2,17024. (doi:10.1038 /natrevmats.2017.24)

Dai Y, Xu C, Sun X, Chen X. 2017 Nanoparticle design strategies for enhanced anticancer
therapy by exploiting the tumour microenvironment. Chem. Soc. Rev. 46, 3830-3852.
(doi:10.1039 /C6CS00592F)

Lee SY, Ferrari M, Decuzzi P. 2009 Shaping nano-/micro-particles for enhanced
vascular interaction in laminar flows. Nanotechnology 20, 495101. (doi:10.1088/0957-4484/
20/49/495101)

Charoenphol P, Huang RB, Eniola-Adefeso O. 2010 Potential role of size and hemodynamics
in the efficacy of vascular-targeted spherical drug carriers. Biomaterials 31, 1392-1402.
(d0i:10.1016/j.biomaterials.2009.11.007)

Doshi N, Prabhakarpandian B, Rea-Ramsey A, Pant K, Sundaram S, Mitragotri S.
2010 Flow and adhesion of drug carriers in blood vessels depend on their shape: a
study using model synthetic microvascular networks. J. Control. Release 146, 196-200.
(d0i:10.1016/j.jconrel.2010.04.007)

Ye H, Shen Z, Yu L, Wei M, Li Y. 2017 Anomalous vascular dynamics of nanoworms within
blood flow. ACS Biomater. Sci. Eng. 4, 66-77. (d0i:10.1021/acsbiomaterials.7b00434)

Freund JB. 2007 Leukocyte margination in a model microvessel. Phys. Fluids 19, 023301.
(doi:10.1063/1.2472479)

Yuan F, Dellian M, Fukumura D, Leunig M, Berk DA, Torchilin VP, Jain RK. 1995 Vascular
permeability in a human tumor xenograft: molecular size dependence and cutoff size. Cancer
Res. 55, 3752-3756.

Siegel R, Jemal A. 2015 Cancer facts and figures 2015. Atlanta, GA: American Cancer Society.
Matsumura Y, Maeda H. 1986 A new concept for macromolecular therapeutics in cancer
chemotherapy: mechanism of tumoritropic accumulation of proteins and the antitumor
agent smancs. Cancer Res. 46, 6387-6392.

Fukumura D, Jain RK. 2007 Tumor microenvironment abnormalities: causes, consequences,
and strategies to normalize. J. Cell. Biochem. 101, 937-949. (d0i:10.1002/jcb.21187)

Tong R, Chiang HH, Kohane DS. 2013 Photoswitchable nanoparticles for in vivo cancer
chemotherapy. Proc. Natl Acad. Sci. USA 110, 19 048-19 053. (d0i:10.1073/pnas.1315336110)
Wang W, Liu Q, Zhan C, Barhoumi A, Yang T, Wylie RG, Armstrong PA, Kohane DS. 2015
Efficient triplet-triplet annihilation-based upconversion for nanoparticle phototargeting.
Nano Lett. 15, 6332-6338. (d0i:10.1021 /acs.nanolett.5b01325)

Yan F et al. 2013 Paclitaxel-liposome-microbubble complexes as ultrasound-triggered
therapeutic drug delivery carriers. J. Control. Release 166, 246-255. (doi:10.1016/j.jconrel.
2012.12.025)

Wang CH, Kang ST, Lee YH, Luo YL, Huang YF, Yeh CK. 2012 Aptamer-conjugated
and drug-loaded acoustic droplets for ultrasound theranosis. Biomaterials 33, 1939-1947.
(d0i:10.1016/j.biomaterials.2011.11.036)

George PM, LaVan DA, Burdick JA, Chen CY, Liang E, Langer R. 2006 Electrically
controlled drug delivery from biotin-doped conductive polypyrrole. Adv. Mater. 18, 577-581.
(doi:10.1002/adma.200501242)

Ge J, Neofytou E, Cahill IIIT], Beygui RE, Zare RN. 2011 Drug release from electric-field-
responsive nanoparticles. ACS Nano 6, 227-233. (doi:10.1021 /n1n203430m)

Perigo EA, Hemery G, Sandre O, Ortega D, Garaio E, Plazaola F, Teran FJ. 2015
Fundamentals and advances in magnetic hyperthermia. Appl. Phys. Rev 2, 041302.
(doi:10.1063/1.4935688)

QiuY, Tong S, Zhang L, Sakurai Y, Myers DR, Hong L, Lam WA, Bao G. 2017 Magnetic forces
enable controlled drug delivery by disrupting endothelial cell-cell junctions. Nat. Commun.
8, 15594. (d0i:10.1038 /ncomms15594)

Pacardo DB, Ligler FS, Gu Z. 2015 Programmable nanomedicine: synergistic and sequential
drug delivery systems. Nanoscale 7, 3381-3391. (d0i:10.1039 / C4NR07677])

SHR0L0T “bLb ¥ 205 201 BioBuiysiqndiraposiefor-edss


http://dx.doi.org/doi:10.1016/j.biomaterials.2010.05.009
http://dx.doi.org/doi:10.1146/annurev-bioeng-071811-150124
http://dx.doi.org/doi:10.1146/annurev-bioeng-071811-150124
http://dx.doi.org/doi:10.1039/C0CS00003E
http://dx.doi.org/doi:10.1038/natrevmats.2017.24
http://dx.doi.org/doi:10.1039/C6CS00592F
http://dx.doi.org/doi:10.1088/0957-4484/20/49/495101
http://dx.doi.org/doi:10.1088/0957-4484/20/49/495101
http://dx.doi.org/doi:10.1016/j.biomaterials.2009.11.007
http://dx.doi.org/doi:10.1016/j.jconrel.2010.04.007
http://dx.doi.org/doi:10.1021/acsbiomaterials.7b00434
http://dx.doi.org/doi:10.1063/1.2472479
http://dx.doi.org/doi:10.1002/jcb.21187
http://dx.doi.org/doi:10.1073/pnas.1315336110
http://dx.doi.org/doi:10.1021/acs.nanolett.5b01325
http://dx.doi.org/doi:10.1016/j.jconrel.2012.12.025
http://dx.doi.org/doi:10.1016/j.jconrel.2012.12.025
http://dx.doi.org/doi:10.1016/j.biomaterials.2011.11.036
http://dx.doi.org/doi:10.1002/adma.200501242
http://dx.doi.org/doi:10.1021/nn203430m
http://dx.doi.org/doi:10.1063/1.4935688
http://dx.doi.org/doi:10.1038/ncomms15594
http://dx.doi.org/doi:10.1039/C4NR07677J

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Rosensweig RE. 2002 Heating magnetic fluid with alternating magnetic field. J. Magn. Magn.
Mater. 252, 370-374. (do0i:10.1016/50304-8853(02)00706-0)

Oliveira H, Pérez-Andrés E, Thevenot J, Sandre O, Berra E, Lecommandoux S. 2013 Magnetic
field triggered drug release from polymersomes for cancer therapeutics. J. Control. Release
169, 165-170. (d0i:10.1016/j.jconrel.2013.01.013)

Thévenot J, Oliveira H, Sandre O, Lecommandoux S. 2013 Magnetic responsive polymer
composite materials. Chem. Soc. Rev. 42, 7099-7116. (doi:10.1039/c3cs60058k)

Schleich N, Danhier F, Préat V. 2015 Iron oxide-loaded nanotheranostics: major
obstacles to in vivo studies and clinical translation. ]. Control. Release 198, 35-54.
(doi:10.1016/j.jconrel.2014.11.024)

Hoare T, Santamaria J, Goya GF, Irusta S, Lin D, Lau S, Padera R, Langer R, Kohane DS. 2009
A magnetically triggered composite membrane for on-demand drug delivery. Nano Lett. 9,
3651-3657. (d0i:10.1021/n19018935)

Campbell S, Maitland D, Hoare T. 2015 Enhanced pulsatile drug release from injectable
magnetic hydrogels with embedded thermosensitive microgels. ACS Macro Lett. 4, 312-316.
(doi:10.1021/acsmacrolett.5b00057)

Zakharchenko A, Guz N, Laradji AM, Katz E, Minko S. 2017 Magnetic field remotely
controlled selective biocatalysis. Nat. Catal. 1, 73-81. (doi:10.1038 /541929-017-0003-3)
Zaremba L. 2009 Guidance for industry and FDA staff: criteria for significant risk
investigations of magnetic resonance diagnostic devices. US Dept. of health and
human services, Food and drug admin. Center for devices and radiological health. See
http:/ /www.fda.gov/MedicalDevices /DeviceRegulationandGuidance/GuidanceDocume
nts/ucm072686.htm.

Choi HS, Liu W, Liu F, Nasr K, Misra P, Bawendi MG, Frangioni JV. 2010
Design considerations for tumour-targeted nanoparticles. Nat. Nanotechnol. 5, 42-47.
(d0i:10.1038 /nnano.2009.314)

Campbell RB, Fukumura D, Brown EB, Mazzola LM, Izumi Y, Jain RK, Torchilin VP, Munn
LL. 2002 Cationic charge determines the distribution of liposomes between the vascular and
extravascular compartments of tumors. Cancer Res. 62, 6831-6836.

Dellian M, Yuan F, Trubetskoy V, Torchilin V, Jain R. 2000 Vascular permeability in
a human tumour xenograft: molecular charge dependence. Br. |. Cancer 82, 1513-1518.
(d0i:10.1054/bjoc.1999.1171)

Xia X, Yang M, Wang Y, Zheng Y, Li Q, Chen J, Xia Y. 2011 Quantifying the coverage density
of poly (ethylene glycol) chains on the surface of gold nanostructures. ACS Nano 6, 512-522.
(d0i:10.1021/nn2038516)

Podduturi VP, Magafia DP, O’Neal IB, Derosa PA. 2013 Simulation of transport and
extravasation of nanoparticles in tumors which exhibit enhanced permeability and retention
effect. Comput. Methods Programs Biomed. 112, 58-68. (d0i:10.1016/j.cmpb.2013.06.011)
Barisam M, Shams M. 2015 A three-dimensional two phase method for predicting drug
delivery to tumor. Powder Technol. 283, 530-538. (d0i:10.1016/j.powtec.2015.06.026)

SHR0LL0T “wLp ¥ 705y 201 BioBusiqndiraposieforredss


http://dx.doi.org/doi:10.1016/S0304-8853(02)00706-0
http://dx.doi.org/doi:10.1016/j.jconrel.2013.01.013
http://dx.doi.org/doi:10.1039/c3cs60058k
http://dx.doi.org/doi:10.1016/j.jconrel.2014.11.024
http://dx.doi.org/doi:10.1021/nl9018935
http://dx.doi.org/doi:10.1021/acsmacrolett.5b00057
http://dx.doi.org/doi:10.1038/s41929-017-0003-3
http://www.fda.gov/MedicalDevices/DeviceRegulationandGuidance/GuidanceDocuments/ucm072686.htm
http://www.fda.gov/MedicalDevices/DeviceRegulationandGuidance/GuidanceDocuments/ucm072686.htm
http://dx.doi.org/doi:10.1038/nnano.2009.314
http://dx.doi.org/doi:10.1054/bjoc.1999.1171
http://dx.doi.org/doi:10.1021/nn2038516
http://dx.doi.org/doi:10.1016/j.cmpb.2013.06.011
http://dx.doi.org/doi:10.1016/j.powtec.2015.06.026

	Introduction
	Background
	Blood flow in normal vasculature and tumour microenvironment
	Essential forces for particle transport in blood flow

	Passive transport: physiochemical properties (`4S' parameters) of particles
	Size effect
	Shape effect
	Stiffness effect
	Surface functionalization effect

	External triggering: magnetic system
	Experimental observations
	Computational study

	Conclusion and perspective
	References

