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MICROVASCULATURE —A NUMERICAL STUDY
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The délivery of anticancer agents via magnetic carrier particles is an exciting new prospect
in tresting cancer. The targeting of tumours situated at large distances from the surface of the
human body is difficult because the magnetic force decreases rapidly with the distance from
the magnets. Here numerical modelling is used to investigate physical and physiologica
limits that influence the focus of small magnetic particles (M Ps) within the microvascul ature
of tumours. Methods using systems of permanent magnets were found to have a range of
capture < 12 centimetres and this depends on the blood flow rate, the magnetic field, the
MPs properties, the length of blood vessels and their diameters. These results indicate that
this methodol ogy is suitable for treating sub-surface cancers within the human body.

(Received July 19, 2005; accepted November 24, 2005)

Keywords: Magnetic drug targeting, Magnetic particles, Blood flow, Capillaries,
Arterioles and small arteries, Mathematical modelling.

1. Introduction

Magnetic drug ddivery (MDD) is a new technique for targeted and controlled relesse of
anticancer agents inside the human body. Its feasibility has been proven for surface tumours on
small animalsand in clinical tests on 14 patients[1 - 3]. However, despite the real progress achieved
with these trials, a series of technical and physiological problems hinder the application of the
method in the clinical practice.
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Fig.1. Schematic diagram of the magnetic drug delivery method. The Magnetic Drug carriers

(MDCs) loaded with an anticancer drug are injected within amain artery in the proximity of

the tumour. The sanguine flux transports the MDCs to the tumour, which are retained there
under the influence of the externa magnetic field.
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The principle of MDD method is simple and consists in the injection of magnetic drug
carriers (MDCs) within the blood stream, followed by their retention at the target site, under the
presence of an external gradient magnetic field (Figure 1). The MDCs retained inside the smdl
blood vesse's or within the tumoura tissues, slowly re ease the chemotherapeutic drug and indud ng
necrosis of the cancer cells. The main advantage of this technique is the treatment of the cancer
whilst causing minimal affects on the surrounding healthy tissues.

A specification of what is needed for the intratumoural MDT was made dsewhere [4, 5]. A
major problem is that of targeting areas positioned deep inside the human body. This paper presents
a numerica study of the non-invasive capture of the MDCs within the microvascul ature of diseased
and normal blood vessds, which are positioned at various distances within the human body. The
maxi mum distance (Xmax) from the magnetic source for the efficient capture of MDCs is computed.
This is achieved by moddling the particle trgjectories and stochastic simulation for various flow
velocities, blood vessd geometry, magnetic fid d strengths and particle properties.

2. Numerical models
2.1. Forcesin MDCstargeting

Basically, the motion of MDCs within the blood vessels when subjected to an externa
magnetic fied is affected by the magnetic force and the hydrodynamic drag force. Depending on the
relative orientation of magnetic and drag forces, there are three geometrical configurations of
interest (Figure 2): (i) the flow points towards the magnetic source; (ii) the flow is perpendicular to
the magnetic force (iii) the flow points in the opposite direction to the magnetic source. If the
volume concentration of MDCs is >1% then their magnetic dipolar interactions may lead to
aggregation of particles. Moreover, the aggregation process is strongly influenced by the
magnetostati ¢ interaction between the MDCs and the magnetic fid d.
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Fig. 2 .Geometricd configurations of interest in MDCs targeting for three blood vessels
pointing: (i) towards the magnetic source; (ii) perpendicular to the magnetic force; (iii) in the
opposite direction to the magnetic force. L, D, and a are the length, the diameter and the

orientation of the blood vessels against the magnetic force. X, and yp are the initia
coordinates of MDCs.

The magnetic force acting on MDCsiis [6]
Fu = M4V ,M OH, (@)
mS
where 4, (= 47rx107" H/m)is the magnetic permesbility of the void space, v, :? is the

volume of MDCs of diameter d, M , their magnetization and H the intensity of the magnetic

fidd.
The hydrodynamic drag force acting on MPs can then be given by Stokes formula[7]

F, = -3md(v, -v,) @)
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where V =d—)t(T+d—¥J7 isthe velodity of MDCsin a2D systemwith i and | being unit vectors,

V, isthe veocity of blood and 77 its dynamic viscosity coefficient.

The magnetic dipolar energy between MDCs is
_ pym? 1-3cos’(F;, m)
Udip_ > 32 3 3] 3
4rd e /d

iZ]

m being the dipolar magnetic moment of theMDCs and r;; their relative position.

The orientation of the MDCs dipolar magnetic moments is characterized by the magnetostatic
interaction energy

U, =-y,mmH . 4
Taking into account the above two energies and the Brownian motion, the behaviour of a system of
magnetic particles subjected to an external magnetic field can be characterized by two constants,
A =p,m*/4m™*KT and & = g,mH /KT, which compares the strength of the magnetic dipolar
and magnetostatic interactions with the therma energy KT (T being the temperature and
k =1.38[10 J/K the Boltzmann constant) [§].

2.2. M agnetic field configuration

The non-invasive MDT uses permanent magnets or electromagnets positioned outside the
human body in the proximity of the tumours. For this study an array of rectangular magnets (50 x50
x 12.5 mm) (Sintered NdFeB, 35 MGOe, 50x50x12.5 mm, MMG MagDev Ltd., Swindon, UK)
have been simulated using the 2D “Finite Element Method Magnetics’ program (FEMM3.2) from
Foster-Miller (http://femm.foster-miller.com). The magnetic fidd structure (flux lines and
gualitative density plot of the induction of the magnetic field) is presented in Figure 3 for 5 magnets.
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Fig. 3. 2D map of the magnetic field for an array of 5 rectangular magnets.
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The active component of the magnetic field, which pulls the MDCs from the sanguine flux
is the horizontal one, H,. The numerical data for H,, measured on the symmetry axis of the
magnetic system (y = 0), is fitted with an exponentia function,

H,(y=0) = H,exp(-x/a), ()
where H, istheintensity of the magnetic field on the surface of the magnetic system and a afitting
factor having the dimension of length. The fitting data corresponding to figure 3 give
H, =500 KA/m and a=2.5 cm. However, in the following simulations the intensity of the

magnetic fiedd will vary in therange H, [1[100,500] kA/m.

2.3 .Particle aggregation and the equations of particle trajectories

A Metropolis Monte Carlo model [9, 10] is used to simulate the aggregati on between MDCs
subjected to the action of the horizonta magnetic field. Basically, the protocol presented in [9]
consists in the minimization of the energy (egs. 3 and 4) for a system of N particles. In the
simulations particles with strong dipolar interactions have the potential of aggregating, at particle
volume/surface concentrations ~0.01, which is smaller than that required to cause embolization [11].
After aggregation the MDCs move within the blood vessd's on trajectories given by

Fot lEd = Finertial (6)

wheretheinertial forces can be neglected for small (micrometer size) particles.
For the three geometrical configurations presented in Figure 2 the equations of the MDCs
trajectories are obtained from egs. (1), (2), (5) and (6) and are

0] the blood vessed pointing towards the magnetic source

(i)

1+ (v, /v, )cos(a) exp(x/ @) } @)

=y, +tan(a)alLo
Y=Yo (a) ge[1+(v0/Vm)COS(O’)eXp(XO/a)

(iii)  theblood vessd aligned perpendicular to the magnetic force
(iv)
Y= Yo+ (Vo / Vi Jalexp(x/ @) - exp(-x, / @) ®

(iii) the blood vessd's pointing in the opposite direction to the magnetic force

~1+ (v, /v,,)cosa) exp(x/ a) } ©

=y, +tan(a)alo
y=Yo (@) ge[—1+(v0/vm)cos(a)exp(xola)
where (X,,Y,) ae the initial coordinates of MDCs and & is the angle of the blood vessd
orientation to the magneic force The MDCs moation is strongly influenced by the system
parameters, which are enclosed in so called “magnetic velocity”,v,, = 1,d*H &M o /187a - the
terminal velodity of the partid e under the influence of the magnetic and drag forces [12].

3. Results and discussion

The aggregation of MDCs is strongly influenced by the magnetic dipolar interactions
between partides, the magnetostatic interaction of the particle-magnetic fidd, and their volume
fractiong . Figs. 4 and 5 present aggregates of MDCs and their cluster size distribution for strong

magnetic dipolar and magnetostatic interactions (A= — «). The volume fraction of MDCs was



Targeting magnetic carrier partidesin tumour microvasculature —anumerical study 3213

set at a moderate value (¢ = 0.01). Basicdly, clusters with an average size of 3.7 particles/cluster
(standard deviation — 2.72) are characteristic for this partid e concentration. By the increase of the
volume fraction of MDCs, larger clusters and particle structures will appear, which can block both
diseased and healthy blood vessels. Therefore, the first condition to obtain seective MDCs capture
isto useasmall concentration of carrier particles (¢ <0.01).

Fig. 4. Aggregates of MDCs subjected to a horizontal magnetic field.
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Fig. 5. Cluster size distribution for MDCs aggregates having strong dipolar and magnetostatic interactions
(A =B - ), and moderate concentration ¢ = 0.01.

The second condition required for the capture of particles is their deviation from the blood
stream and attaching to the blood vessds wal. The factors that influence the particles’ trajectories
and the maximum distance (Xmax) (Measured from the surface of the magnetic system) to which the
MDCs are captured with high efficiency (100 %) are anal ysed bd ow.

Figure 6 shows the trajectories of MDCs obtained by solving eg. (8) in Mathematica 5.0
within two small arteries. The particles are rdeased at the upper part of the blood vessds and are
considered captured when they touch the blood vessel’s wall nearest to the magnetic source (l€eft
side). If the particles have trgectories (the verticd projection) longer than the length of the blood
vessds, they are not captured and hence the recovery is < 100 %. The two sets of trgjectories differ

by the positions of the arteries with respect to the surface of the magnetic system: X,= 0.23 cmin
Figure 6 a, and X, = 2.63 cmin Figure 6 b. It is dear that using magnetic systems supplying large
magnetic field strengths (H, = 500 kA/m), it is possible to capture all the magnetite particles (M,

= 450 kA/m) of micrometer size (d =3.0 ¢ m) and low concentrations (¢ <0.01), within the small
arteries positioned close to the magnetic system (Figure 6.a). However, for small arteries situated at

medium and large distances ( X, >2.5 cm), the majority of MDCs escape and pass through towards
the arterioles and capillaries.
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Fig. 6. Trgectories of MDCs in two smdl arteries: (a) the position of the artery is

Xs= 2.3 mm and the initid coordinates of the MDCs are x, = (3.0, 2.88, 2.76, 2.64, 2.52 mm);

(b) the position of the artery x = 26.3 mm and the initid coordinates of the MDCs are

Xo= (27.00, 26.88, 26.76, 26.64, 26.52 mm). The remaining parameters are: yo = 12.0 mm,

d=3.0 um, M, = 450kA/m (saturation value), Ho = 500 kA/m, a= 2.5 cm, vy = 6.0 c/s,
n = 0.0028 kgyms, D = 0.6 mm, L = 2.4 cm, a = 90° and ¢ <0.01.

0.033

Vp= l.0cm/s

0.03

0.025 2.0

e (1)

0.015

6.0
0.005

100000 Z00000 300000 400000 500000
H, ()

Fig. 7. The maximum capture distance (Xmax) Of MDCs, for small arteries as a function of.
the magnetic field strength and blood velocity. The parameters used in the simulation are the
same as described for Fig. 6.

The maximum capture distance (Xax) iS calculated as a function of the magnetic fidd strength
at the surface of the magnetic system, H,, and the results are presented in Figure 7 for a family of

four small arteries, which have various blood velocities. It appears that the distance of capture
increases when the magnetic field increases and goes up to few centimetres for smal blood velocities

(Vo =1 0to 2.0 cV/s). However, for larger blood velocities (v, = 6.0 Cm/s) Xmax decreases up to a
few mm. This means that the MDCs will be retained just at the surface of the human body. This
result suggests that a magnetic system based on arrays of permanent magnets can be used for the
targeted retention of MDCs just within very small blood vessds (arterioles and capillaries), where
the penetration of drugs within the tissue can take place. Therefore, the remainder of this paper

concentrates on the andysis of capture of MDCs within arterioles and capillaries.
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Fig. 8. The maximum capture distance (Xmx) of MDCs for arterioles and capillaries vs. the
magnetic field strength and blood velocity: (8) vo = 0.1 mnVs; (b) vo = 10.0 mm/s. The
diameter of blood vessdlsis avariable parameter. The remaining parameters are: yo = 0.5 mm,
n =0.0028 kg/ms, d = 3.0 um, M, = 450 kKA/m, a=25cm, L = 1.0 mm, o =90° and ¢<0.01.
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Fig. 9. The maximum capture distance (xma) Of MDCs for arterioles and capillaries as a
function of the MDCs diameter: (a) v, varies from 0.1 to 10.0 mm/s and H, = 500 kA/m; (b)
Ho varies from 100 to 500 kA/m and v, = 10.0 mnVs; (¢) Ho = 500 kA/m and the MDCs are
form clusters of size up to n =5 particles. The remaining parameters are: y, = 0.5 mm,
n =0.0028 kg/ms, M, =450 kA/m, a=2.5cm, D =120 pm, L =1.0 mm, a = 90° and ¢ <0.01.
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Fig. 10. The maximum capture distance (Xma) Of MDCs for arterioles and capillaries as a
function of the magnetization of the particles: (8) vo = 0.1 mnvs; (b) vo = 10.0 mmvs. The
magnetic field strength is a variable parameter. The remaining parameters are: yo = 0.5 mm,
n =0.0028 kg/ms, d =3.0um, a=25cm, D =12.0um, L = 1.0mm, a = 90° and ¢<0.01.

Figs. 8 to 12 present the maximum capture distance (Xmax) Of MDCs within arterioles and
capillaries for various physiologica (vo, N, D, L, o) and system parameters (Ho, d, M, , ¢ number of
particles/ aggregate - n). The characterisation of MDCs capture, within small blood vessds, which
are perpendicularly oriented to the magnetic force, is given in Figures 8 to 10. The distance of
capture increases when the following parameters increase: the strength of the magnetic fied, the
diameter of MDCs, their magnetization and the number of MDCs / aggregate. A decreasein capture
distance occurs when the blood vel ocity and the diameter of the blood vessd's increase, and/or when
their length decreases. A maximum capture distance of Xmex ~12 ¢cm is obtained within diseased

capillaries (V, = 0.1 mm/s,L = 1.0 mm, /7 = 0.0028 kg/ms, a = n/2) when H, =500 kA/m,
d=3 um, M, =1200 kA/m, ¢ =0.01, n =3. For norma capillaries (v, = 10.0 mm/s) with the
same physiologicd and system parameters, the maximum distance of capture decreases to Xmax ~8

cm. This result suggests that differentiation in the retention of MDCs is possible even at the leve of
the capillariesif thereis a physical separation between the normal and diseased blood vessds.

Vo=0.1 mnvs

100000 200000 300000 400000 500000
H, (/)

Fig. 11. The maximum capture distance (xma) Of MDCs for arterioles and capillaries as a
function of the magnetic field strength and for different orientations of the blood vessels.
The blood vessels are pointing towards the magnetic source. The angle of inclination varies
within the range a O (0,772) and vy is a variable parameter. The remaining parameters are:
Yo =0.5mm, n =0.0028 kg/ms, d = 3.0 um, M, =450 KA/m, a= 2.5 cm, v, =0.1t0 10.0 mm's,

D =12.0pum, L =1.0 mm, and ¢<0.01.
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Fig. 12. The maximum capture distance (Xma) Of MDCs for arterioles and capillaries as a
function of the orientation of the blood vessels. The blood vessels are pointing in the
opposite direction to the magnetic source. The angle of inclination varies within the range
a (0, 72)and v, is variable parameter. The remaining parameters are: y, = 0.5 mm,
d=30um, M, =450 kA/m, a =25cm, v, =0.1to 10.0mnvs, 77 =0.0028 kg/ms,

D=120pm, L =1.0mm, and ¢ <0.01.

Figs. 11 and 12 present the variation of Xy for various orientations of the blood vesses
with respect to the magnetic field source. There is no effect of blood vesse orientation when they
point towards the magnetic fiedld source (Figure 11). This phenomenon can be simply explained by
the longer path of the MDCs adong the magnetic force (Ox direction), which compensates the
contribution to capture given by the drag force. However, when the blood vessds point in the
opposite direction to the magnetic force, the situation is different, and Xax decreases when the angle
of inclination decreases. Therefore, in norma capillaries (v, = 10.0 mM/s), Xmax — O when
a = - 0°% In this limit situation the MDCs are mostly retained within diseased capillaries

(Vo = 0.1 mmV/s, Xmax ~ 5.0 cm).

4. Conclusions

Computer simulations were developed to evaluate the focusing of MDCs of nano- and
micrometer size within blood vessels situated at the surface and deep inside the human body. The
results show that for an array of rectangular magnets, magneti ¢ particles of diameter < 3 £/ m can be
captured with high efficiency within the tumour capillaries and arterioles. The larger MPs (3 14 m)
are preferentialy retained at distances up to 12 cm in the capillary beds of the tumours, which have
small luminal diameter and lower blood veocity than in norma blood vessds. However, within the
small arteries these particles can be retained only at distance up to 3.5 cm. The presented results
suggest the possibility of preferential MDCs targeting between normal tissues and those affected by
tumours.
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