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Komu ucku I1. u ap. E11-2009-174
Konnenuus c¢okycupoB HHOTO M THHUT ,
MPeIH 3H YEHHOTO JUISl IOCT BKH JIEK PCTB

CKOHCTPYUPOB H CIelHU JIbHbIH C(OKYCUPOB HHBIA M THUT, CIAyX LIMH s JO-
CT BKH JIEK PCTBEHHBIX CPEICTB B IPEIH 3H YeHHOe MecTo. TeopeTuueckue p CYeTh
BMECTE C YCJIOBUEM MPWIHII HUS K IUTM M THUTHOH XHIKOCTH B M THUTHOM IIOJie
MOK 3 JIM, YTO T KOH M THHUT CO3] €T JOCT TOYHOE M THHUTHOE MOJe Uil HPWIUI -
HHUS M THUTHBIX 4 CTHUI[ H CTEHKE COCyJd M MOXEeT HCIOJIb30B Thcs H 2,5-3 cMm
r1yGXe B Opr HU3ME [0 CP BHEHHIO C HPU3MOBBIM IOCTOSIHHBIM M THHUTOM, YTO I10-
3BOJIsIeT OECKOHT KTHBIl MEPEeHOC JIeK PCTB C IOMOILIBIO [ HHOrO M THUT . M K-
CUM JIbHBIE 3H YEHHS M THUTHOTO IOJI U TP JUEHT M THUTHOTO IOJISi COCT BIISIOT
0,38 Tix u 101 Ta/m.

P Gor Beimonnen B JI Gop Topuu uH(OpM HUOHHBIX TexHosoruii OUSAN.

Coobuienre OObEIMHEHHOTO HHCTUTYT SIEPHBIX HcciaenoB Huid. yoH , 2009

Kopcansky P. et al. E11-2009-174
The Concept of Focused Magnet for Targeted Drug Delivery

A special focused magnet, designed for the use in the magnetic targeted drug
delivery system, was constructed. The theoretical calculation of the adhesion condi-
tion for a magnetic fluid drop in magnetic field with obtained design showed that the
constructed focused magnet generates a sufficient magnetic force for the capture of
a magnetic drop on the vessel wall and can be used 2.5-3 cm deeper in an organism
compared with the prism permanent magnet which could enable the non-invasivity
of the magnetic drug targeting procedure. The maximal values for the magnetic field
and gradient of the magnetic field are 0.38 T and 101 T/m.

The investigation has been performed at the Laboratory of Information Tech-
nologies, JINR.
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The difference between success and failure of chemotherapy depends not
only on the drug itself but also on how it is delivered to its target. One of
the major problems in pharmacotherapy is the delivery of drugs to a specific
location and maintenance of its location for the desired length of time. Because
of the relatively non-specific action of chemotherapeutic agents, there is almost
always some toxicity to normal tissues. Therefore, it is of great importance to
be able to selectively target the magnetically labelled drug to the tumor target
as precisely as possible, to reduce resulting systemic toxic side effects from
generalized systemic distribution and to be able to use a much smaller dose,
which would further lead to a reduction of toxicity. The method of magnetic drug
targeting is dependent on physical properties, concentration and number of applied
nanoparticles, on type of binding of the drugs, on the physiological parameters
of the patient and of course on magnetic force, which is defined by its field and
field gradient [1]. Guided transport of biologically active substances to the target
organ allows creating an optimum therapeutic concentration of the drug in the
desired part of organism, while keeping the total injected dose low [2—4]. Current
research on methods to target chemotherapy drugs in the human body includes
the investigation of biocompatible magnetic nano-carrier systems, e.g., magnetic
liquids such as ferrofluids. The use of biocompatible magnetic fluid as potential
drug carrier appears to be a promising technique. Due to their superparamagnetic
properties the magnetic fluid drops can be precisely transported, positioned and
controlled in desirable parts of blood vessels or hollow organs with the help of
an external magnetic field. The motion of magnetic drop within the body is
controlled by the combination of magnetic force and a hemodynamic drag force
due to blood flow. The models which investigate the interaction of an external
magnetic field with blood flow containing a magnetic carrier substance are based
on the Maxwell and Navier—Stokes equations, where a static magnetic field is
coupled to fluid flow. This is achieved by adding a magnetic volume force to
the Navier—Stokes equations, which stems from the solution of magnetic field
problem [5]. In order to effectively overcome the influence of blood flow the
magnetic force must be larger than the drag force. The conditions for holding a
magnetic fluid drop on a blood vessel wall were investigated by Voltairas et al. [6].
In this work the non-uniformity of considered magnetic field was higher only close
to the magnetic pole, which was regarded as a major technical problem that has to
be resolved in order for the drug targeting to remain essentially non-invasive. The
aim of our work was to construct a focused magnet, which enables one to achieve



maximal magnetic force in deeper position, to map its magnetic field and to find
the adhesion condition for a magnetic fluid drop in magnetic field with obtained
design. Voltairas et al. [6] presented a self-consistent ferrohydrodynamic theory
of magnetic drug targeting and examined a model case to account for adhesion.
They obtained an upper bound of the mean blood flow velocity as a function
of the applied magnetic field, which was considered to be produced by a point
source located outside the body at x = —9, y = 0, z = ( (, ¢ > 0 non-uniformity
higher only close to magnetic pole) and had the form
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where m is the magnetic dipole moment. The magnetic point source was oriented

at an angle
w = arcsin (%) 2)

with respect to the x axis. The found adhesion condition in dimensionless form
reads
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is the magnetic bond number with R being the radius of the magnetic drop and
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An additional global condition, taking into account the deformation of the
magnetic drop due to the blood flow, was derived in the form

V,, = 25‘3 // [(R* = (1 +2x) h2) Az + 2x (1 + X) hoh2] dS, (6)
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where T2
Vi = 7
T (7)

is the dimensionless velocity and
Yo — 1 72 Hz
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Here 73, is the blood viscosity, 7; is the viscosity of magnetic fluid and wug is the
mean blood flow velocity.

Thus, instead of one adhesion condition, Voltairas et al. [6] obtained two
equations (9) and (10), and the dependence of blood flow velocity on the applied
magnetic field was parameterized as

Bm = Bm(Ra 6a X5 w) (9)

and
Vin = Vi (R, 0, X, w, Y0) - (10)

The obtained law V,,, = V,,, (B,,) gives an upper bound of the mean blood
flow velocity, at which the applied magnetic field is able to capture a magnetic
drug drop on the blood vessel wall. To achieve a proper non-uniform magnetic
field, able to localize a magnetic drop inside the body, two types of magnets
could be used — permanent magnets or electromagnets. The permanent magnets
generate magnetic fields, which are rather weak for the trapping of magnetic

drop in a bulk vessel. The electromagnets
generate stronger magnetic fields; how-
ever, they need an outer source of elec-
trical current and they produce the Joule
heat. Our aim was to develop an arrange-
ment of permanent magnets which could
generate higher induction and gradient of
magnetic field than classical magnets with
simple geometry. The first step in the
manufacturing of such a focused magnet
was a theoretical optimization of magnetic
field generated by a permanent magnet.
Let us have a closed part of space called €2,
filled with permanent magnet or a frame of
permanent magnets. The magnitude of the
magnetization M is given by the proper- Fig. 1. The illustration of the studied
ties of the used material. Our question is: problem: 2 — closed part of space filled
At which orientation of the magnetization with permanent magnet; B; — magnetic
in Q will the maximal projection of in- induction generated by magnetic moment
duction B into the direction s in point F Api =M (ri) AV;
(Fig. 1) be achieved?

The volume €2 can be divided into the elements AV; with position vectors r;
starting in point . The magnetic induction B in point F' is then the sum of
contributions AB; generated by magnetic moments Ap; = M (r;) AV;. The

Ap;




radial, tangential and azimuthal components of contribution AB; are

Ap;
ABi, = —22cos a, (1)
T
Ap;
ABio = —Tf sin (—a;), (12)
ABi, =0, (13)

respectively, where «; is the angle between Ap; and r;. The projection AB; 5 of
vector AB; into the direction s is a sum of the projections of its components. The
projection of radial component is AB; , cos v;, where v; is the angle between
the vectors s and r. The projection of tangential component at fixed «; and v;
is maximal, if the vectors s, Ap; and r; lie in the same plane and the azimuthal
angle of vectors s and Ap;, with respect to positional vector r;, is equal to 7.
Then this projection is equal to AB; g sin (—v;) and

AB; s = AB;, cos v; + AB; g sin (—v;) . (14)

By using Egs. (11) and (12), the projection AB; 5 can be expressed as

Ap; . .
AB; s = —g (2 cos v cos v; + sin ; sin v;) . (15)
L

The optimizing condition for AB; , reads

d(AB; )
SL 16
a(0) (16)

with fields
—2sin a; cos a; + cos «; sin a; = 0. (17)
Thus, the angle «; is optimal if

1

tana; = §tanvi. (18)

This condition determines the direction of the lines of force of magnetic
field generated by a fictive dipole with direction s, located in point F'. If condi-
tion Eq. (18) is accomplished in all volume elements of €, then the sum of their
contributions will be also optimal. Now we can summarize: If the magnetization
of permanent magnet (system of permanent magnets) parallel to lines of force of
a dipole with direction s, localized in point F', then the projection of magnetic
induction generated by this magnet into direction s in point F' will be optimal.
This theoretical background was consecutively used for suggestion design and



construction of special focused mag-
net. The principle of magnetic focus-
ing, consisting in the fulfilment of condi-
tion Eq. (18), is presented in Fig.2 for the
simple case of prism.

It is evident that manufacturing such
a magnet from one piece would be very
problematic. Nevertheless, some approach
which realizes the principle at least in
reasonable approximation should be vi-
able. We could apply the information
that the direction of magnetization is par-
allel to the straight lines passing the fo-
cus (see Fig.2). It means that the mag-
net could be composed of pyramids with
peaks in focus F’; the direction of the mag-
netization in the pyramids should be par-
allel — satisfying approximately the con-
dition given by Eq.(18). Following the

Fig. 2. The magnetic focusing corre-
sponding to the condition tano; =
%tan v;

above-mentioned considerations and taking into account the technological simplic-
ity, we proposed the construction of compound focused magnet. Its cross section

is schematically drawn in Fig. 3.
Using a computer model, in

which magnetic field and its gradi-
ent for different focus distances were

calculated, the parameters of the fo- ”

cused magnet were compared with a
prism magnet. The found results are
presented in Figs.4 and 5.

The original FeNdB magnet had
a form of rectangular prism (40 x40 x
10 mm), the preferred direction of
magnetization was perpendicular to
its greatest side. Before the mag-
netization the magnet was cut into
six prisms by an electro-spark cut-
ter, according to the scheme shown
in Fig.3. Moreover, each prism was
shaped in such a way that its cross
section became symmetric about the

Fig. 3. The cross section of the focused magnet

axis crossing its center of mass and peak F’. This modification is shown for
prism No.6. Then the prisms were turned through 180° around the axes %;;
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Fig. 4. The magnetic field calculated for the proposed focused magnet, comparison with
prism magnet (F' — focus distance of the proposed magnet in mm)
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Fig. 5. The magnetic field gradient calculated for the proposed focused magnet, comparison
with prism magnet

i = 1-6 and glued to their neighbours. The position of prism No.6 after the
gluing is shown on the right margin of Fig.3 — it occupies the same part of
space but the direction of the magnetization was changed as a consequence of
rotation. After the gluing the cutting procedure to six prisms followed, accord-
ing to the same scheme. The only difference was that the glued magnet was
turned by right angle around the axis z before the new cutting, thus a checked
structure of the magnet was obtained. The turning and gluing of the prisms
was repeated and finally the compound intermediate magnet was obtained, with
magnetization of each part directed into approximately one point on the axis z.



This point lies in the middle of the distance between the plane 7 and peak F’ (in
plane 7 the centers of mass of the parts of compound magnet lie). We remark that
point F' lies approximately in 3/4 of the distance 7—F”. After the second gluing
the intermediate magnets were enclosed into a brass mantle and magnetized in a
homogeneous magnetic field of 15 T. In this way the focused magnet, designed
for the magnetic targeted drug delivery, was obtained.

The measured magnetic field by Hall probe was used for the construc-
tion of map of magnetic field of focused magnet. The examples of all com-
ponets of magnetic field, i.e., By (z, y, 2), By(z, y, ), Bz(z, y, z) are illustrated
in Figs. 6-8 (for y = 0.0). As an example the function used for fitting of magnetic
field B, (z, y, z) is given in Appendix.

B (x,y,z) fory = 0.0

Fig. 6. The x component of magnetic field as a function of z, z for y = 0.0

B, (x,y,z) fory=0.0

Fig. 7. The y component of magnetic field as a function of z, z for y = 0.0



B, (x,y,z) fory=0.0

Fig. 8. The z component of magnetic field as a function of z, z for y = 0.0
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Fig. 9. The dependence of magnetic field induction generated by the manufactured focused
magnet on the distance from the magnet surface and magnetic field gradient at z = 0

The maximal value of magnetic field near the magnet surface (0.35 mm) was
estimated to be 0.38 T. The dependence of calculated values of the magnetic field
gradient on the distance from the magnet surface in the axis z is given in Fig.9.

For example, the magnetic field gradient at z = 0 was estimated to be 101 T/m.
In an effort to test the ability of the magnet to generate a strong magnetic field in
deeper position, the found profile of its magnetic field was used in the numerical
calculation following the Voltairas et al. [6] model. The aim was to find the
parameters for which the dependence B,, vs. V,, fits the curves obtained in [6].
The best fit, obtained for the distance between the pole of the magnet and the
vessel wall 2.5-3 cm longer than that concerned in [6], is presented in Fig. 10.



Vm x 10_3_’

100 150 200 250

Bm

Fig. 10. The magnetic bond number B,, vs. V;, for x = 0.005 and varying v, (a), and
for v, = 0.05 and varying x (b), both for R/§ = 0 and R/6 = 0.2 (dashed curves —
results obtained by Voltairas et al.; solid curves — our fit)

So it can be said that using our specially focused magnet, a higher magnetic
field, as well as its gradient, can be achieved in deeper position, which could
enable the non-invasivity of the magnetic drug targeting procedure.

In summary, a focused magnet consisting of 36 prisms with pyramidal shape
was manufactured, generating higher magnetic field and higher magnetic field
gradient as compared with classical prism. The magnetic field of the focused
magnet was mapped and its profile was used in numerical calculations, which
yielded the upper bound of the mean blood flow velocity, at which the applied
magnetic field is able to capture a magnetic drug drop on the blood vessel wall.
The obtained results verified the ability of the magnet to generate a sufficient
magnetic force in deeper position (2.5-3 cm), which could contribute to the
non-invasivity of the magnetic drug targeting procedure.
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APPENDIX

Fo(z,y, 2) = co + 12 + coy + 32 + c4x? + c5y? + c62% + cray + cgyz +
C9zT + 010x3 + c11y3 + 01223 + c13x2y + cl4xy2 + 0153/22’ + clﬁxz2 + c17z2x +
c18222% 4 197y 2 + cooxt + co1y? + conz? + co3x3y + coux® 2 + cosyP2 + cosyPz +
Cor 23y + o 23T+ oo y? + c30y? 2% 4 31 2% 0% + 3022y 2 + 33y’ w2 + a2’y +
3520 + c36y° + €372° + casxty + ca9xtz + caoyt 2 + eyt + canzty + cuzzta +
cax3Y? 4 cas Y3+ cagyP 22 4 cary? 22 + cas 230% + cag 2 a3+ ey +es1yPrz+
52232y + c5322y% 2 + c5a2y2? + 55y 22w + 5628 + c57y8 4 5828 + cs90y +
660.7352 + 661y52 + 662y5$ + cﬁgzsy + 6642’5l' + cﬁ5x4y2 + 666-7723/4 + 067y42’2 +
cosy? 2t oozt + oot +enadyP 4 eraad 23+ ersyP B+ cuatyz +ersytaz +
cre2try + ety z + crsrPyz? + croyP 22w + csoyPza? 4 cg1 2307y + cga2 Ty +
cs3t?y?2% + cgax” + cs5y” + g6z’ + csraSy + cssa02 + cgorty® + cgont2® +
cQ1m3y4 + 09235324 + 0933323/5 + 0943322'5 + C%xy6 + 0963526 + cQ7m5y2 + cQ8m5z2 +
cooy®z + c100y° 2% + cro1y? 2 + cr1029”2* + cr03y?2° + c104y2® + cr052°yz +
c1062?y? 2 + cro72ty2? + cro0823y32 + cr002%yz® + cr11023y%2? + cina’ytz +
c1122?yz* + c1132%Y* 2% + cr1ax?y?23 + crsay®z + cieryt2? + crray®2® +
cr1182y? 2t +c1192y25 + 12088+ c1219° + €1222% + 1232 Y+ C12427 24 C1252%y +
c1262°2% + 1272y 4 12877 2% + c12902%y* + 1302t 2t + c13123Y° + c130032° +
1332710 + 13422 2% + 13597 2 + c136y°2% + 137y’ + cassytzt + ciz0y®2° +
140228 + cra1yz” + craowy” + crazrz” + craaz®yz + cras 2Oy z + cra67°y2? +
c1ar2?yP 2 + crasrty? 22 + craoaty2® 4 cisoxytz + 151 23y32? + crsondy?2d +
c1532%y2t + c1542?Y0 2 + cissa?yt2? 4 cisea?y3 2 + csray?et + crssr?y® +
150wy’ 2+ cr02y° 22 + cre12y* 2 + 122y 2t + cre31y? 2° + cr6awy 28 + c1652° +
c166Y° +c1672° 168y + 16082+ crror Y2 +erm T 22+ erroalyP ezt 2B+
eyt + errs a0 2° + crrety® + crrrat2® + cirs 3y + 1702328 + cr502%y” +
112227 + cisoxy® + c18322° + c184y®2 + cissy 22 + c1sey®2® + cisryPrt +
188y 2° + c180y° 2% 4 1004727 + cr01y2® + c1020%Y 2 + 19308y 2% + croaxPyPz +
c1052°Y% 2% + c1967°y23 + cro72tyt2 + c10827yz + crooxtyP2? + cogorty?2® +
cz01x4y124 + 0202m3y5z + 0203m3y4z2 + cz04x3y323 + 6205m3y2z4 + 0206x3y25 +
C2070%Y0 2 + 20882y 22 + C20082 Y 2P + c21077 Y32t + o112y 20 + co122y 2% +
o132y 2414wy ° 22+ Co150y° 2P+ cor6wyt 2 co17ay 2P+ corswy? 2O+ ear9ay 27
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