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A special focused magnet, designed for the use in the magnetic targeted drug delivery system, was
constructed. The theoretical calculation of the adhesion condition 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 1.5-2 cm deeper in an
organism compared with the prism permanent magnet, which can enable non-invasivity of the magnetic
drug targeting procedure. The maximal values for magnetic field and gradient of magnetic field are
0.38 T and 101 T/m, respectively.

[Toctpoen crienu JIbHO CPOKYCHPOB HHBIA M THUT, IPEAH 3H YEHHBIH JUId JIOCT BKM M THUTHBIX Jie-
K PCTBEHHBIX Ipen p TOB. TeopeTHueckWii H JU3 YCJIOBHS JAr€3Ud M THUTHOH K IUTH B M THHTHOM
mojie p 3p GOT HHOTO M THHUT IIOK 3 JI, YTO IOCJICIHUI TeHEPUPYET JIOCT TOYHYIO M THUTHYIO CHITY IS
3 XB T M T'HUTHOW K IUIM H CTEHKE COCyl , IPOHUK Iyl H 1,5-2 cM m1y6xe B Opr HU3M IO Cp BHE-
HHUIO C M THUTHBIM IT1OJIEM ITOCTOSIHHOI'O M THHT , YTO IIO3BOJISET OECKOHT KTHO JOCT BJISTh M I'HHUTHBIMA
JIeK PCTBEHHBIU Iperl p T. M KcuM JIbHBIE 3H YEHHS I M THUTHOTO MOJS M TP AUEHT M THUTHOTO
mosst 0,38 T u 101 Ta/M cOOTBETCTBEHHO.

PACS: 47.63.mh

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 nonspecific 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 amount 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



838 Kopcansky P. et al.

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
nonuniformity of considered magnetic field is higher only close to the magnetic pole, what
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 = —§, y = 0,
z = ( (9,¢ > 0, nonuniformity higher only close to magnetic pole) and had the form

B m(r + dé, — (&)
H= (r2 + 62 + (% + 20z — 2¢2)3/2’ )

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. Thus, instead of one adhesion condition, Voltairas et al. [6]
obtained two equations (3) and (4), and the dependence of blood flow velocity on the applied
magnetic field was parameterized as

B,, = B, (RS, x,w) 3)

and
Vm - Vm (R(Sv X, W, 70) . (4)

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. The used magnetic field geometry does not give sufficient magnetic field and
magnetic field gradient to apply this magnet in deeper position in organism, therefore we used
concept of focusing of magnetic field to achieve better results for magnetic drug targeting.
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Fig. 1. The cross section of the focused magnet
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Fig. 2. The x components of magnetic field as a function of z, z for y = 0.0

The proposed magnetic system is given in Fig. 1. To construct the map of magnetic field is
not very easy task and for this we used GRID computing.

Consecutively we have tested the constructed magnet from the point of magnetic field
induction and magnetic field gradient, respectively. The magnetic field of the manufactured
focused magnet was measured by 3D Hall probe. The maximal value of the magnetic field
near the magnet surface (0.35 mm) was estimated to be 0.38 T. For example, the magnetic
field gradient at z = 0 was estimated to be 101 T/m. The measured magnetic field by Hall
probe was used for the construction of a map of the magnetic field of the focused magnet.
The examples of all componets of magnetic field, i.e., B, (z,y, 2), By(z,y, 2), B.(z,y, 2),
are illustrated in Figs.2—-4 (for y = 0.0). As an example, the function used for fitting of
magnetic field B, (z,y, ) is given in Appendix.

In 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
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Fig. 3. The y components of magnetic field as a function of z, z for y = 0.0
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Fig. 4. The z components of magnetic field as a function of x, z for y = 0.0

the Voltairas et al. model. The aim was to find the parameters for which the dependence B,,

vs. V,, fits the curves obtained in [6]. The resuls are given in the table.

In summary, a focused magnet consisting of 36 prisms with pyramidal shape was man-
ufactured, 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 veloc-
ity, 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.

Parameters Femoral artery RI0 ~ 0 | Carotid artery R/d ~ 0.2
By, T 0.195 0.234
ug, ms (computed) 0.462 0.841
Uexp, MS (eXperiment) 0.05-0.35 0.1-0.6
Frn, KN/m?® 5.992 105.025
dB/dx, T/m 7.747 107.824
M, mT 0.975 1.170
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APPENDIX

Co+C1x+Coy+cC3z+ C4x2 + C5y2 + 0622 +Crxy + Yz + CoZx + 010x3 + 011y3 + 01223 +
1372y + crazy® + ci5y%z + c1ex2? + c172°x + c1822? + croayz + ot + co1yt + co0z? +
2323y +Coax3 2+ CosyP 2+ cogy> 2+ cor 23y +cog 23 T+ Cogx Y2 4 a0y 22+ c31 222 4 cag Py 2+
33y @z + c342°xy + c358° + c36Y° + c372° + c3srty + c39xt 2 + caoytz + carytr + canzty +
432 T+ casm®y? + casr®yP + casyP2? + cary? 23 + cas 21 + ca92%2% + croaPyz + es1yaz +
5228wy + e532?y? 2 + csax?y2® + e55y22%x + c562° + 57y’ + 5825 + cr02®y + cgoaz +
c61Y°2 + a2y’ T + c632°Y + ceaz’w + cosxy® + cosr?y? + cory®2? + cosy®2t + cozta® +
croz2xt +enxyd Ferad 2P+ eyl 2 Fenartyz eyt ez + e 2t ey ey zFergrly 224
croy 22 + caoyP za? + cs12° 0%y 4 caa 2P wy? + e3P y? 2 + egux” 4 gy’ + sz’ + csraly +
csgmGZ + c89m4y3 + 0903542'3 + 0913533/4 + 09233324 + cQ3x2y5 + cQ4m2z5 + 095my6 + 0963526 +
cora®y? +cos¥° 2% +cogy® 2+ cr00y° 22+ c101y 22+ C102y 2% + C103Y 2% + C104y 25+ o527y 2+
cro62ty?z + croratyz? + c1082®y 2 + cr002y2® + cr1023y?2? + cinia?ytz + croalyzt +
c1132°Y° 2% + 1142y 2% + crs2y° 2 + criery®2? + crray®2® + crisry?e? + crowyz® +
1202 + c1219% + 12028 + 12387y + 12427 2 4 12520y + c1262°22 + 12720 Y3 + 1052723 +
c1202tyt + crz0t2t + c13123Y° 4 c132232° + 1330290 + 1342225 + cas5yT 2 + c136y°27 +
c137y° 23+ erssyt 2 30y 2P+ cra0y? 20 o1y 2 Heraory T eras 2T+ craaabyzeras Py 2+
C1a62°Y2? + 1470 Y2 2 + crasxty?2? 4 cragrty2® + cisoxytz 4 c1518%Y3 2% + sty +
c1532°Y2t + c15422Y° 2 + 15527y 2% + c15627y3 27 + crs7a?y? 2t + 1582y 2’ + crsonySz +
c1602y° 2 + cre1@y* 2 + creay’ 2t + cre32y?2° + crawyz® + cre52” + cre6y” + c1672° +
16825y + 160282 + c17027Y? + 1112722 + 17228y + c1732%23 + crnaadyt + crrsa®d +
crrexty® + c1rrat 25 + errsrPy’ + 1702328 + c1502?y" + c1s12?2” + crsoay® + crgzz® +
c184y®2 + 185y 2% + c186y°2% + c1sry 2t + c1ssy?2® + c1s0y28 + cr00y?2” + cro1y2® +
c1022°%Y%2 + c1032%Y2% + 1048°Y> 2 + C1052°Y%22 + cr062°y2® + croratytz + crosaTyz +
10002y 22 4 co00xty? 22 + comatyt 2t 4 c2023YP 2+ o032 Yyt 2%+ c20403 Y2 23 + o052y 2t +
2062y 2° + o070 2 + o082y 2% + Co0o?y? 2% + Co1007Y 2t + 21127y 20 + o102y 20 +
czlgxy7z + 0214my622 + cz15xy5z3 + czlﬁmy4z4 + 0217xy325 + Cglsl‘yQZG + 0219myz7
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