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Abstract: Engineered magnetic nanoparticles and microparticles represent a cutting-edge tool in
medicine because they can be simultaneously functionalized and guided by a magnetic field. We have
theoretically analyzed their possible applications in the lung therapy in this study. We have proposed
several equipments for more efficient delivery of drugs, DNA and siRNA into the lung epithelium. This
study provides the theoretical fundamentals needed for development of a targeted magnetic drug
delivery system for inhaled therapeutic aerosol particles.

1. Introduction

Mag netic field based drug de liv ery meth ods are one of the most at trac tive ap proaches for
lo cal iz ing a drug in the body, be cause mag netic forces act at a rel a tively long range and do
not af fect most of bi o log i cal tis sues. Mag netic drug de liv ery by par tic u late car ri ers is a
very ef fi cient method of de liv er ing a drug to a lo cal ized dis ease site. Very high con cen tra -
tions of chemotherapeutic or ra dio log i cal agents can be achieved near the tar get site, such
as a tu mour, with out any toxic ef fects to nor mal ad ja cent tis sue or to the whole body. Fig. 1
high lights the con cept of mag netic tar get ing by comparion of the sys temic drug de liv ery
with mag netic tar get ing. In mag netic tar get ing, a drug or ther a peu tic ra dio iso tope is bound
to a mag netic com pound, in jected into a pa tient�s blood stream, and then stopped with a
pow er ful mag netic field in the tar get area (see ar row in Fig. 1).

Depending on the type of drug, it is then slowly released from the magnetic carriers
(e.g. release of chemotherapeutic drugs from magnetic micro-spheres) or confers a local
effect (e.g. irradiation from radioactive microspheres; hyperthermia with magnetic
nanoparticles). It is thus possible to replace large amounts of freely circulating drug with
much lower amounts of drug targeted magnetically to localized disease sites, reaching
effective and up to several-fold in creased localized drug levels [1�6].

Aerosolization ther apy for lung dis eases has been ap plied for a long time. How ever, it
has now be come clear that the lung is a per fect point of en try not only for lo cal ther apy,
but also for the sys temic de liv ery of ther a peu tic sub stances. It pro vides a sur face area of
100 m2 and is sep a rated from the pul mo nary cap il lary blood by a bar rier of less than 1 mm. 
Fur ther more, there is no �first pass ef fect�, as is found in the in tes ti nal tract. Re cent tech ni -
cal im prove ments, with re gard to both the pro duc tion and the de liv ery of aero sols, in di -
cate that the de vel op ment of ap pro pri ate in ha la tion tech niques may be the ther a peu tic way 
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for ward for a va ri ety of dis eases. Sys temic de liv ery of hor mones via the lung will be on
the mar ket in the very near fu ture, and new sub stances such as antisense oligonucleotides
and siRNA are in de vel op ment. Be cause the nanocarrier sys tems maybe ad min is tered to
the air ways eas ily, a num ber of re spi ra tory dis eases may be ap proached us ing nanoparticles: 
ob struc tive lung dis eases, ge netic dis or ders af fect ing the air ways, in fec tious dis eases in -
clud ing tu ber cu lo sis, and can cer. Cys tic fi bro sis is a par tic u larly in vit ing tar get for aero -
sol ized gene ther apy, as it is a sin gle-gene dis ease and the crit i cal tar get cells, air way
ep i the lial cells, are di rectly ac ces si ble to the en vi ron ment. How ever, achiev ing ge netic
cor rec tion by air way ad min is tra tion of vec tors has proven to be dif fi cult. Extracellular
and intracellular bar ri ers (Figs. 2, 3) limit the gene trans fer ef fi ciency of vi ral and non-vi -
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Fig. 1. Influence of the magnetic field on the distribution of magnetic nanoparticle bearing drug.

Fig. 2. Routes and barriers in airway epithelium.



ral vec tors to air way ep i the lial cells. Extracellular bar ri ers in clude the pres ence of in -
fected mu cus and spu tum, mucociliary clear ance and tight junc tions be tween the cells,
which limit the ac cess of vi ral vec tors to the re cep tors local ised on the basolateral mem -
brane.

2. Results and discussion

One possible approach to increase the efficiency of drug delivery to lung is the mag -
netic targeting (Fig. 4):
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Fig. 3. Particles sub merged in lung mucus.

Fig. 4. Magnetically enhanced gene delivery.



Mag neto stat ic prob lems are those in which the fields are time-in de pend ent. In this
case, the field in ten sity (H) and flux den sity (B) must obey equa tions

Ñ ´ =H J ,
Ñ × =B 0 ,

with a con sti tu tive re la tion ship be tween B and H for each ma te rial
B H= m  .
If a ma te rial is non lin ear (e.g. sat u rat ing iron or alnico mag nets), the per me abil ity, µ, is 

ac tu ally a func tion of B:

m =
B

H B( )
 .

The Fi nite El e ment Method Mag net ics (FEMM) goes about find ing a field that sat is -
fies all these 3 equa tions via a mag netic vec tor po ten tial ap proach. The flux den sity is
writ ten in terms of the vec tor po ten tial, A, as:

B A= Ñ ´  .
Then the first equa tion can be re writ ten as: 

Ñ ´ Ñ ´
æ

è
çç

ö

ø
÷÷ =

1

m( )B
A J .

For a lin ear iso tro pic ma te rial (m = const.) will re duce the pre vi ous ex pres sion in Cou lomb
gauge (Ñ × =A 0) to

-Ñ × Ñ
æ

è
çç

ö

ø
÷÷ =

1

m
A J ,

in that Ñ ´ Ñ ´ Ñ Ñ × -Ñ ×Ñ( (A A A) )=  .
We con sider the solved prob lems as pla nar ones, flux den sity de fined in x-y plane, i.e.

we re gard the z-co or di nate of mag netic flux den sity, Bz, equal to zero, which means that
the mag netic vec tor po ten tial is equal to A = (0, 0, A). We also con fine to cur rent den sity
par al lel to the z-di rec tion of the co or di nate sys tem. In this sim pli fi ca tion, the last equa tion
leads to the sca lar el lip tic par tial dif fer en tial equa tion

-Ñ × Ñ
æ

è
çç

ö

ø
÷÷ =

1

m
A J  ,

that so lu tion us ing fi nite el e ments method is the ba sis of Da vid Meeker FEMM [7] pro -
gram used in this study.

Sim ple mag net blocks typ i cally gen er ate field gra di ents in the or der of 1�6 Tm�1

across the di am e ter of stan dard 15�50 ml lab o ra tory test tubes. High-gra di ent mag net sep -
a ra tors gen er ate field gra di ents that are sig nif i cantly higher than this, through the use of
op ti mally de signed mag netic cir cuits. Across 15�50 ml test tubes, such sys tems may gen -
er ate gra di ents rang ing from 10 to 100 Tm�1. Even higher gra di ents can be achieved with
smaller bore con tain ers and sep a ra tor sys tems. For the pur poses of aero sol tar get ing in the
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Fig. 5. Octapolar mag net.

Fig. 7. Simple closed magnetic cir cuit.

Fig. 6. 32-Spolar mag net.



lung we have found, as an op ti mal, quadrupolar con fig u ra tions build us ing 8 (Fig. 5) and
32 mag nets (Fig. 6) from Nd-Fe-B mag netic al loy, with sur face mag netic in duc tion
B = 1.34 T. Due to the shield ing the mag net is mag netic only in side the cen tral hole. The
high est gra di ent in this de vice is al most 100 T/m. In the hole with a di am e ter of 3 cm a
mouse can be in serted, and aero sol with mag netic microbeads car ry ing drug, gene or
siRNA can be ap plied for the in vivo test ing of the de vice us ing mice. We have also de vel -
oped sev eral sim ple closed mag netic cir cuits (e.g. Fig. 7).

Motion of magnetic particle in the plane in magnetic field with flux density B in
viscous nonmagnetic and nonmoving fluid ambient, if we consider only magnetic and
Stokes drag force of moving particle, is determined by the New ton�s law and can be
described by the sys tem of ordinary differential equations:

dx

dt
v p x= , ,
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v p y= , ,
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where R p , mp  and  V p  are the ra dius, the mass and the vol ume of the par ti cle, m
f
 and h are

the per me abil ity and vis cos ity of the fluid am bi ent, re spec tively; and func tion f B x y( ( , )) is
de ter mined ac cord ing to [9], from mag ne ti za tion model of par ti cles based on self de mag -
ne ti za tion and mag netic sat u ra tion of mag ne tite par ti cles, as:

f B
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M B B M
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  ,

where Msp is sat u ra tion mag ne ti za tion of the par ti cle.
We have solved equa tions of mag netic nanoparticle mo tion us ing the nu mer i cal solver 

in Matlab® for many dif fer ent ini tial po si tions of the mag netic beads, and we have found
that lung rep re sents a unique op por tu nity, as com pared with e.g. mag netic drug tar get ing

in blood stream, be cause the vis cos ity of air h is ~10�100 times lower than that of liq uid,

and for gene de liv ery mag netic beads with di men sion of 1�10 mm can be safely used (in -
stead of 10�100 nm). The be hav ior of a fine aero sol par ti cle in side the lungs is de ter mined 
by the bal ance be tween mag netic force, grav ity and aero dy namic forces that are ex erted
on the par ti cle, if we ne glect grav ity, the ra tio of mag netic force and Stokes drag force
may be en hanced the o ret i cally by the fac tor of 10 000!
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In con clu sion, we can say that the lung rep re sents one of the most prom is ing tar gets for 
mag net i cally en hanced drug and gene de liv ery and retention.

Acknowledgement

This work was supported by VEGA grant 1/0082/08.

THEORETICAL DESIGN OF HIGH-GRADIENT MAGNETIC SYSTEMS     117

Fig. 8. Snap shots of tra jec tory of mag ne tite (Fe3O4) par ti cles (green � microparticles with ra dius 10 mm; 
red � nanoparticles with ra dius 50 nm) in the air in the mag netic field of per ma nent quadrupole �
octapolar mag net.
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